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ABSTRACT 

Fluid ingestion has been reported to influence cardiovascular and thermoregulatory 

function, thereby affecting exercise performance.  It remains unclear whether ice slurry ingestion 

during exercise results in similar effects.  Three experiments examined thermal-, cardiovascular-, 

and exercise-related responses to ice slurry ingestion. In the first study, participants in firefighter 

protective clothing walked at ~7 METs in 35 °C while ingesting carbohydrate-electrolyte 

beverages as a tepid fluid, cold fluid, and ice slurry in a counterbalanced repeated measures 

study design.  When ingested in large quantities and during uncompensable heat stress, ice slurry 

ingestion mitigated physiological strain by attenuating the rise in heart rate and rectal 

temperature.  In a second study, cardiovascular drift (CV drift) was measured during 45 min of 

cycling at 60% maximal oxygen uptake (V̇O2max) in 35 °C, immediately followed by 

measurement of V̇O2max.  Participants ingested fluid and ice slurry during two counterbalanced 

trials of exercise.  CV drift was attenuated with ice slurry ingestion but V̇O2max was unaffected.  

In a third study, participants ingested ice slurry or cold fluid ad libitum while cycling at 50% 

maximal workload in 35 °C, immediately followed by a 15-min time trial during which 

participants completed as much work as possible.  Compared to the fluid treatment, participants 

consumed half as much ice slurry, but total work completed during the time trial was not 

different.  In conclusion, ice slurry ingestion blunts physiological strain during conditions in 

which evaporative heat loss is impaired, such as when wearing occlusive coverings.  

Furthermore, ice slurry ingestion attenuates the magnitude of CV drift during exercise in the 

heat, but this does not blunt the decrease in V̇O2max associated with exercise in hot conditions.   
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Lastly, a smaller quantity of ice slurry is voluntarily ingested compared to cold fluid during 

prolonged submaximal exercise in the heat, but this does not differentially affect exercise 

performance.
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CHAPTER 1 

 

INTRODUCTION 

Humans are at risk of excessive physiological strain and development of heat illness 

when performing physical activity in hot environmental conditions, especially while wearing 

fully-encapsulating clothing as required in certain occupational settings such as industrial, law 

enforcement, military or firefighting operations (4-6).  In these situations, heat dissipation 

mechanisms are less effective, which leads to uncompensable heat stress, i.e., excess heat storage 

and consequent hyperthermia (6).   

Given the performance decrements and health risks associated with heat stress, methods 

of body cooling have been developed as countermeasures.  Cooling strategies can be generally 

divided into external and internal methods.  External cooling methods include cold water 

immersion, fan cooling, misting, or the donning of cooling garments (1, 8, 11, 14, 15, 17, 19, 

21).  Internal cooling methods include cold fluid or crushed ice ingestion (2, 7, 9, 12, 22).  More 

recently, ice slurry ingestion has gained attention as another form of internal body cooling (2, 3, 

14, 18-20, 22, 23, 25). 

An ice slurry beverage is a partially frozen drink that consists of frozen particles 

suspended in a liquid solution that contains solutes, usually as carbohydrates and/or electrolytes.  

The solutes serve to lower the overall freezing point of the beverage as well as allow for a more 

even distribution of the frozen particles in the liquid.  The effectiveness of ice slurry beverages is 

attributed to its superior thermodynamic properties as a heat sink compared to cold fluid 

ingestion alone.  Ice slurry beverages possess the specific heat capacities of both solid and liquid 



 

2 

 

water as well as require additional energy to change the phase of the substance from solid to 

liquid (3, 7, 14, 18-20, 25).  As a result, investigators suggested that the body should be able to 

store more heat after ingestion of an ice slurry beverage compared to ingestion of a cold fluid 

beverage (7, 18, 19).   

While most current ice slurry ingestion research has focused on its use as a precooling 

strategy (7, 10, 14, 18, 19, 25), fewer studies have examined its effectiveness during physical 

activity (2, 3, 16, 23).  In the studies in which investigators provided ice slurry to participants 

during exercise, there was limited generalizability given that these research designs were specific 

to endurance sports.  All the participants in these studies (2, 3, 16, 23) were well-trained 

endurance athletes (mean peak oxygen uptake ≥59 mL·kg·-1min-1) dressed in typical competition 

clothing.  For example, Stevens et al. fed ice slurry to participants during an exercise bout, but 

their methods were specifically applied to the sport of triathlon (23).   

People working in occupations such as firefighting are likely not as well-trained as the 

endurance athletes in the aforementioned studies (13), and they have the additional physiological 

burden of working while wearing protective clothing (24).  Furthermore, the ingestion rate was 

standardized in previous studies in which slurry was provided during exercise (2, 3, 23), but this 

approach lacks ecological validity when people in the field ingest fluids ad libitum.   

The effect of an ice slurry beverage on core temperature and physiological strain of 

someone wearing fully-encapsulating clothing—such as the protective garments worn by 

military personnel and firefighters—remains unknown.  Other areas of heat research involving 

ice slurry ingestion also remain unstudied.  Two such areas include: 1) the impact of ice slurry 

ingestion on cardiovascular drift (the elevation of heart rate and concomitant decline in stroke 

volume during prolonged, submaximal steady state exercise) and its association as a limiting 
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factor in maximal exercise performance in a hot environment, and 2) the impact of ice slurry 

beverages on voluntary fluid intake and performance during exercise in hot conditions. 

Purposes and Hypotheses 

The purpose of this dissertation was to examine the effects of ice slurry ingestion during 

exercise on physiological strain, cardiovascular responses, and work performance.  The overall 

novelty of this dissertation is that all studies examined the effects of ice slurry ingestion during a 

work bout rather than before or in between bouts.  Specific purposes for each individual study 

are described below.   

Study 1.  The purpose of the first study was to examine the effect of ice slurry ingestion 

on core temperature and physiological strain of humans during a work bout while wearing 

firefighter protective clothing.  It was hypothesized that the rise in core temperature and 

physiological strain (as indexed by physiological strain index) with an ice slurry beverage would 

be blunted compared to that with warmer fluid beverages during exercise in a hot environment. 

Study 2.  The purpose of the second study was to examine the effect of ice slurry 

ingestion on cardiovascular drift and maximal oxygen uptake (V̇O2max) during heat stress.  It was 

hypothesized that the V̇O2max decline associated with cardiovascular drift would be attenuated 

with an ice slurry beverage relative to warmer fluid beverages. 

Study 3.  The purpose of the third study was to examine voluntary ingestion of an ice 

slurry beverage during submaximal exercise and subsequent effects on high-intensity exercise 

performance in hot conditions.  It was hypothesized that less ice slurry would be consumed 

compared to a cold fluid beverage during submaximal cycling in a hot environment.  It was also 

hypothesized that exercise performance—as measured by total work completed in a subsequent 

cycling bout—would be similar between ice slurry beverages and cold fluid beverages.   
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Significance of the Dissertation 

 This dissertation was important in its examination of ice slurry ingestion during an 

exercise bout and its effect on physiological strain, cardiovascular responses, and work 

performance.  Certain athletic competitions and occupations that require work in hot conditions 

can benefit from this dissertation because it provides insight on the cooling and hydrating 

properties of an ice slurry beverage.  Study 1 was unique in that it was the first to examine the 

effect of ice slurry ingestion on humans fully encapsulated in protective garments that can hinder 

heat dissipation mechanisms.  Study 2 contributed to the understanding of the mechanisms that 

disrupt cardiovascular and thermoregulatory homeostasis during heat stress.  Additionally, 

results from Study 2 helped determine the extent to which ice slurry ingestion attenuated the 

decline in V̇O2max associated with cardiovascular drift during submaximal steady-state exercise 

in a hot environment, which has implications for exercise prescription and performance.  Study 3 

is important because it provided insight on voluntary intake of ice slurry beverages and its effect 

on subsequent high-intensity exercise performance, which could impact the practices of athletes 

and coaches in competitive cycling and perhaps other endurance sports.  
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CHAPTER 2 

 

ICE SLURRY INGESTION MITIGATES PHYSIOLOGICAL STRAIN  

DURING WORK IN PROTECTIVE CLOTHING 

 

ABSTRACT 

Ice slurry ingestion precooling has been shown to attenuate the increase in rectal 

temperature (Tre) during subsequent running and cycling.  It remains unclear how this cooling 

method might affect physiological strain during work while wearing occlusive garments.  The 

purpose of this study was to investigate the effect of ice slurry ingestion on physiological strain 

during work in hot conditions while wearing firefighter protective clothing (FPC).  In 3 

counterbalanced trials, 8 men (mean ± SD; age = 21 ± 2 y, height = 179.5 ± 3.5 cm, mass = 79.1 

± 4.1 kg, body fat = 11.4 ± 3.7%) wore FPC and walked on a treadmill (4 km·h-1, 12% incline, 

~7 METs) for 30 min in hot conditions (35 °C, 40% RH).  Every 2.5 min, subjects ingested a 

large amount (1,186.7 ± 61.3 g) of tepid (22.4 ± 1.7 °C), cold (7.1 ± 1.5 °C), or ice slurry (-1.3 ± 

0.2 °C) beverage.  A treatment × time interaction (P < 0.001) revealed significantly lower heart 

rates (HR) with ice slurry ingestion compared to both fluid trials by ≥ 5 beats·min-1 starting 5 

min into exercise and persisting for the remainder of the bout.  Furthermore, a treatment × time 

interaction (P = 0.003) revealed significantly lower Tre with ice slurry ingestion compared to 

cold and tepid fluid trials by ≥ 0.14°C after 10 min and 25 min of exercise, respectively.  Overall 

physiological strain index (PSI) was significantly lower (P < 0.001 for interaction) with ice 

slurry ingestion compared to both fluid trials by a value of ≥ 0.44 starting at min-5 and remained 

lower throughout exercise.  The large quantity of ice slurry ingested under uncompensable heat 
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stress conditions mitigated physiological strain during exercise by blunting the rise in heart rate 

and rectal temperature.   

KEY WORDS: cooling, hydration, thermoregulation, heart rate, uncompensable heat stress 

INTRODUCTION 

Industrial, military, law enforcement, and firefighting occupational operations involve 

wearing multiple layers of protective garments—often in hot environments—which can place an 

individual at risk of exertional heat stroke (13, 14).  Metabolic heat production from the physical 

activity increases the magnitude of heat dissipation necessary to maintain thermal homeostasis 

and avoid an excessive increase in core temperature (17, 43).  Meanwhile, however, clothing 

traps heat dissipated from the skin in the microenvironment of the encapsulating clothing, 

thereby blunting evaporative cooling and resulting in heat storage, as reflected by increased 

rectal temperature (Tre) (13, 42).  These points underscore the importance of cooling during 

occupational work in protective clothing.  However, some of these occupational demands 

necessarily occur in a thermally stressful environment in which external cooling methods (e.g., 

ice vests, cold water immersion, etc.) can be impractical during work performance (5, 6, 11, 22, 

37).  Therefore, internal cooling that blunts the rise in core temperature could improve work 

tolerance as well as potentially prevent heat illnesses in hot environments that involve protective 

clothing.  

Ice slurry ingestion is an internal cooling method that has received recent attention, 

mostly in relation to endurance exercise performance in hot environments when used as a 

precooling maneuver (20, 27, 34, 38, 39, 48).  Fewer studies have investigated its effects during 

physical activity (8, 9, 36, 40).  Additionally, these studies utilized cyclists and runners wearing 

typical competition clothing that permitted evaporative cooling during exercise (34, 38, 39).   
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Due to the specific focus on endurance sports, generalizability of the results from these 

studies is limited to well-trained endurance athletes.  As a result, the effects of ice slurry 

ingestion on body temperature and physiological strain during performance of occupational work 

while wearing protective clothing remain unknown.  Accordingly, the purpose of this study was 

to examine the effect of ice slurry ingestion on human core temperature and physiological strain 

during a work bout while wearing firefighter protective clothing.  It was hypothesized that the 

rise in core temperature and physiological strain with an ice slurry beverage would be attenuated 

compared to that with warmer, fluid beverages during exercise in a hot environment. 

METHODS 

 

Experimental Design 

Participants completed 3 experimental trials.  The counterbalanced treatment orders were 

randomly assigned to participants.  In each experimental trial, participants dressed in firefighter 

protective clothing and walked on a treadmill in 35.2 ± 0.4 °C, 39 ± 4% relative humidity (RH) 

for 30 min at a workload eliciting 7 METs.  It is acknowledged this environment does not 

replicate the radiant heat experienced during actual fire exposure; however, there are other duties 

that involve dressing in full firefighter protective clothing without necessarily exposing 

individuals to a fire (e.g., working in areas with risk of exposure to unknown agents).  An 

environment of 35 °C and 40% RH should represent conditions similar to that experienced on a 

hot summer day in the southeastern region of the United States (44).  Throughout each trial, 

participants ingested a carbohydrate-electrolyte beverage in an ice slurry, cold fluid, or tepid 

fluid form.  All experimental trials were identical except for the form of beverage ingested. 
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Subjects 

Eight healthy men (mean ± SD) [age = 21 ± 2 y, height = 179.5 ± 3.5 cm, mass = 79.1 ± 

4.1 kg, percent body fat estimated from skinfolds = 11.4 ± 3.7%] participated in the study.  A 

power analysis (30) performed in advance revealed the sample size of n = 8 was sufficient to 

detect a moderate effect size (31) for the treatment × time interaction.  All subjects were 

participating in moderate to vigorous physical activity for 20 to 60 min, 3 to 5 days per week for 

at least 3 months.  In order to reduce the risk of medical complications, participants with a 

pacemaker or other internal electronic device, a history of heat illness, known cardiovascular, 

pulmonary, or metabolic disease(s), or a related sign or symptom were excluded.  All subjects 

signed an informed consent statement approved by the local Institutional Review Board prior to 

commencement of participation. 

Procedures 

Subjects were instructed to refrain from exercising during the 36 hours prior to each 

experimental trial, although otherwise they were encouraged to maintain training status by 

keeping their regular physical activity routine.  They also kept a dietary intake log beginning 24 

h before the first trial until 2 h prior to the commencement of the trial.  Thereafter, nothing 

besides beverages associated with study treatments was consumed until the end of the visit.  For 

the subsequent trials, subjects replicated dietary intake of the previous trial in order to ensure a 

similar nutrition status for each trial.  In order to maintain a euhydrated state, subjects were 

instructed to drink 1 L of water on the night before each trial, 0.5 L upon awakening, and at least 

0.5 L throughout the day until the commencement of the trial.  Hydration status was verified 

using a refractometer (SUR-NE, Atago USA, Inc., Bellevue, WA) to measure urine specific 

gravity (USG).  USG ≤1.020 was required to be considered euhydrated (12, 35).  Participants 
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were instructed to refrain from ingesting alcohol, non-prescription drugs, and caffeine prior to 

experimental trials, and they reported to the laboratory at the approximate same time of day for 

each trial.  Experimental trials were separated by at least 1 day but not more than 1 week.     

On the day of each experimental trial, participants were instructed to arrive at the 

laboratory well hydrated, well rested, and at least 2 hours after consuming any food.  Upon 

reporting to the laboratory on the first visit, participants completed a medical history, 24-h 

history to verify adherence to pre-test instructions, physical activity history, provided written 

informed consent, and then had height and skin folds (via 3 sites (21)) measured.  In a private 

room, subjects provided a urine sample for measurement of USG to confirm an adequate 

hydration status as described above, measured nude body mass using a digital scale (BWB-800, 

Tanita Corporation, Tokyo, Japan), strapped on a heart rate (HR) monitor (RS800CX, Polar 

Electro Inc., Lake Success, NY) around the chest, and inserted a rectal thermometer (Model 

RET-1, Physitemp, Clifton, NJ) 12 cm beyond the anal sphincter (26).  Then they clothed in a 

cotton t-shirt, underwear, athletic shorts, socks, and shoes.  After dressing, thermocouples 

(HSTC-TT-T-20S-120-SMPW-CC, Omega Engineering, Inc., Stamford, CT) were taped on the 

upper right chest, right lateral deltoid, right anterior thigh, and right lateral calf for measurement 

of skin temperature.  Next, a flexible venous catheter was inserted into an antecubital vein and 

kept patent with 0.9% normal saline.  Subjects then put on firefighter protective clothing 

consisting of a jacket (Lion Apparel, Janesville, WI), pants (Lion Apparel, Janesville, WI), 

gloves (American Firewear Inc., Ohatchee, AL), hood (American Firewear Inc., Ohatchee, AL), 

helmet (ED Bullard Company, Cynthiana, KY), breathing mask, and empty self-contained 

breathing apparatus (SCBA) (SURVIVAIR Inc., Santa Ana, CA).  A breathing mask and SCBA 

was carried on the body during the work bout, but subjects breathed room air.   
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Upon entering the environmental chamber, participants mounted the treadmill 

(Trackmaster TMX 425C, Full Vision Inc., Newton, KS) and began walking at 4.0 km·h-1 on a 

12% incline, estimated to elicit ~7 METs.  This intensity of work was based on the 2011 

Compendium of Physical Activity which suggests individuals in the firefighting occupation 

experience MET levels between 6.8 and 9 (2, 3).  The speed and grade were determined to be 

sufficiently demanding but also safe based on pilot work.   

 During the exercise, participants ingested 1.25 g·kg-1 of a carbohydrate-electrolyte 

beverage every 2.5 min for a total of 15 g·kg-1 (1,186.7 ± 61.3 g).  Beverages were ingested in 

the form of an ice slurry (ICE; -1.3 ± 0.2 °C), cold fluid (COLD; 7.1 ± 1.5 °C), or tepid fluid 

(TEPID; 22.4 ± 1.7 °C).  Ice slurries were made using a commercially-available slushy machine 

(BUNN Ultra-2, Bunn-O-Matic Corp., Springfield, IL).  Beverages were fed in this manner to 

ensure a standard ingestion rate.  Pilot testing revealed this beverage dose was large enough to 

elicit a cooling effect but not so large that it was intolerable to consume.  In previous research, a 

similar protocol of slurry ingestion demonstrated effective cooling of Tre and improved exercise 

performance (34, 38, 39), albeit this had not been tested in people wearing firefighting protective 

clothing.  After completing the work bout, participants exited the environmental chamber and 

instrumentation was removed.  They returned to the private room, towel dried all excess fluid 

from the body surface, and measured nude body mass. 

Measurements 

Tre, T̅sk, and T̅b 

During the exercise, Tre and skin temperature were recorded continuously using a 

thermocouple reader (TC-2000, Sable Systems International, North Las Vegas, NV) and data 



 

11 

 

acquisition system (MP150 with AcqKnowledge 4 Software, BIOPAC, Goleta, CA).  Mean skin 

temperature (T̅sk) was calculated using the formula of Ramanathan (33):  

T̅sk = 0.3(Tchest + Tarm) + 0.2(Tthigh + Tleg).   

Mean body temperature (T̅b) was calculated using a weighted formula as described by Stolwijk 

and Hardy (41):  

T̅b = (0.8 · Tre) + (0.2 · T̅sk). 

Heart Rate and Physiological Strain Index (PSI) 

HR was recorded continuously.  PSI was calculated with the formula of Moran et al. (28):  

PSI = 5(Tret – Tre0)·(39.5 – Tre0)-1 + 5(HRt – HR0)·(180 – HR0)-1,  

where Tret and HRt are measurements taken at any given time point, and Tre0 and HR0 are initial 

measurements. 

Metabolic Heat Production and Heat Storage 

At minutes 10 and 20 during the exercise, oxygen uptake (V̇O2) in L·min-1 and 

respiratory exchange ratio (RER) were recorded for ~2 min via open-circuit spirometry (True-

One 2400, Parvo Medics, Sandy, UT).  The V̇O2 and RER values from respective time points 

were averaged and then used to estimate metabolic rate (M) with an equation from Kenny and 

Jay (23): 

M = (V̇O2·[(((RER – 0.7)·0.3-1)·ec)+(((1 – RER)·0.3-1)·ef)])·60-1, 

where M is expressed in watts, V̇O2 is measured in L·min-1, ec is 21,130 J (the caloric equivalent 

per liter of oxygen for carbohydrate oxidation), and ef is 19,630 J (the caloric equivalent per liter 

of oxygen for fat oxidation).  External work rate (W) on a treadmill was estimated with the 

equation (15): 

W = 0.1634·speed·(grade/100)·body mass, 
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where W is expressed in watts, speed is expressed in m·min-1, grade is expressed as a percentage, 

and body mass is measured in kg.  The difference between M and W was taken as metabolic heat 

production (M – W) (23) and expressed in absolute terms and per unit body surface area (A): 

Metabolic heat production = (M – W)·A-1, 

where M – W is expressed in W·m-2.   

Body surface area was calculated with the formula of Du Bois (10, 18):  

A=0.0072·body mass0.425·height0.725,  

where 0.0072 is a constant, and body mass and height are measured in kg and cm, respectively.   

Heat storage (S) was calculated with the formula of Adams et al. (1): 

S = (0.965m∆T̅b)·A-1,  

where S is heat storage of the body (in W·m-2), 0.965 is the mean specific heat of the body (in 

W·kg-1·°C-1), m is body mass (in kg), and A is body surface area (in m2).  The mean of pre- and 

post-exercise nude body mass was used to represent body mass in these equations.  

Sweat Rate 

Whole body sweat rate (SR) was calculated with a modified version of the formula by 

Casa et al. (12) to include metabolic mass loss:  

sweating rate = [(pre-exercise body mass – post-exercise body mass) + fluid intake – 

urine volume – metabolic mass loss]·exercise time-1,  

where body mass and metabolic mass loss are entered in g and fluid intake and urine volume are 

measured in mL.  Metabolic mass loss (in g) was calculated using the formula of Kenny and Jay 

(23):  

metabolic mass loss = t·[V̇O2(44·RER – 32)·22.4-1],  
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where t is time of exercise (in min) and V̇O2 is oxygen uptake (in L/min).  The V̇O2 and RER 

collected at their respective time points were averaged and then used as part of the metabolic 

mass loss equation. 

Plasma volume changes 

A 2-mL blood sample was drawn into a tube (Vacutainer EDTA, Becton, Dickinson and 

Company, Franklin Lakes, NJ) before the initiation of exercise and at the termination of exercise.  

Participants stood upright during all blood draws to eliminate potential plasma volume shifts 

caused by differences in hydrostatic pressure associated with postural changes (19).  All blood 

samples were analyzed for hemoglobin (Hb) and hematocrit (Hct) content shortly after 

acquisition with a hemoglobin photometer (HemoPoint H2, Stanbio Laboratory, Boerne, TX) 

and microhematocrit and sedimentation reader (Micro-Capillary Reader, International 

Equipment Company, Boston, MA), respectively.  Plasma volume change (%∆PV) was 

calculated with the equations described by Dill and Costill (16): 

PVpre = 100 – Hctpre,  

PVpost = (100·Hbpre·Hbpost
-1) – [(100·Hbpre·Hbpost

-1)·(Hctpost·100-1)],  

%∆PV = 100[(PVpost – PVpre)·PVpre
-1),  

where PVpre and PVpost are plasma volumes in 100 mL of blood before and after the expected 

change, respectively;  Hbpre and Hbpost are hemoglobin concentrations (in g·dL-1) before and after 

the expected change, respectively; Hctpre and Hctpost are hematocrit before and after the expected 

change, respectively; and %∆PV is the percentage change in plasma volume.   

Rating of Thermal Sensation and Rating of Perceived Exertion  

A perceptual rating of thermal sensation (RTS) was obtained every 5 min using a scale ranging 

from 0 (Unbearably cold) to 8 (Unbearably hot) (49).  Rating of perceived exertion  
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(RPE) was obtained every 5 min using the Borg 6 to 20 scale (7).   

Statistical Analysis 

Descriptive data (mean ± SD) were calculated for all test variables.  Mean differences in 

Tre, T̅sk, T̅b, HR, RTS, and RPE among treatment conditions during the work bout were analyzed 

with separate 3 (treatment) × 7 (time) repeated measures analyses of variance (ANOVA).  Mean 

differences in ∆Tre, ∆T̅sk, ∆T̅b, ∆HR, PSI, M – W, S, SR, and %∆PV among treatment conditions 

were analyzed with a one-way repeated measures ANOVA.  Upon finding a significant omnibus 

F-ratio, a post hoc Bonferroni multiple comparison test was performed to detect significant 

differences.  Statistical significance was set at α = 0.05.  All analyses were performed using IBM 

SPSS Statistics 22.0 (IBM Corp., Armonk, NY). 

RESULTS 

 

Pre-exercise nude body mass was not different among trials (TEPID = 79.2 ± 4.0 kg, 

COLD = 78.9 ± 4.0 kg, ICE = 79.4 ± 4.3 kg; P = 0.08).  Pre-exercise USG was below 1.020 and 

not different among trials (TEPID = 1.006 ± 0.004, COLD = 1.007 ± 0.004, ICE = 1.006 ± 

0.004; P = 0.32) indicating that participants were in a euhydrated state prior to each trial.  

Participants walked for 30 min on a treadmill at 4.0 km/h on a 12% gradient in a hot 

environmental chamber (TEPID: 35.2 ± 0.1 °C, 38 ± 5% RH; COLD: 35.2 ± 0.1 °C, 40 ± 4% 

RH; ICE: 35.2 ± 0.1 °C, 39 ± 4% RH; P > 0.05).   

Beverage Ingestion and Hydration Status 

Beverage ingestion for each trial was successful in preventing excessive dehydration 

during the exercise bout as evidenced by the increase in participants’ body masses during each 

trial (ICE: 0.6 ± 0.2%, COLD: 0.3 ± 0.2%, TEPID: 0.3 ± 0.2%). 

 



 

15 

 

Exercise Intensity 

Table 2.1 describes the exercise intensity experienced by participants during each 

experimental trial.  As expected, absolute intensity was not different among trials (P = 0.054).  

However, despite utilizing the same speed and grade for a respective participant for each trial, 

relative V̇O2 and intensity expressed as METs were lower during ICE compared to the other 

treatments (P ≤ 0.05), albeit by a small margin (4.7% difference for both relative V̇O2 and 

METs).   

Table 2.1.  Exercise Intensity of Tepid Fluid, Cold Fluid, and Ice Slurry Conditions (mean ± 

SD) 

Variable Tepid Fluid Cold Fluid Ice Slurry 

Absolute V̇O2 (L·min-1) 2.39 ± 0.07 2.39 ± 0.08 2.28 ± 0.12 

Relative V̇O2 (mL·kg-1·min-

1) 
30.2 ± 1.2 30.3 ± 1.5 *28.8 ± 2.1 

METs 8.6 ± 0.3 8.6 ± 0.4 *8.2 ± 0.6 

V̇O2=oxygen uptake, MET=metabolic equivalent.  *P ≤ 0.05 compared to the other conditions. 

 

Physiological Strain Index 

Figure 2.1 shows PSI increased across time in all experimental trials.  That said, values 

remained lower during ICE compared to the other treatments (P ≤ 0.05), which were not 

different from one another (P = 1.00).     

Heart Rate 

HR was not different at baseline across treatments (P = 0.29), and, as expected, values 

increased over time in response to exercise (Figure 2.2).   HR remained lower with ICE by 14 ± 

2 beats·min-1 (8%) compared to TEPID (P = 0.001) and by 12 ± 2 beats·min-1 (7%) compared to 

COLD (P = 0.01) throughout exercise.  TEPID and COLD were not different (P = 0.63).   
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Figure 2.1.  Mean (± SD) PSI during 30 minutes of walking with ingestion of tepid fluid 

(TEPID), cold fluid (COLD), or ice slurry (ICE) beverages.  Pairwise comparisons were 

analyzed at the 5-min time points.  *P ≤ 0.05 = ICE compared to both fluid trials. 

 

 
Figure 2.2.  Mean (± SD) HR during 30 minutes of walking with ingestion of tepid fluid 

(TEPID), cold fluid (COLD), or ice slurry (ICE) beverages.  Pairwise comparisons were 

analyzed at the 5-min time points.  * P ≤ 0.05 ICE vs. both other treatments. 
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Thermoregulatory Responses 

Baseline core temperature was not different among treatments (P = 0.53).  Exercise 

resulted in elevated metabolic heat production and ultimately heat storage that caused Tre to 

increase over time (Table 2.2 and Figure 2.3, respectively), but ICE was successful in blunting 

this increase compared to TEPID and COLD, particularly after 10 and 25 min, respectively.  The 

0.9 ± 0.3 °C (2.4 ± 0.9%) increase in Tre for ICE and was not statistically different from the 1.0 ± 

0.2 °C (2.8 ± 0.6%) increase for TEPID (P = 0.86) but was 25% lower than the 1.2 ± 0.4 °C (3.3 

± 1.0%) increase for COLD (P = 0.01).  At min 30, Tre was lower for ICE than TEPID and 

COLD by 0.20 °C and 0.36 °C, respectively (P ≤ 0.05).  Tre was 0.16 °C higher (P ≤ 0.05) in 

COLD compared to TEPID at 30 min, but other than this time point these treatments were 

essentially the same.  Whole-body sweat rate was ~22% lower during ICE compared to TEPID 

(P = 0.01) and COLD (P = 0.04).  Even though whole-body sweat rate was lower with ICE, this 

did not result in differential losses of plasma volume among treatments (P = 0.79).  Like Tre, T̅sk 

and T̅b increased across time as well (P < 0.001 for both), but treatments were not different 

(Figures 2.4 and 2.5).   

Table 2.2.  Metabolic Heat Production, Heat Storage, Sweat Rate, and Plasma Volume 

Change (mean ± SD) 

Variable Tepid Fluid Cold Fluid Ice Slurry 

Metabolic Heat Production (W) 720.0 ± 20.4 718.6 ± 26.3 684.8 ± 39.9 

Metabolic Heat Production (W·m-2) 362.3 ± 12.8 362.2 ± 17.9 344.1 ± 23.1 

Heat Storage (W·m-2) 49.3 ± 8.2 55.2 ± 15.3 44.9 ± 11.8 

Sweat Rate (mL·h-1) 1,895 ± 268 1,821 ± 276 *1,445 ± 323 

∆PV (%) -4.1 ± 3.7 -5.1 ± 5.3 -3.6 ± 4.0 

*P ≤ 0.05 compared to the other conditions.   
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Figure 2.3.  Mean (± SD) Tre during 30 minutes of walking with ingestion of tepid fluid 

(TEPID), cold fluid (COLD), or ice slurry (ICE) beverages.  Pairwise comparisons were 

analyzed at the 5-min time points.  *P ≤ 0.05 ICE vs. COLD; †P ≤ 0.05 ICE vs. TEPID; ‡P ≤ 

0.05 TEPID vs. COLD. 

 

 
Figure 2.4.  Mean (± SD) T̅sk during 30 minutes of walking with ingestion of tepid fluid 

(TEPID), cold fluid (COLD), or ice slurry (ICE) beverages.  *P ≤ 0.001 for main effect of time. 



 

19 

 

 
Figure 2.5.  Mean (± SD) T̅b during 30 minutes of walking with ingestion of tepid fluid 

(TEPID), cold fluid (COLD), or ice slurry (ICE) beverages.  *P ≤ 0.001 for main effect of time.  

 

Perceptual Responses 

ICE blunted perception of thermal stress as evidenced by lower RTS during that trial 

compared to the others (Table 2.3).  Likewise, ICE blunted RPE as well, particularly in the last 

10 minutes of the work bout (Table 2.3).   

Table 2.3. Mean ± SD perceptual measures during work with protective garments. 

  Time (min) 

Variable Trial 0 5 10 15 20 25 30 

RTS 

TEPID 4.5±0.0 5.5±0.5 5.5±0.5 6.0±0.5 6.5±0.5 7.0±1.0 7.0±0.5 

COLD 4.5±0.5 5.5±0.5 6.0±0.5 6.5±0.5 6.5±1.0 7.0±0.5 7.0±0.5 

ICE 4.5±0.5 5.0±0.5 5.5±0.5 *6.0±0.5 6.0±1.0 6.5±1.0 *†6.5±1.0 

RPE 

TEPID 7±1 11±1 14±2 14±2 16±2 17±2 18±2 

COLD 6±1 †12±2 14±1 15±1 16±1 17±1 18±1 

ICE 7±1 12±1 13±1 14±1 *†15±1 *†16±2 *†16±2 

RTS = Rating of Thermal Sensation from 0 (unbearably cold) to 8 (unbearably hot); RPE = 

Rating of Perceived Exertion.  *P ≤ 0.05 vs. COLD; †P ≤ 0.05 vs. TEPID 
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DISCUSSION 

 

 The primary objective of the current study was to determine if ice slurry ingestion would 

attenuate human physiological strain during work while wearing protective clothing.  The main 

finding was that ice slurry ingestion was effective in mitigating increases in PSI, Tre, and HR 

compared to warmer fluid beverages during 30 min of vigorous intensity walking while wearing 

FPC in a hot environment.   

Effect on Thermal and Cardiovascular Strain 

Tre was lower with ingestion of ice slurry by more than 0.16 °C compared to ingestion of 

cold and tepid fluid after 10 min and 25 min of exercise, respectively.  This finding was different 

from previous literature that has examined ice slurry ingestion in that others did not observe an 

effect of ice slurry ingestion on core temperature.  Burdon et al. had participants perform 3 

separate bouts of steady state cycling in a warm, humid environment (28 °C, 70% RH) with 

ingestion of either cold fluid, thermoneutral fluid, or thermoneutral fluid with 30 g ice puree, but 

no differences in Tre were observed among treatments (8).   

In a follow-up study, the same investigators replicated the design and compared the effect 

of ice slurry ingestion to thermoneutral fluid ingestion during steady state exercise in a hot 

environment (32 °C, 40% RH) and again did not observe differences in Tre among treatments (9).  

Similarly, Schulze et al. compared ad libitum ingestion of fluid and ice slurry beverages during 

fixed rate exercise in a hot humid environment (30 °C, 80% RH) and reported a small effect size 

in the rate of rise in Tre between trials that was characterized as unclear (36).   

Along with Tre, HR was also used to determine PSI, and while ice slurry ingestion did not 

appear to affect Tre until 10 min in to the exercise bout, the increase in HR was suppressed with 

ice slurry ingestion throughout the entire exercise period compared to the warmer, fluid 
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beverages.  Like Tre, this finding also was different from previous literature in that others did not 

observe an effect of ice slurry ingestion during exercise on HR (8).  In one study, 7 out of 10 

participants exhibited lower HR with ingestion of ice slurry by a range of 6 to 11 beats·min-1, but 

the finding was not statistically significantly different between trials, and the effect size was 

small and deemed unclear by the investigators (9).  In a study using a simulated triathlon, 

Stevens et al. reported that, while subsequent running performance was enhanced by ice slurry 

ingestion, there were no differences in HR between trials during the cycling portion of the 

simulation when the beverages were administered to subjects (40).    

 So why are our findings different from previous literature?  It is not likely that the lower 

HR was a result of differences in exercise intensity among conditions because the workload was 

the same for all subjects in all treatments as evidenced by the absence of significant differences 

in absolute V̇O2.  Relative V̇O2 and METs were lower with ICE because they were expressed 

relative to body mass, which was greater in this condition (but not significantly so).  

Methodological differences probably explain the discrepant results.  When standardized to a 

period of 30 minutes, participants of previous studies ingested ice slurry amounts between ~167 

and 775 g (8, 9, 36, 40) compared to ~1,190 g over a 30-min period in our study.  It is plausible 

that the amount of beverage ingested by participants in the current study—over 50% larger than 

that in the cited studies—was apparently large enough to create a heat sink and blunt a rise in Tre.   

The latent heat of fusion for water (quantity of energy needed to change the phase of 

water from solid to liquid) is 334 kJ·kg-1 (which equates to 80 kcal·kg-1).  Assuming the ice 

slurry beverage was composed of ~75% ice, the absolute latent heat needed to melt all the ice of 

1,190 g of the ice slurry beverage would be ~71.4 kcal.  After 6 minutes of exercising at ~2.4 

L·min-1 (or ~12 kcal·min-1), the amount of energy expended by participants in the current study 
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should have been ~72 kcal—a quantity approximate to the latent heat introduced to 1,190 g of 

ice slurry beverage.  When the latent heat of fusion is added to the energy needed to raise the 

temperature of the whole solution from -1 °C to deep body temperature, the ice slurry beverage 

should have provided a larger heat sink compared to the tepid and cold fluid beverages that have 

temperatures closer to body temperature and lack the incorporation of latent heat of fusion.  If 

the data on Figure 2.3 were extrapolated further, the trend suggests individuals might be able to 

exercise for 5 – 6 minutes longer with ice slurry ingestion before reaching a Tre near that of the 

TEPID and COLD conditions.   

 Another explanation for the differences between our study and previous studies could be 

that the magnitude of heat stress in our study was greater than that of previous studies.  In the 

current study, participants were fully encapsulated in protective clothing that limited heat 

dissipation via evaporation, thus increasing thermal stress.  Metabolic heat production of our 

participants was comparable to that of previous studies (9); however, our subjects would have 

experienced a greater thermal burden as evidenced by greater heat storage compared to studies in 

which evaporative heat loss was not limited by protective clothing (9).   

In the current study, the volume of sweat needed to evaporate during the work bout to 

prevent an increase in core temperature (as previously described by Powers and Howley (32)) 

was estimated to be ~480 mL.  Participants in the current study sweated ~720 to 950 mL over 30 

min—a volume more than sufficient to prevent heat gain if fully evaporated—but still 

experienced an increase in Tre by 0.9 to 1.2 °C.  This indicates that the evaporative heat loss 

mechanism was incapacitated likely as a result of the insulative properties of the protective 

garments.  Our findings of attenuated Tre and HR are consistent with those of Kenny et al., 

whose participants exhibited reduced physiological strain (lower core temperature and HR) while 
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wearing an ice vest underneath a nuclear, biological, and chemical protective suit—which also 

likely restricted evaporative heat loss—during exercise under uncompensable heat stress (24).  

Furthermore, Nunneley et al. reported that head cooling attenuated an increase in Tre in a hot 

ambient environment (40 °C) but had little effect under cooler conditions (20 and 30 °C) (29).  

Taken together, it is plausible that cooling effects of ice slurry ingestion during exercise may 

only be evident in the presence of severe or uncompensable heat stress and when evaporative 

heat loss is limited.   

Practical Applications 

 Body cooling via ice slurry ingestion could be beneficial in occupational settings as it 

appears to provide a means of mitigating thermal and cardiovascular strain during work in 

protective clothing under hot ambient conditions.  Additionally, the intake of ice slurry 

beverages—while lowering physiological strain—can also provide fluid replacement.   

The American College of Sports Medicine Position Stand on Exercise and Fluid 

Replacement recommends drinking during exercise to prevent excessive dehydration (>2% body 

mass loss) (35).  The feeding strategy used in our study helped subjects avoid excessive 

dehydration as all participants in all trials did not weigh less at the end of exercise than what they 

did when they started the bout.  Furthermore, the lack of differences among treatments in plasma 

volume change between the initiation and cessation of exercise further suggests that ice slurry 

beverages effectively hydrated subjects just as much as the fluid beverages. 

 Previous literature suggested body cooling during exercise can improve performance (4, 

45-47), especially when cardiovascular and thermal strain are blunted (24).  Although 

performance was not measured in the current study, since cardiovascular and thermal strain were 

blunted one can surmise that performance would have likely been positively impacted as well.  
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Its benefit might be particularly impactful during uncompensable heat stress and when 

evaporative cooling is limited. 

 Interestingly, estimated heat storage was not different among trials, but whole-body 

sweat rate was lower with ingestion of ice slurry than both warmer fluid beverages.  This is 

consistent with the findings of Lamarche et al. (25) whose participants cycled for 75 min in 25 

°C and experienced greater sweat loss with ingestion of hot (50 °C) water compared to cold (1.5 

°C) water but at a rate that resulted in similar changes in body heat storage.  They concluded that 

humans regulate sweating in a way that compensates for the differences in beverage temperature 

so that heat balance is maintained (25).  In a situation where evaporative cooling is restricted by 

impermeable clothing, blunting sweat loss would be a favorable outcome in order to avoid 

excessive dehydration.   

Limitations 

A limitation to this study was that we used a hydration strategy that might not be practical 

in the field, thus lacking some external validity.  While the treatment was successful in lessening 

physiological strain and preventing dehydration, our participants were fed a very large amount of 

the beverage; dehydration was not only prevented, subjects actually gained weight by the end of 

the trials.  Workers wearing protective clothing are not likely to ingest as much in the field 

possibly due to limited availability of and/or access to ice slurry beverages during work as well 

as discomfort during ingestion.  If the method of delivery is optimized, ice slurry ingestion might 

be a beneficial option for body cooling during work. 

Conclusion 

In conclusion, when ingested in large quantities and during uncompensable heat stress, 

ice slurry ingestion was effective in mitigating physiological strain as indicated by attenuation of 
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increases in Tre and HR during work in protective garments.  Combined with previous literature, 

these findings suggest that the effectiveness of body cooling via ice slurry ingestion during work 

was positively associated with the level of heat stress imposed and inversely related to the 

evaporative heat loss potential.  Future research should explore this connection as well as 

continue to examine effective and practical methods of application and its effect on exercise 

capacity. 
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CHAPTER 3 

 

EFFECT OF ICE SLURRY INGESTION ON CARDIOVASCULAR DRIFT  

AND MAXIMAL OXYGEN UPTAKE DURING HEAT STRESS 

 

ABSTRACT 

The progressive increase in heart rate (HR) and decrease in stroke volume (SV)—known 

as cardiovascular (CV) drift—is associated with a reduction in maximal oxygen uptake (V̇O2max).  

External body cooling by fan airflow mitigates the decrease in V̇O2max associated with CV drift 

during cycling in hot conditions.  It remains unknown whether internal body cooling via ice 

slurry ingestion would elicit a similar response.  The purpose of this study was to investigate the 

effect of ice slurry ingestion on CV drift and V̇O2max during heat stress.  Eight men (mean ± SD; 

age = 22 ± 4 y, height = 182.2 ± 6.0 cm, mass = 76.3 ± 11.2 kg, body fat = 9.1 ± 3.9%, V̇O2max = 

52.2 ± 7.9 mL·kg-1·min-1) completed a graded exercise test on a cycle ergometer in 22 °C to 

measure V̇O2max.  Then on 3 separate counterbalanced occasions, they cycled at 60%V̇O2max in 

hot conditions (35 °C, 40% RH) for either 15 min, 45 min with tepid (23 °C) fluid ingestion 

(45FL), or 45 min with ice (-1° C) slurry ingestion (45ICE), followed immediately by 

measurement of V̇O2max.  The increase in HR was twice as large in 45FL (8.4%) compared to 

45ICE (4.6%; P ≤ 0.05).  SV declined by 6.2% in 45FL but was maintained with 45ICE (P ≤ 

0.05).  V̇O2peak decreased by 8.8% but was not different between conditions (P > 0.05).  While 

ice slurry ingestion attenuated CV drift more than fluid ingestion, it did not mitigate the decline 

in V̇O2max.  Further examination of the cooling mechanism of ice slurry ingestion is warranted. 

KEY WORDS: cooling, hydration, V̇O2max, heart rate, stroke volume, thermoregulation 
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INTRODUCTION 

During submaximal steady-state exercise in a hot environment, a progressive increase in 

heart rate (HR) and decrease in stroke volume (SV)—a phenomenon known as cardiovascular 

drift (CV drift)—occurs (10, 15, 26, 27, 29).  Two predominant hypotheses that explain the cause 

of CV drift include: 1) peripheral displacement of blood to the skin as part of thermoregulation 

and 2) tachycardia that decreases ventricular filling time, both of which reduce stroke volume 

(28).   

CV drift has been repeatedly demonstrated to have detrimental effects on endurance 

exercise performance that include reductions in maximal power output, graded exercise test 

(GXT) duration, and maximal oxygen uptake (V̇O2max) (10, 15, 26, 27, 29).  A reduction in 

V̇O2max is particularly important because when V̇O2max is reduced, any given absolute work load 

then represents a higher relative metabolic intensity.  CV drift has been manipulated using 

hyperthermia (29), exercise intensity (27), fan cooling (26), hydration during long duration 

exercise (~2 h) (10), and ambient temperature (15).  In each case, mitigation of CV drift also 

mitigated the decrease in V̇O2max, suggesting a strong link between the two.  Other 

countermeasures with the potential to mitigate CV drift should therefore be investigated in order 

to determine additional ways to attenuate the decrease in V̇O2max during heat stress.   

Based on research involving exercise performance during heat stress, ice slurry ingestion 

has the potential to counter the detrimental effects of CV drift on V̇O2max.  For instance, when 

used as a precooling strategy, ice slurry ingestion reduced rectal temperature (Tre) prior to a work 

bout by > 0.4 °C (22, 23), increased running time to exhaustion in 34 °C by ~6 – 10 min (22, 23), 

improved tolerance of a higher Tre (exceeding 39.3 °C) at exercise termination (22, 23), and 

provided fluid replenishment comparable to cold fluid ingestion (22).  Furthermore, ice slurry 
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ingestion during activity improved time to complete a predetermined amount of work by ~2 min 

(3) as well as decreased the time to complete a 10-km running portion of a simulated triathlon by 

~1 min (24).   

The primary mechanism proposed for ice slurry effects is the 334 kJ·kg-1 of energy 

required in the phase change of water from solid to liquid form, which provides a greater heat 

sink and thus improves heat storage capacity (3, 20, 22-24).  When compared to warmer fluid 

beverages during trials conducted in our laboratory (unpublished data), ice slurry ingestion 

attenuated the rise in HR during moderate intensity exercise in a hot environment.  It remains 

unknown, however, whether ice slurry ingestion also attenuates the decline in SV and 

concomitant reduction in V̇O2max during prolonged exercise.  Therefore, the purpose of this study 

was to examine the effect of ice slurry ingestion on CV drift and V̇O2max during heat stress.  We 

hypothesized that the V̇O2max decline associated with CV drift would be attenuated with 

ingestion of an ice slurry beverage compared to warmer fluid beverages. 

METHODS 

 

Experimental Design 

Participants completed a control V̇O2max trial followed by 3 experimental trials performed 

in counterbalanced order.  During each experimental trial, subjects performed moderate intensity 

exercise (60% of V̇O2max) on a cycle ergometer in a hot environment (35 °C, 40% relative 

humidity) for: 1) 15 min with no beverage (15NB), 2) 45 min with ingestion of tepid fluid 

(45FL), and 3) 45 min with ice slurry ingestion (45ICE).  A GXT to measure V̇O2max followed 

each submaximal bout.   The purpose of the separate 15- and 45-min trials was to acquire 

VO2max values at the onset of CV drift (~15 min into exercise) and after CV drift has occurred 

for some time (30 min after approximate onset of CV drift).    
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Subjects 

Eight healthy men (mean ± SD) [age = 22 ± 4 y, height = 182.2 ± 6.0 cm, mass = 76.3 ± 

11.2 kg, percent body fat estimated from skinfolds = 9 ± 3.9%, V̇O2max = 52.2 ± 7.9 mL·kg-

1·min-1] participated in the study.  A power analysis (17) revealed this sample size was sufficient 

to detect a moderate effect size (18) among the measures of V̇O2max.   

All subjects were between the ages of 19 and 40 years and were participating in moderate 

to vigorous physical activity for 20 to 60 min, 3 to 5 days per week for at least 3 months prior to 

the study.  In order to reduce the risk of medical complications, participants with a pacemaker or 

other internal electronic device, a history of heat illness, known cardiovascular, pulmonary, or 

metabolic disease(s), or a related sign or symptom were excluded.  All subjects signed an 

informed consent statement approved by the local Institutional Review Board prior to 

commencement of participation. 

Procedures 

Participants were instructed to refrain from ingesting alcohol, non-prescription drugs, and 

caffeine during the 24 h before each experimental trial and from exercising during the 36 h 

before each experimental trial.  Trials occurred at the same time of day (± 1 h) for each 

participant.  They kept a dietary intake log beginning 24 h before the first trial until 2 h prior to 

the commencement of the trial.  Thereafter, nothing (besides experimental beverages, if 

applicable) was consumed until the end of the visit.   

For the subsequent trials, subjects replicated dietary intake of the first experimental visit 

in order to ensure a similar nutrition status for each trial.  In order to maintain a euhydrated state, 

subjects were instructed to drink 1 L of water on the night before each trial, 0.5 L upon 

awakening, and at least 0.5 L throughout the day until the commencement of the trial.  Hydration 
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status was verified using a refractometer (SUR-NE, Atago USA, Inc., Bellevue, WA) to measure 

urine specific gravity (USG).  USG ≤1.020 was required to be considered euhydrated (5, 21).  

Experimental trials were separated by at least 1 day but not more than 1 week.   

Control V̇O2max 

For the first visit, participants were instructed to arrive at the laboratory after fasting for 

≥2 hours, well hydrated, and well rested.  To verify adherence to these pre-test instructions, 

participants completed a 24-h history questionnaire.  Additionally, participants provided 

information about their medical history and readiness to perform physical activity.  Investigators 

then recorded the subject’s age, body mass with an electronic scale (BWB-800, Tanita 

Corporation, Tokyo, Japan) while wearing shorts and socks, height via stadiometer (seca 213, 

seca, Chino, CA), and body fat percentage via three-site skinfold measurement (12).  Next, 

subjects performed a 10-min warm up at a self-selected power output followed by a GXT on a 

cycle ergometer (Velotron Dynafit Pro, Racer Mate Inc., Seattle, WA) to measure V̇O2max.   

The GXT started with a power output estimated to elicit ~60% of V̇O2max and 

progressively increased by 25 W every 2 min until the subject could no longer continue or 

maintain a cadence ≥40 rpm.  Oxygen uptake (V̇O2) was obtained continuously using open-

circuit spirometry (True-One 2400, Parvo Medics, Sandy, UT).  HR was recorded continuously 

using a HR monitor (RS800CX, Polar Electro Inc., Lake Success, NY).  Rating of perceived 

exertion (RPE) was obtained every 2 min using the Borg 6-20 scale (2).  A 2-mL blood sample 

was drawn from an antecubital vein 3 – 5 min after the completion of the GXT to determine 

blood lactate concentration with a handheld analyzer (Lactate Plus, Nova Biomedical, Waltham, 

MA).  To determine attainment of a plateau in V̇O2, subjects performed a follow-up exercise 

bout 20 min after the completion of the GXT as previously described (29).   
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Twenty minutes after the follow-up exercise bout, subjects were instructed to measure 

nude body mass and then performed a practice cycling bout for 30 min.  During the first 10 min, 

V̇O2 was measured and power output was adjusted to a level that elicited 60% V̇O2max.  At min 

15, subjects practiced performing a CO2 rebreathing procedure which was used to estimate 

cardiac output (Q̇) during experimental trials.  After completion of the practice ride, subjects 

were instructed to measure nude body mass again.  Pre- and post-exercise nude body mass were 

used to determine whole-body sweat rate (SR) with the formula by Casa et al. (5): sweating rate 

= [(pre-exercise body mass – post-exercise body mass) + fluid intake – urine volume]·exercise 

time-1, where body mass is entered in g and fluid intake and urine volume are measured in mL.   

The preliminary trial took place in a thermoneutral environment (20 °C, 40% relative humidity). 

Experimental Trials 

As with the preliminary trial, subjects followed the same set of pretest instructions, which 

was verified with a 24-h history questionnaire upon arrival to the laboratory.  In a private room, 

subjects provided a urine sample for measurement of USG to confirm an adequate hydration 

status, measured their nude body mass, strapped a HR monitor around the chest, and inserted a 

rectal thermometer (Model RET-1, Physitemp, Clifton, NJ) 12 cm beyond the anal sphincter 

(16).  Then a flexible venous catheter was inserted into an antecubital vein and kept patent with 

0.9% normal saline.   

Next, subjects entered a hot environmental chamber (35 °C, 40% relative humidity) and 

sat upright on a cycle ergometer for a 30-min resting equilibration period.  In the 45-min trials, 

the following additional instrumentation was attached to the participant during this period.  

Thermocouples (HSTC-TT-T-20S-120-SMPW-CC, Omega Engineering, Inc., Stamford, CT) 

were taped to the upper chest, lateral deltoid, anterior thigh, and lateral calf for measurement of 
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skin temperature.  Tre and skin temperatures were recorded continuously using a thermocouple 

reader (TC-2000, Sable Systems International, North Las Vegas, NV) and data acquisition 

system (MP150 with AcqKnowledge 4 Software, BIOPAC, Goleta, CA).  Skin temperatures 

from the respective sites were used to calculate mean skin temperature (T̅sk) using the formula of 

Ramanathan (19): 

T̅sk = 0.3(Tchest + Tarm) + 0.2(Tthigh + Tleg). 

Mean body temperature (T̅b) was calculated using a weighted formula as described by Stolwijk 

and Hardy (25): 

T̅b = (0.8 · Tre) + (0.2 · T̅sk). 

A laser-Doppler flowmetry probe (MoorVMS-LDF VP12, Moor Instruments, Devon, 

UK) was attached to the posterior surface of the forearm to record skin blood flow (SkBF) via 

laser-Doppler flowmetry.  Approximately 2 cm proximal to this site, a small plastic capsule was 

taped to the skin to determine local SR via capacitance hygrometry.  A 2-mL baseline blood 

sample was drawn into a tube (Vacutainer EDTA, Becton, Dickinson and Company, Franklin 

Lakes, NJ) containing EDTA.  After obtaining resting measures, subjects cycled at 60% V̇O2max 

for either 15 or 45 min.  At the end of the submaximal bout, power output was increased 25 W as 

subjects continued into a GXT (with 25-W increments every 2 min) until volitional exhaustion 

(or inability to maintain a cadence of ≥40 rpm) to measure V̇O2max.  Because V̇O2max was 

expected to be reduced following the submaximal exercise bouts in the heat, it is referred to as 

V̇O2peak.   

During the 15-min ride, rectal temperature (Tre) and HR were measured continuously.  

The following measurements and calculations pertained only to the 45-min rides.  Tre, T̅sk, HR, 

SkBF, and local SR were measured continuously.  Metabolic (V̇O2, V̇CO2, 2-3 trials of CO2 
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rebreathing for measurement of Q̇), circulatory (2-mL blood samples), and perceptual measures 

(RPE) were recorded between minutes 8 – 18 and between minutes 35 – 45.  Q̇ was measured 

using the Parvo Medics metabolic measurement system and the indirect Fick CO2-rebreathing 

method as previously described by Jones et al. (13).  This technique involves measuring V̇CO2, 

end-tidal CO2 concentration, and the equilibrium CO2 concentration after rebreathing in 

succession.  The average Q̇ of 2 rebreathing trials was calculated.  SV was then calculated by 

dividing Q̇ by HR. 

During the GXT, V̇O2, Tre, and HR were recorded continuously, and RPE was recorded 

every 2 min.  At the cessation of the test, RPE was recorded, a post-exercise blood sample was 

taken 3 – 5 min afterward, and subjects were instructed to measure nude body mass.  The 

measurement of V̇O2peak was considered valid if: 1) V̇O2 reached a plateau, 2) V̇O2 reached the 

same value as in the control test, or 3) HR was within 5 beats/min of maximum HR. 

All blood samples were analyzed for hemoglobin (Hb), hematocrit (Hct), and lactate 

concentration shortly after acquisition with a hemoglobin photometer (HemoPoint H2, Stanbio 

Laboratory, Boerne, TX) and microhematocrit and sedimentation reader (Micro-Capillary 

Reader, International Equipment Company, Boston, MA), respectively.  Plasma volume change 

(%∆PV) was  calculated with the method described by Dill and Costill (8):  

PVpre = 100 – Hctpre,  

PVpost = (100·Hbpre·Hbpost
-1) – [(100·Hbpre·Hbpost

-1)·(Hctpost·100-1)],  

%∆PV = 100[(PVpost – PVpre)·PVpre
-1),  

where PVpre and PVpost are plasma volumes of 100 mL of blood before and after the expected 

change, respectively;  Hbpre and Hbpost are hemoglobin concentrations (in g·dL-1) before and after 



 

37 

 

the expected change, respectively; Hctpre and Hctpost are hematocrit before and after the expected 

change, respectively; and %∆PV is the percentage change in plasma volume.   

Metabolic rate (M) was estimated with an equation by Kenny and Jay (14): 

M = (V̇O2·[(((RER – 0.7)·0.3-1)·ec)+(((1 – RER)·0.3-1)·ef)])·60-1, 

where M is expressed in watts, V̇O2 is measured in L·min-1, ec is 21,130 J (the caloric equivalent 

per liter of oxygen for carbohydrate oxidation), and ef is 19,630 J (the caloric equivalent per liter 

of oxygen for fat oxidation).  External work rate (W) was measured on the cycle ergometer and 

expressed in watts. The difference between M and W was taken as metabolic heat production (M 

– W) (14) and expressed in absolute terms and per unit body surface area (A): 

Metabolic heat production = (M – W)·A-1, 

where M – W is expressed in W·m-2.  Body surface area was calculated with the formula of Du 

Bois (4, 9):  

A=0.0072·body mass0.425·height0.725,  

where 0.0072 is a constant, and body mass and height are measured in kg and cm, respectively.   

Heat storage (S) was calculated with the formula of Adams et al. (1):  

S = (0.965m∆T̅b)·A-1,  

where S is heat storage of the body (in W·m-2), 0.965 is the mean specific heat of the body (in 

W·kg-1·°C-1), m is body mass (in kg), and A is body surface area (in m2).  The mean of pre- and 

post-exercise nude body mass was used to represent body mass in these equations. 

In the 45-min trials, subjects ingested a carbohydrate-electrolyte beverage in either tepid 

fluid (22.8 ± 0.3 °C) or ice slurry form (-1.1 ± 0.5 °C).  The amount of beverage ingested was 

based on the calculated sweat loss (determined during the practice ride) that was estimated to 

occur between 15 and 45 min, when CV drift was also expected to occur.  Additionally, the 
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overall dose was adjusted by adding 500 g of the beverage to account for the differences in SR 

between thermoneutral and hot conditions (15).  The total dose was divided into 6 boluses and 

administered starting immediately after data collection at the 15-min time point and fully 

consumed just prior to starting data collection at the 45-min time point.  Ice slurries were made 

using a commercially-available slushy machine (BUNN Ultra-2, Bunn-O-Matic Corp., 

Springfield, IL). 

Statistical Analysis 

Descriptive data (mean ± SD) were calculated for all test variables.  Mean differences in 

V̇O2max among treatment conditions (control, 15NB, 45FL, and 45ICE) was analyzed with a one-

way repeated measures analysis of variance (ANOVA).  Mean differences in all other variables, 

such as cardiovascular, temperature, and metabolic measures were analyzed with separate 2 

(treatment) × 2 (time) repeated measures ANOVAs.  Upon finding a significant omnibus F-ratio, 

a post hoc Bonferroni multiple comparison test was performed to detect significant differences.  

Statistical significance was set at α = 0.05.  Statistical analyses were performed using IBM SPSS 

Statistics 22.0 (IBM Corp., Armonk, NY). 

RESULTS 

Participants performed 3 experimental trials in a hot environmental chamber (15NB: 35.1 

± 0.1 °C, 45 ± 3.0% RH; 45FL: 35.1 ± 0.1 °C, 43 ± 1.5% RH; 45ICE: 35.1 ± 0.1 °C, 43 ± 1.6% 

RH; P = 0.20 for ambient temperature and P = 0.15 for relative humidity).  Pre-exercise 

euhydration was not different between treatments as evidenced by similar nude body masses 

(15NB = 75.8 ± 10.8 kg, 45FL = 75.7 ± 11.1 kg, 45ICE = 75.6 ± 11.0 kg; P = 0.62) and USG 

(15NB = 1.009 ± 0.007, 45FL = 1.007 ± 0.006, 45ICE = 1.009 ± 0.005; P = 0.86).   
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Beverage Ingestion and Hydration Status 

Participants lost less than 1% of their body mass (45FL: -0.6 ± 0.3%, 45ICE: -0.3 ± 

0.4%), and the loss was not different between treatments (P = 0.12).  This suggests the amount of 

beverage ingestion (988 ± 146 g) was successful in preventing hypohydration during the 45-min 

bouts of exercise.  Additionally, there was no difference in whole-body sweat rate between 

treatments (45FL: 1,590 ± 472 mL·h-1, 45ICE: 1,426 ± 481 mL·h-1; P = 0.08).   

Cardiovascular, Metabolic, and Perceptual Responses 

Table 3.1 and Figure 3.1 show HR and SV responses during 45 minutes of steady-state 

cycling.  As expected, HR increased over time in both conditions (P = 0.01 for main effect of 

time), but the increase was about twice as large in 45FL (8.4%) compared to 45ICE (4.6%; P ≤ 

0.05) as shown in Figure 3.1.  Ice slurry ingestion was successful in eliminating the decrease in 

SV over time during 45ICE (Table 3.1), but SV decreased 6.2% in 45FL and thereby resulted in 

a 6% difference between conditions (Table 3.1).     

In 45FL, the increase in heart rate offset the decrease in SV and resulted in the 

maintenance of Q̇ over time, whereas in 45ICE, SV was maintained, and HR increased, resulting 

in an elevated mean Q̇, but the increase from the 15-min value was not statistically significant (P 

= 0.17 for the interaction).  Independent of treatment though, Q̇ increased significantly across 

time by 3.4% (P = 0.02).  Mean arterial pressure (MAP) was stable and not different between 

treatments (P = 0.11) as shown in Table 3.1.  V̇O2 drifted up slightly (albeit not statistically so) 

between 15 and 45 min, thereby resulting in a slight increase in %V̇O2max (Table 3.1), but 

conditions were not statistically different.   

Like HR, RPE drifted upward over time (P ≤ 0.001), but the increase was comparable 

between treatments (P = 0.41 for main effect of treatment; Table 3.1).  Participants perceived 
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they were exerting themselves maximally at the end of each graded exercise test as evidenced by 

RPE values of ~19-20 for each treatment.   

Table 3.2 shows HR and V̇O2 responses to maximal exercise.  HR at maximum was 

greater in 45FL than all other trials (P = 0.001; Table 3.2).  Nonetheless, maximal power output 

was 9.6% and 10.7% (28.7 W and 31.8 W) lower in 45FL and 45ICE, respectively, compared to 

that of the control trial (P ≤ 0.05).  Likewise, V̇O2peak was 8.8% lower in both 45FL and 45ICE 

compared to 15NB (P ≤ 0.05).   

Table 3.1.  Responses (mean ± SD) to submaximal exercise with ingestion of fluid and ice 

slurry beverages between 15 and 45 minutes of cycling at ~60% of the control V̇O2max (147.5 ± 

41.6 W). 

Variable Treatment 

 45FL 45ICE 

 15 min 45 min 15 min 45 min 

V̇O2 (L·min-1) 2.33 ± 0.52 2.39 ± 0.52 2.27 ± 0.61 2.31 ± 0.54 

V̇O2 (% control V̇O2max)‡ 58.6 ± 5.0 60.0 ± 3.8 56.7 ± 4.8 57.9 ± 3.4 

HR (beats·min-1) 155 ± 15 168 ± 12* 153 ± 11 159 ± 5*† 

SV (mL·beat-1) 104 ± 29 96 ± 21* 103 ± 28 103 ± 22† 

Q̇ (L·min-1)‡ 15.8 ± 3.2 15.9 ± 2.9 15.4 ± 3.3 16.3 ± 3.3 

MAP (mm Hg) 96 ± 14 97 ± 10 96 ± 14 93 ± 14 

Lactate (mmol·L-1) 3.6 ± 1.3 3.4 ± 1.2 3.0 ± 0.9 2.9 ± 0.8 

∆PV from rest (%) -8.4 ± 2.4 -9.2 ± 3.9 -7.4 ± 3.0 -8.2 ± 3.2 

Tre (°C)‡ 37.5 ± 0.4 38.5 ± 0.4 37.6 ± 0.3 38.3 ± 0.4 

T̅sk (°C) 36.2 ± 0.1 36.5 ± 0.4* 36.4 ± 0.3 36.3 ± 0.5† 

T̅b (°C) 37.2 ± 0.3 38.1 ± 0.4* 37.3 ± 0.3 37.9 ± 0.4* 

RPE‡ 11 ± 2 13 ± 1 11 ± 1 14 ± 2 

∆SkBF from rest (%)‡ 172.1 ± 105.9 178.7 ± 85.2 223.3 ± 102.6 244.2 ± 150.6 

Local SR (mg·cm-2·min-1)‡ 0.93 ± 0.23 1.13 ± 0.26 0.95 ± 0.35 1.08 ± 0.44 

45FL=45-min tepid fluid treatment, 45ICE=45-min ice slurry treatment, V̇O2=oxygen uptake, 

HR=heart rate, SV=stroke volume, Q̇=cardiac output, MAP=mean arterial pressure, 

∆PV=change in plasma volume, Tre=rectal temperature, T̅sk=mean skin temperature, T̅b=mean 

body temperature, RPE=rating of perceived exertion, ∆SkBF=change in skin blood flow, 

SR=sweat rate.  *P ≤ 0.05 vs. the 15-min value within the same treatment; †P ≤ 0.05 vs. the 

same time point in 45FL; ‡P ≤ 0.05 for main effect of time. 
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Figure 3.1.  Changes in mean (± SD) heart rate (HR) and stroke volume (SV) with ingestion of 

fluid (45FL) and ice slurry (45ICE) between 15 and 45 min of cycling at ~60% of the control 

V̇O2max.  *P ≤ 0.05 vs. ICE.  Error bars excluded from ice slurry data to improve clarity. 

 

Thermoregulatory responses 

Tre increased 2.3% (0.85 °C) over time (P ≤ 0.001; Table 3.1 and Figure 3.2), but 

treatments were not different (P = 0.90).  T̅sk increased over time during 45FL (P ≤ 0.05) but 

remained stable over time during 45ICE (P > 0.05).  This resulted in higher T̅sk at 45 min in 

45FL compared to 45ICE (P ≤ 0.05).  T̅b (Table 3.1) increased over time as a result of both 

treatments (P ≤ 0.001), but the increase was larger in 45FL (P ≤ 0.05).  As expected, due to 

shorter exercise duration, Tre at maximum was lower in 15NB compared to 45FL and 45ICE (P < 

0.001 and P = 0.01, respectively).  T̅sk and T̅b were not different among trials at maximum (P = 

0.30 for both).   Tables 3.1 and 3.2 show that while there were no differences in SkBF or local 

SR between conditions at any time point , they increased significantly across time, independent 

of treatment (both P < 0.001 for time main effect). 
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Table 3.2.  Responses (mean ± SD) to maximal exercise 

Variable Treatment 

 Control 15NB 45FL 45ICE 

V̇O2 (L·min-1) 3.99 ± 0.91 4.07 ± 0.83 3.71 ± 0.76* 3.71 ± 0.81* 

V̇O2 (mL·kg-1·min-1) 52.2 ± 7.9 53.2 ± 6.8 48.5 ± 5.7* 48.4 ± 6.6* 

HR (beats·min-1) 190 ± 12 193 ± 12 195 ± 11*†‡ 190 ± 10 

Tre (°C) -- 38.0 ± 0.3 38.8 ± 0.5* 38.6 ± 0.5* 

T̅sk (°C) -- -- 36.5 ± 0.4 36.5 ± 0.5 

T̅b (°C) -- -- 38.3 ± 0.5 38.2 ± 0.5 

RPE 19 ± 1 20 ± 1 20 ± 1 20 ± 1 

Lactate (mmol·L-1) 12.2 ± 0.9 10.6 ± 1.2† 9.2 ± 1.5*† 8.7 ± 1.4*† 

∆PV from rest (%) -- -- -10.9 ± 3.6 -8.6 ± 2.7 

∆SkBF from rest (%) -- -- 232.6 ± 121.6 341.0 ± 180.4 

Local SR (mg·cm-2·min-1) -- -- 1.18 ± 0.42 1.35 ± 0.53 

Test duration (min) 9.9 ± 3.4 10.2 ± 1.3 8.7 ± 1.5 8.8 ± 1.6 

Power output (W) 298.1 ± 59.1 285.0 ± 52.6 269.4 ± 51.8† 266.3 ± 49.3† 

15NB=15-min with no beverage, 45FL=45-min tepid fluid treatment, 45ICE=45-min ice slurry 

treatment, V̇O2=oxygen uptake, HR=heart rate, Tre=rectal temperature, T̅sk=mean skin 

temperature, T̅b=mean body temperature, RPE=rating of perceived exertion, ∆PV=change in 

plasma volume, ∆SkBF=change in skin blood flow, SR=sweat rate.  *P ≤ 0.05 vs. 15NB, †P ≤ 

0.05 vs. Control, ‡P ≤ 0.05 vs. 45ICE. 

 

Metabolic Heat Production, Heat Storage, Blood Lactate, and Plasma Volume Change 

There were no differences between conditions in absolute metabolic heat production 

(45FL: 678.0 ± 146.0 W, 45ICE: 652.5 ± 159.0 W; P = 0.06), relative metabolic heat production 

(45FL: 342.4 ± 52.3 W·m-2, 45ICE: 329.2 ± 59.9 W·m-2; P > 0.05), and heat storage (45FL: 49.9 

± 15.2 W·m-2, 45ICE: 42.3 ± 18.6 W·m-2; P > 0.05.  There were no differences in blood lactate 

concentration during steady state exercise in both treatments (P > 0.05; Table 3.1).  However, in 

response to maximal exercise, blood lactate concentration (Table 3.2) was significantly lower in 

45FL and 45ICE compared to Control by 3.0 and 3.5 mmol·L-1 (P = 0.003 and P = 0.001), 

respectively, and 15NB by 1.4 and 1.9 mmol·L-1 (P = 0.03 and P = 0.01), respectively.  Plasma 
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volume decreased by a comparable amount for both treatments at each respective time point (P = 

0.53 for the interaction; Tables 3.1 and 3.2). 

 
Figure 3.2.  Mean (± SD) rectal temperature (Tre) response during 45 min of cycling at ~58.3% 

V̇O2max and at maximum after a graded exercise test with either ingestion of fluid or ice slurry.  

*P ≤ 0.05 for main effect of time between 15 and 45 min, both treatments.   

 

DISCUSSION 

 The primary finding of this study was that ice slurry ingestion attenuated CV drift during 

steady state moderate-intensity exercise compared to cold fluid ingestion, but there was no 

difference in the decline in V̇O2peak between treatments.  The increase in HR was cut in half with 

ingestion of ice slurry compared to tepid fluid.  SV declined with cold fluid ingestion, whereas it 

was maintained with ice slurry ingestion.  However, V̇O2peak declined by the same magnitude 

between treatments despite a difference in the magnitude of CV drift. 

The magnitude of CV drift in the present study was less than that of previous studies 

utilizing a similar protocol (10, 15, 26, 27, 29).  The reason for the difference is uncertain but we 

speculate that differences between studies in subject fitness may partially explain the discrepant 
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results.  For instance, Wingo et al. (26) observed increases in HR of 16% and decreases in SV of 

12% in subjects whose V̇O2max was 63.3 ± 5.5 mL·kg-1·min-1.  While metabolic heat production 

was not measured in these studies, it can be surmised that it was higher because of greater 

absolute exercise intensities (V̇O2 ≈ 2.73 L·min-1) (26).  The greater exercise intensity, and 

thereby, greater metabolic heat production in these studies likely resulted in greater heat storage 

and thereby elevated cardiovascular strain (e.g., higher skin blood flow required for heat 

dissipation (6), greater sweat rate, etc.), which would be expected to result in a greater magnitude 

of CV drift (7, 10, 15, 26). 

Furthermore, the type of fluid ingested might be influential in mitigating CV drift.  In the 

current study, percent body mass loss of subjects was similar to that observed by Wingo et al. 

whose participants lost 0.3% of body mass during exercise (29).  Despite similar body mass 

losses, participants in the fluid condition of the current study experienced approximately half the 

magnitude of CV drift compared to that observed by Wingo et al. in a similar fluid condition (29) 

and resulted in half the decrease in V̇O2peak.  It is possible that this difference in CV drift despite 

similar body mass losses was due in part to the glucose content in the beverages of the current 

study.  In the previous study, ingestion of tap water did not attenuate the magnitude of CV drift 

or reduction in V̇O2peak (29).  In the present study, the fluid and ice slurry contained a 6% 

carbohydrate-electrolyte solution, and glucose has been previously shown to attenuate CV drift 

(10, 11).  Similarly, Ganio et al. reported an attenuation of CV drift after 2 h of exercise in a 

warm environment with ingestion of a carbohydrate-electrolyte beverage (10).  Hamilton et al. 

also reported an absence of CV drift with intravenous glucose infusion during exercise (11).  

They suggested that the glucose infusion reduced plasma epinephrine, thereby reducing 

stimulation of beta-adrenergic receptors responsible for cardiac control (11).  Taken together, the 



 

45 

 

results of the 45FL condition and those of the studies cited above continue to support the notion 

that the magnitude of decline in V̇O2max during prolonged exercise in the heat is related to the 

magnitude of CV drift. 

The small (or arguably, lack of) CV drift with the ice slurry treatment in the present study 

resulted in a small decrease in V̇O2peak that was similar to that of the fluid condition.  However, 

magnitude of CV drift was greater with the fluid treatment.  Given prior work in this area (10, 

15, 26, 27, 29), it is unclear why there was an apparent dissociation between CV drift and 

reduced V̇O2peak in the present study.  The mechanism by which ICE blunted CV drift is unclear 

given that skin blood flow, metabolic heat production, sweat rate, plasma volume changes, and 

body temperatures were not different between treatments.  Additionally, it is also unclear why 

the magnitude of decrease in V̇O2peak did not reflect the difference in magnitude of CV drift 

between treatments.  As mentioned above, our subjects experienced a smaller decline in V̇O2peak 

compared to previous studies utilizing a similar protocol.  It may be that modulators of thermal 

and cardiovascular strain, such as fluid ingestion and fluid temperature, interact with CV drift to 

effect changes in V̇O2peak.   

We prescribed the beverage dose based on recommendations to prevent fluid losses of 

greater than 2% (5, 21), and while we were successful in doing so in this study, the physical 

properties of ice slurry beverages (e.g., below water-freezing temperatures and solid matter) 

might make them more difficult to ingest in the field compared to fluid beverages.  Further 

examination of voluntary intake in the field would be beneficial to those who perform physical 

exertion in hot conditions. 

While ice slurry ingestion did not attenuate the decline in V̇O2peak better than the fluid 

beverage, it did appear to mitigate cardiovascular strain as the rise in HR was attenuated and the 
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decline in SV during steady exercise was essentially eliminated compared to ingestion of the 

same beverage in fluid form.  Whenever it is practically accessible and for those who can ingest 

it comfortably, ice slurry ingestion might help alleviate cardiovascular strain and thereby 

contribute to lowering overall physiological strain during physical exertion in hot conditions. 

 In conclusion, ice slurry ingestion was successful in attenuating CV drift, although it did 

not mitigate the decline in V̇O2peak following steady state moderate intensity exercise in hot 

conditions.  While this study provided some insight regarding cardiovascular and 

thermoregulatory mechanisms related to ice slurry ingestion’s effect on exercise capacity, future 

studies should examine its practical applications and investigate voluntary intake of such 

beverages as well as their effect on exercise performance. 
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CHAPTER 4 

 

EFFECT OF ICE SLURRY BEVERAGES ON VOLUNTARY FLUID INTAKE  

AND EXERCISE PERFORMANCE 

 

ABSTRACT 

Previous investigators reported that voluntary intake of cold fluid is greater than warm 

fluid due to more favorable palatability, resulting in better maintenance of hydration status and 

improved exercise performance.  It remains unclear whether ingestion of ice slurry beverages 

compared to cold fluid during exercise yields superior results.  The purpose of this study was to 

compare voluntary intake of ice slurry beverages to cold fluid and examine its effect on exercise 

performance.  Eight participants (mean ± SD; age = 24 ± 4 y, height = 175.2 ± 7.8 cm, mass = 

79.6 ± 11.2 kg, body fat = 13.0 ± 5.2%) completed a pretest in 22 °C to determine a maximal 

workload (Wmax).  Then in 2 separate counterbalanced trials they cycled at 50%Wmax in 35 °C for 

60 min followed by a 15-min time trial to complete as much work as possible.  Subjects ingested 

cold fluid (11.1 ± 2.4 °C) or ice slurry (-1.3 ± 0.3 °C) beverages ad libitum during each 60-min 

trial.  Subjects ingested significantly more cold fluid than ice slurry (cold fluid: 1,074.7 ± 442.1 

g, ice slurry: 526.9 ± 214.1 g; P = 0.001) but still avoided 2% body mass loss in both conditions.  

However, 15-min time trial performances was not different between conditions (cold fluid: 119.5 

± 34.8 kJ, ice slurry: 114.6 ± 20.9 kJ; P = 0.59).  Participants had similar cycling performances 

despite ingesting half as much ice slurry as cold fluid, suggesting ice slurry beverages might be 

an efficient means of exercise hydration. 

KEY WORDS: hydration, ad libitum, cooling, thermoregulation 
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INTRODUCTION 

Sweat evaporation is the key mechanism that regulates body temperature in exercise.  As 

such, body fluid losses from sweating are amplified during exercise in hot and/or humid 

environments.  Dehydration of 1% - 2% of body mass can impair physiological function and 

exercise performance (6, 29).  Furthermore, dehydration greater than 3% of body mass in a hot 

environment can increase a person’s risk of developing an exertional heat illness (6, 29).  Fluid 

ingestion during activity can mitigate the negative effects of dehydration.  That said, fluid 

volumes sufficient to replace sweat losses and avoid hypohydration of greater than 1%-2% body 

mass are necessary.  However, voluntary fluid intake driven by thirst is insufficient to adequately 

replace sweat losses, leading to a state of hypohydration (known as “voluntary dehydration”) (1, 

9, 28).   

Since dehydration and hyperthermia negatively affect physiological function and exercise 

performance and increase the risk of developing a heat illness, it is important to explore methods 

to increase voluntary fluid intake during exercise-heat stress.  Cold fluids have been shown to 

improve voluntary fluid intake (5), and thereby positively impact body temperature regulation 

(3), heart rate responses and physiological strain (15, 16), and exercise capacity (17). 

In addition to ingestion of cold beverages, ice slurry ingestion has the potential to further 

mitigate the detrimental effects of dehydration and hyperthermia.  When ingested prior to 

exercise (31) or between bouts (33), ice slurry beverages hydrate individuals just as adequately 

as cold fluid intake.  Additionally, compared to other cooling methods, investigators have 

observed lower core temperatures with the ingestion of ice slurry beverages during precooling 

(27, 31, 32, 36) and between exercise bouts (33).  Improved cycling and running performances 
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with ice slurry ingestion were also observed (4, 34).  However, ice slurry ingestion volume was 

standardized in these studies (4, 34).   

Only one study that has examined ad libitum ingestion of ice slurry.  Investigators 

compared thermal sensation and comfort sensation during steady-state cycling with ad libitum 

ingestion of ice slurry and warm fluid and found subsequent time trial performance was 

improved with ice slurry ingestion even though the volume of slurry ingestion was less than that 

of warm fluid.  Furthermore, the study found a decoupling of thermal and comfort sensation (30).  

Since Americans generally consider warm fluid less palatable than cold fluid, ad libitum cold 

fluid ingestion has been shown to be greater than ad libitum warmer fluid ingestion and thereby 

resulted in better maintenance of hydration and improved performance (21); however, it remains 

unknown whether ad libitum ingestion of ice slurry beverages during exercise results in the same 

ingested volume, physiological effects, and performance effects as ad libitum ingestion of cold 

fluid beverages. 

Accordingly, the purpose of this study was to examine the effect of ice slurry beverages 

on voluntary fluid intake and exercise performance.  We hypothesized voluntary intake of an ice 

slurry beverage would be less than that of a cold fluid beverage.  Additionally, we hypothesized 

exercise performance would be similar with ingestion of an ice slurry beverage compared to a 

cold fluid beverage. 

METHODS 

 

Experimental Design 

Participants completed a pretest and 2 counterbalanced experimental trials.  During each 

experimental trial, subjects exercised on a cycle ergometer in 35 °C, 40% relative humidity (RH) 

for 60 min at 50% of maximal workload (Wmax) followed by a 15-min time trial to complete as 
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much work as possible.  During the 60-min phase of each trial, subjects were provided either 

cold fluid or ice slurry beverages to be ingested ad libitum. 

Subjects 

Seven healthy men and one woman (mean ± SD) [age = 24 ± 4 y, height = 175.2 ± 7.8 

cm, mass = 79.6 ± 11.2 kg, percent body fat estimated from skinfolds = 13.0 ± 5.2%] 

participated in the study.  A power analysis (22) revealed this sample size was sufficient to detect 

a moderate effect size (24) between treatments regarding the measure of exercise performance 

(total work).  All subjects were between the ages of 19 and 40 years and, at the time of 

recruitment were participating in moderate to vigorous physical activity for 20 to 60 min, 3 to 5 

days per week for at least 3 months.  In order to reduce the risk of medical complications, 

participants with a pacemaker or other internal electronic device, a history of heat illness, known 

cardiovascular, pulmonary, or metabolic disease(s), or a related sign or symptom were excluded.  

All subjects signed an informed consent statement approved by the local Institutional Review 

Board prior to commencement of participation. 

Procedures 

Participants were instructed to refrain from ingesting alcohol, non-prescription drugs, and 

caffeine during the 24 h before each experimental trial and from exercising during the 36 h 

before each experimental trial.  Trials occurred at the same time of day (± 1 h) for each 

participant.  They kept a dietary intake log beginning 24 h before the first trial until 2 h prior to 

the commencement of the trial.  Thereafter, nothing (besides experimental beverages) was 

consumed until the end of the visit.   

For the subsequent trials, subjects replicated dietary intake of the first experimental visit 

in order to ensure a similar nutritional status for each trial.  In order to maintain a euhydrated 
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state, subjects were instructed to drink 1 L of water on the night before each trial, 0.5 L upon 

awakening, and at least 0.5 L throughout the day until the commencement of the trial.   

Hydration status was verified using a refractometer (SUR-NE, Atago USA, Inc., 

Bellevue, WA) to measure urine specific gravity (USG).  USG ≤1.020 was required to be 

considered euhydrated (6, 29).  Experimental trials were separated by at least 1 day but not more 

than 1 week.  After completing a menstrual cycle history questionnaire, the female participant 

contacted investigators on the first day of menses to schedule experimental trials between days 2 

and 9 of the mid-follicular phase to avoid influence of sex hormones on temperature regulation 

(12, 23). 

Pretest 

For the first visit, participants were instructed to arrive at the laboratory after fasting for 

≥2 hours, well hydrated, and well rested.  To verify adherence to these pre-visit instructions, 

participants completed a 24-h history questionnaire.  Additionally, participants provided 

information about their medical history and readiness to perform physical activity.  Investigators 

then recorded the participant’s age, body mass with an electronic scale (BWB-800, Tanita 

Corporation, Tokyo, Japan) while wearing shorts and socks, height via stadiometer (seca 213, 

seca, Chino, CA), and body composition via three-site skinfold measurement (11). 

Next, participants strapped a HR monitor (RS800CX, Polar Electro Inc., Lake Success, 

NY) around the chest and performed a graded exercise test on a cycle ergometer (Velotron 

Dynafit Pro, Racer Mate Inc., Seattle, WA) according to Kuipers et al. (14) to determine Wmax.  

After a 5-min warm-up at 100 W, workload was increased by 50 W every 2.5 min until HR 

reached 160 bpm.  Thereafter, workload was increased by 25 W every 2.5 min until the subject 
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could no longer continue or maintain a cadence ≥40 rpm.  Wmax was determined with the formula 

according to Jeukendrup et al. (13): 

Wmax = Wout + [(t/150) · 25], 

where Wout is the workload (in W) and t is the time (in seconds) in the final stage.  HR was 

recorded continuously using a HR monitor.  Rating of perceived exertion (RPE) was obtained at 

baseline and within the last 30 s of each stage using the Borg 6 – 20 scale (2).  A 2-mL blood 

sample was drawn via venipuncture from an antecubital vein 3 – 5 min after the completion of 

the GXT to determine blood lactate concentration with a handheld analyzer (Lactate Plus, Nova 

Biomedical, Waltham, MA).  The pretest took place in a thermoneutral environment (20 °C, 40% 

RH). 

Experimental Trials 

As with the pretest trial, participants followed the same set of pre-visit instructions, 

which was verified with a 24-h history questionnaire upon arrival to the laboratory.  In a private 

room, subjects provided a urine sample for measurement of USG to confirm an adequate 

hydration status, measured their nude body mass, strapped on a HR monitor around the chest, 

and inserted a rectal thermometer (Model RET-1, Physitemp, Clifton, NJ) 12 cm beyond the anal 

sphincter (18) for measurement of rectal temperature (Tre).  Then a flexible venous catheter was 

inserted into an antecubital vein and kept patent with 0.9% normal saline.   

Next, subjects entered an environmental chamber maintained at 35 °C, 40% RH and sat 

upright on a cycle ergometer for a 30-min resting equilibration period during which the 

following additional instrumentation was attached.  Thermocouples (HSTC-TT-T-20S-120-

SMPW-CC, Omega Engineering, Inc., Stamford, CT) were taped to the upper chest, lateral 

deltoid, anterior thigh, and lateral calf for measurement of skin temperature.  Tre and skin 



 

55 

 

temperatures were recorded continuously using a thermocouple reader (TC-2000, Sable Systems 

International, North Las Vegas, NV) and data acquisition system (MP150 with AcqKnowledge 4 

Software, BIOPAC, Goleta, CA).  Skin temperature from these sites was used to calculate mean 

skin temperature (T̅sk) with the formula of Ramanathan (26): 

T̅sk = 0.3(Tchest + Tarm) + 0.2(Tthigh + Tleg). 

Mean body temperature (T̅b) was calculated using a weighted formula as described by Stolwijk 

and Hardy (35): 

T̅b = (0.8 · Tre) + (0.2 · T̅sk). 

A laser-Doppler flowmetry probe (MoorVMS-LDF VP12, Moor Instruments, Devon, UK) was 

attached to the posterior surface of the forearm to record skin blood flow (SkBF) via laser-

Doppler flowmetry.  Approximately 2 cm proximal to this site, a small plastic capsule was taped 

to the skin to determine local sweat rate (SR) via capacitance hygrometry. 

After resting measures (Tre, T̅sk, T̅b, SkBF, local SR, HR, RPE, rating of thermal 

sensation (RTS), and a 2-mL baseline blood sample drawn into a tube (Vacutainer EDTA, 

Becton, Dickinson and Company, Franklin Lakes, NJ) were obtained, participants performed a 

modified version of a previously-validated endurance performance test (13).  In this test, subjects 

exercised on a cycle ergometer for 60 min at 50% Wmax, immediately followed by a 15-min time 

trial bout during which they were able to adjust power output and completed as much work as 

possible.  The total amount of work completed over 15 min (in kJ) was taken as a measure of 

exercise performance.  Subjects were aware of time but blinded to the amount of work 

performed, heart rate, and pedaling rate to avoid test-retest influence.   

During the 60-min phase of each trial, subjects ingested a carbohydrate-electrolyte 

beverage in either cold fluid or ice slurry form ad libitum.  Beverages were administered out of 
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an insulated sports bottle (Chute Insulated .6L, CamelBak Products, LLC, Petaluma, CA) with a 

large disposable straw, which was placed within the subject’s reach.  Because the study objective 

was to assess voluntary beverage intake, the specific goal of the study was not disclosed to the 

subject.  Immediately prior to the initiation of exercise, the drink was set on a table within the 

participant’s reach, and the following script was read aloud:  

“We would like to test different drinks that might help a person’s ability to 

exercise in a hot environment.  The drinks are different but they have been shown 

to help people improve their exercise performance.  We will give you the drinks in 

this bottle, and we won’t tell you when and how much to drink, but you can drink 

whenever you want and as much as you want.  If you run out, we can give you 

more.  Once you start the exercise, we won’t mention anything about the drink 

anymore.”   

Afterward, “drinking,” “fluids,” “hydration,” etc. were not mentioned.  In order to provide a 

continuous supply of fluid during the exercise bout, the bottle was quickly refilled by the 

investigators when it approached a low volume and before it was completely emptied.  Each 

bottled serving was weighed before and after the beverage was consumed, and the difference was 

taken as the amount of beverage ingested.  Ice slurries were made using a commercially-

available slushy machine (BUNN Ultra-2, Bunn-O-Matic Corp., Springfield, IL). 

Throughout each trial, HR, Tre, T̅sk, T̅b, SkBF, and local SR were measured continuously.  

Every 10 min during the 60-min phase and at the cessation of the 15-min time trial, RPE and 

RTS were obtained using the Borg 6 – 20 scale and a scale ranging from 0 (Unbearably cold) to 

8 (Unbearably hot) (37), respectively.  A 2-mL blood sample was drawn within the last 5 min of 

the 60-min phase and within 3 – 5 min after the 15-min time trial phase.  A post-exercise nude 
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body mass was measured after removing all instrumentation and towel-drying all surface sweat.  

Pre- and post-exercise nude body mass was used to determine whole-body sweat rate (SR) with 

the formula by Casa et al. (6):  

sweating rate = [(pre-exercise body mass – post-exercise body mass) + fluid intake – 

urine volume]·exercise time-1, 

where body mass and fluid intake were entered in g and urine volume was measured in mL.  

Physiological strain index (PSI) throughout each trial was calculated with the formula of Moran 

et al. (20):  

PSI = 5(Tret – Tre0)·(39.5 – Tre0)-1 + 5(HRt – HR0)·(180 – HR0)-1,  

where Tret and HRt are measurements taken at any given time point, and Tre0 and HR0 are initial 

measurements.  All blood samples were analyzed for hemoglobin (Hb), hematocrit (Hct), and 

lactate concentration shortly after acquisition with a hemoglobin photometer (HemoPoint H2, 

Stanbio Laboratory, Boerne, TX) and microhematocrit and sedimentation reader (Micro-

Capillary Reader, International Equipment Company, Boston, MA), respectively.  Plasma 

volume change (%∆PV) was calculated with the method described by Dill and Costill (8):  

PVpre = 100 – Hctpre,  

PVpost = (100·Hbpre·Hbpost
-1) – [(100·Hbpre·Hbpost

-1)·(Hctpost·100-1)],  

%∆PV = 100[(PVpost – PVpre)·PVpre
-1),  

where PVpre and PVpost are plasma volumes in 100 mL of blood before and after the expected 

change, respectively;  Hbpre and Hbpost are hemoglobin concentrations (in g·dL-1) before and after 

the expected change, respectively; Hctpre and Hctpost are hematocrit before and after the expected 

change, respectively; and %∆PV is the percentage change in plasma volume.   
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Statistical Analysis  

Descriptive statistics (mean ± SD) were calculated for all test variables.  Mean 

differences in total work completed, amount of beverage ingested, whole-body sweat rate, PSI, 

post-exercise lactate concentration, and %∆PV between treatment conditions were analyzed with 

separate dependent samples t-tests.  Other measures were analyzed with separate two-way 

(treatment × time) repeated measures analyses of variance (ANOVA).  Upon finding a 

significant omnibus F-ratio, a post hoc Bonferroni multiple comparison test was performed to 

detect significant differences.  Statistical significance was set at α = 0.05.  Statistical analyses 

were performed using IBM SPSS Statistics 22.0 (IBM Corp., Armonk, NY). 

To examine individual exercise performance responses to beverage intake, a least 

significant difference for total work completed was determined with a java applet (19) based on a 

power of 0.8 using a sample size of 8 for a 2-tailed, paired t-test at P ≤ 0.05.  If a participant’s 

difference in work completed between trials was greater than the pre-determined least significant 

difference, the participant was considered a positive or negative responder if performance was 

better or worse, respectively.  Participants with a difference in work completed between trials 

that was less than the least significant difference were considered non-responders.   

RESULTS 

 

Participants performed 2 experimental trials in a hot environmental chamber (fluid 

condition: 35.1 ± 0.1 °C, 43 ± 0.8% RH; ice slurry condition: 35.0 ± 0.1 °C, 44 ± 0.9% RH; all P 

> 0.05).  Similar pre-exercise body mass (fluid condition = 79.1 ± 10.8 kg, ice slurry condition = 

79.1 ± 10.8 kg; P = 0.81) and USG (fluid condition = 1.010 ± 0.009, ice slurry condition = 1.009 

± 0.007; P = 0.92) indicated that participants started each trial in a similar euhydrated state.    
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Beverage Ingestion and Hydration Status 

As planned, the ice slurry beverages were cooler than the fluid beverages, by about 12 °C 

on average (Table 4.1).  During the 60-min steady state cycling phase, participants voluntarily 

ingested about twice as much fluid as ice slurry (104%, or 547.8 g more), but this difference did 

not differentially affect whole-body sweat rate between experimental conditions (P = 0.20; Table 

4.1).  Even though fluid intake was lower with ice slurry, body mass losses were not greater 

under this condition (P = 0.08).   

Table 4.1. Hydration indices (mean ± SD) during 60 min of cycling at 50% Wmax with 

voluntary ingestion of fluid and ice slurry beverages. 

Variable Fluid Ice Slurry 

Beverage temperature (°C) 11.1 ± 2.4 -1.3 ± 0.3* 

Total amount ingested (g) 1,074.7 ± 442.1 526.9± 214.1* 

Whole-Body Sweat Rate (mL·h-1) 1,370 ± 311 1,242 ± 191 

Body Mass Loss (%) -0.78 ± 0.86 -1.28 ± 0.31 

*P ≤ 0.05 vs. fluid condition  

 

Exercise Performance 

Participants reached a Wmax of 271 ± 46 W during the pretest.  During the preload phase 

of the experimental trials, subjects cycled at 50% Wmax, which equated to 131 ± 26 W (one 

participant cycled at 37% Wmax due to an inability to maintain 50% Wmax for 60 min).  As shown 

in Table 4.2, participants completed the same amount of work during the preload phase of each 

experimental trial (P = 0.35).  Despite ingesting about half as much ice slurry as fluid, work 
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completed, mean power output, and peak power output during the performance time trial were 

not different between conditions (all P > 0.05; Table 4.2).   

Table 4.2.  Exercise results (mean ± SD) from a 60-min steady state (SS) cycling bout and a 

subsequent 15-min time trial (TT). 

 Treatment 

 Fluid Ice Slurry 

Variable 60-min SS 15-min TT 60-min SS 15-min TT 

Work completed (kJ) 466.7 ± 92.2 119.5 ± 34.8 467.4 ± 92.2 114.6 ± 20.9 

Mean power output (W) -- 132.8 ± 38.7 -- 127.3 ± 23.4 

Peak power output (W) -- 232.3 ± 85.5 -- 199.9 ± 52.9 

Lactate (mmol·L-1) 3.1 ± 0.9 4.1 ± 2.4 2.9 ± 1.4 3.4 ± 2.0* 

∆PV from rest (%)** -5.1 ± 3.4 -6.5 ± 4.1 -6.3 ± 3.3 -6.0 ± 3.2 

∆SkBF from rest (%)** 184.6 ± 136.2 207.4 ± 151.6 238.3 ± 134.1 234.6 ± 128.7 

∆PV=change in plasma volume, ∆SkBF=change in skin blood flow.  *P ≤ 0.05 vs. the fluid 

condition at the same time point; ** P ≤ 0.001 for main effect of time.   

 

Cardiovascular and Thermoregulatory Responses 

Figures 4.1 – 4.6 show HR, PSI, Tre, T̅sk, T̅b, and local SR responses, respectively, during 

the 60-min steady state cycling bout with voluntary ingestion of ice slurry or fluid beverages 

followed by the 15-min time trial.  While there were no significant differences between 

conditions at any time point (all P > 0.05) for any of these variables, there was a significant main 

effect of time (all P ≤ 0.001) as they all increased throughout the duration of the session, 

independent of the treatment.   



 

61 

 

 
Figure 4.1.  Mean ± SD heart rate (HR) responses during 60 min of cycling at 50% Wmax 

followed by a 15-min time trial with ingestion of fluid or ice slurry.  *P < 0.001 for main effect 

of time. 

 

 

 

 
Figure 4.2.  Mean ± SD physiological strain index (PSI) during 60 min of cycling at 50% Wmax 

followed by a 15-min time trial with ingestion of fluid or ice slurry.  *P < 0.001 for main effect 

of time. 
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Figure 4.3.  Mean ± SD rectal temperature during 60 min of cycling at 50% Wmax followed by a 

15-min time trial with ingestion of fluid or ice slurry.  *P < 0.001 for main effect of time. 

 

 

 

 
Figure 4.4.  Mean ± SD mean skin temperature during 60 min of cycling at 50% Wmax followed 

by a 15-min time trial with ingestion of fluid or ice slurry.  *P < 0.001 for main effect of time. 
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Figure 4.5.  Mean ± SD mean body temperature during 60 min of cycling at 50% Wmax followed 

by a 15-min time trial with ingestion of fluid or ice slurry.  *P < 0.001 for main effect of time. 

 

 

 

 
Figure 4.6.  Mean ± SD local sweat rate during 60 min of cycling at 50% Wmax followed by a 

15-min time trial with ingestion of fluid or ice slurry.  *P < 0.001 for main effect of time. 
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Blood Analyses 

Even though average power output was not different between conditions during the 15-

min time trial, blood lactate concentration was 20.6% greater after the 15-min time trial with the 

fluid treatment compared to ice slurry (P ≤ 0.05; Table 4.2).  Despite fluid replenishment with 

fluid and ice slurry, plasma volume still decreased over time (P < 0.001), but conditions were not 

different (P = 0.81).  Skin blood flow increased from baseline but was not different between 

conditions (P = 0.36). 

Perceptual Responses 

Table 4.3 shows RPE and RTS, respectively, during the 60-min steady state cycling bout 

with voluntary ingestion of ice slurry or fluid beverages.  Consistent with cardiovascular and 

thermoregulatory responses, both perceptual measures increased over time (both P < 0.001), but 

treatments were not different (RPE: P = 0.84; RTS: P = 0.42).   

Table 4.3. Mean ± SD perceptual measures during 60-min steady state cycling.  

  Time (min) 

Variable Condition 0 10 20 30 40 50 60 

RPE** 

Fluid 7±1 11±2 13±1 15±1 16±1 17±1 17±1 

Ice Slurry 6±0 11±2 13±1 14±1 16±1 16±1 17±1 

RTS** 

Fluid 5.0±0.5 5.5±0.5 6.0±0.5 6.5±0.5 6.5±0.5 6.5±0.5 7.0±0.5 

Ice Slurry 5.0±0.5 5.5±0.5 6.0±0.5 6.0±05 6.5±0.5 6.5±0.5 6.5±0.5 

RPE = Rating of Perceived Exertion; RTS = Rating of Thermal Sensation from 0 (unbearably 

cold) to 8 (unbearably hot).  ** P ≤ 0.001 for main effect of time. 
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Individual Exercise Performances 

 The least significant difference between trials for total work completed was calculated to 

be 32.3 kJ.  Figure 4.7 shows that all but one participant were non-responders to the ice slurry 

treatment with differences in the total work completed between trials that were less than 32.3 kJ.  

The remaining participant was considered a negative responder to ice slurry ingestion as more 

work was completed with fluid ingestion. 

 
Figure 4.7.  Total work completed of each participant during 15-min time trial after 60 min of 

cycling at 50% Wmax with ingestion of ice slurry or fluid.  *negative responder. 

 

 

DISCUSSION 

 

 The primary objective of this study was to compare voluntary ingestion of a 

carbohydrate-electrolyte solution in ice slurry form to cold fluid form and determine effects on 

subsequent high-intensity exercise performance.  Our main findings were that: 1) voluntary cold 

fluid intake was significantly greater than ice slurry intake and that 2) this did not affect 
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subsequent exercise performance as the amount of work completed between treatments was not 

significantly different. 

Voluntary Beverage Ingestion 

Previous investigations reported fluid consumption increased by 50% when beverage 

temperatures were cooler (<22 °C) (5), but few studies have examined voluntary intake of ice 

slurry drinks (30).  Our findings are consistent with those of Schulze et al. (30) who examined 

between thermal sensation and comfort sensation during cycling in the heat where participants 

voluntarily ingested 37% more ambient temperature (30 °C) fluid compared to ice slurry (-1 °C).  

Similar to Schulze et al. (30), our participants voluntarily hydrated more when the beverage was 

in the form of a fluid than the much colder ice slurry.  To minimize influence on drinking 

behavior, drinks were provided to participants in the same way in both treatments.  The reason 

for the ingestion volume difference might be due to palatability, albeit not based on flavor 

because the same flavored carbohydrate-electrolyte drink was administered in both trials but 

rather on temperature and consistency.  The ice slurry might have been too cold to comfortably 

ingest in large volumes, and it was composed of a substance with two phases of matter (solid and 

liquid). 

Voluntary fluid intake driven by thirst has been reported to be an inadequate mechanism 

to replace sweat losses, leading to hypohydration (1, 9, 28), but interestingly, results of the 

current study differed from these previous findings.  Whole-body sweat rate was not different 

between conditions, and subjects lost 0.78% and 1.28% of body mass in the fluid and ice slurry 

conditions, respectively, avoiding excessive hypohydration (defined as >2% loss in body mass 

from water deficit) (6, 29).  It is plausible that the sodium content of the carbohydrate-electrolyte 

beverages used in the current study stimulated thirst, subsequently leading subjects to voluntarily 
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ingest more and successfully avoid hypohydration.  These findings support current ACSM 

recommendations to consume food and drinks with sodium during exercise performance to 

replace that lost through sweat and to stimulate thirst (29). 

Exercise Performance 

Results of the current study were different from previous reports in that there were no 

differences in all-out exercise performance between cold fluid and ice slurry treatments.  Burdon 

et al. (4) reported faster time trial performances following 90 min of steady-state cycling at 60% 

V̇O2max in hot conditions (32 °C, 40% RH) with ingestion of ice slurry compared to 

thermoneutral (37 °C) fluid.  Moreover, Stevens et al. (34) saw improved 10-km running 

performance during a simulated triathlon in a hot environment (33 °C, 25% RH) when subjects 

ingested ice slurry compared to ambient temperature (30 °C) fluid.  Use of standardized volumes 

of beverage in these studies (4, 34), compared to ad libitum administration in the current study, 

may explain the conflicting results.   

The reason exercise performance was not different between conditions in the current 

study is unclear.  We speculate that because ice slurry resulted in similar physiological outcomes 

that might have affected subsequent performance, like cardiovascular strain (based on HR), 

physiological strain (based on PSI), and thermal strain (based on Tre and T̅b) (7, 10, 25), 

participants were able to exert themselves as intensely after ingesting ice slurry as after ingesting 

fluid even though they only ingested half as much volume.  Only one other study has utilized ad 

libitum ice slurry ingestion and found, as in our study, that ice slurry did not affect thermal 

sensation (a measure of how hot or cold one feels).  But it improved comfort sensation (a 

measure of how comfortable one felt in the thermal environment) (30).  In that study, the 

investigators attributed higher mean power output during a 20-km cycling bout to the 
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improvement in comfort sensation with ice slurry beverages (30).  While comfort sensation was 

not measured in the current study, taken together with the findings of Schulze et al., perhaps 

comfort sensation was sufficient during the ice slurry treatment to result in preserved effort 

during the 15-min time trial.   

 In contrast to the similar performances between treatments in the current study, Schulze 

et al. reported improved performance with ice slurry despite less ingestion than fluid (30).  It is 

possible that, although their participants ingested more fluid, they did not perform as well as the 

ice slurry condition because the fluid beverages were warm (30 °C) (30).  Exercise capacity has 

been shown to be improved with cold fluid ingestion compared to warm fluids (17).  Thus a 

likely explanation for these discordant results is that in the current investigation exercise 

performance was not different between conditions because participants were provided cool fluids 

(11 °C), enabling them to perform better than if they had ingested warm fluids.   

Burdon et al. attributed a practical performance benefit of using ice slurry as an 

expectorated mouthwash to a reduced RPE and improved thermal comfort (4).  In contrast to 

Burdon et al. (4), participants in the current investigation did not exhibit lower perceptual 

responses as there were no differences in RPE and RTS between trials at any time point.  Again, 

this discrepancy is likely due to methodological differences as Burdon et al. (4) utilized a 

standardized beverage intake strategy whereas subjects in the current study did not drink the 

same amount in each condition and therefore likely did not experience the same effect.  If our 

participants had ingested the beverages in the same amounts between conditions, we speculate 

they might have experienced lower RPE and RTS and increased work performance with the ice 

slurry condition. 
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Limitations 

 A limitation of the current study was the absence of a palatability measure.  Although 

anecdotal, participants reported at the end of their involvement in the study that it was generally 

harder to ingest ice slurry than fluid due to cold sensitivity in the mouth, and the need to swallow 

partially-solid substances interfered with their ability to exercise.  This reinforces palatability as 

an important factor when developing hydration strategies during exercise (29).  Additionally, a 

comparison with warm fluid ingestion might have helped elucidate the mechanism behind the 

cooling effect of ice slurry beverages.  Literature on the current topic is limited, and therefore 

further investigation is warranted. 

Practical Applications 

Despite ingestion of a significantly lower amount of ice slurry than fluid, participants in 

the current study did not exhibit differences in cardiovascular, thermoregulatory, or exercise 

performance responses.  The findings of this investigation support the notion that beverage 

temperature can influence exercise performance and ingestion volume.  In situations where 

carrying capacity is limited but fluid ingestion is likely to impact performance, ice slurry 

beverages might be a viable option if sufficient volumes can be kept cold and tolerably ingested. 

Conclusion 

In conclusion, recreationally-active participants in this study completed the same amount 

of work during a cycling performance test despite voluntarily ingesting less of a carbohydrate-

electrolyte beverage as an ice slurry than fluid, while still avoiding excessive dehydration. 
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CHAPTER 5 

CONCLUSION 

While fluid ingestion has been generally accepted to have cardiovascular, 

thermoregulatory, and exercise benefits, few investigations have focused on the ingestion of ice 

slurry beverages, particularly during exercise.  This dissertation addressed gaps in the literature, 

providing insight regarding the cardiovascular and thermoregulatory responses to ice slurry 

ingestion during exercise as well as aspects of voluntary hydration and its influence on exercise 

performance. 

The first study investigated ingestion of ice slurry beverages compared to fluid beverages 

during vigorous intensity walking in hot conditions while wearing protective clothing.  The large 

quantity of ice slurry ingested under the uncompensable heat stress conditions was effective in 

mitigating physiological strain by attenuating a rise in Tre and HR.  Furthermore, combined with 

other studies, the findings of this study suggest that body cooling via ice slurry ingestion during 

work is effective if the level of heat stress is sufficiently high and combined with a low 

evaporative heat loss potential (i.e., a hot environment with occlusive covering preventing sweat 

evaporation). 

 To further investigate the cardiovascular and thermoregulatory effects of ice slurry 

ingestion, in another study participants ingested either ice slurry or cold fluid during steady-state 

moderate intensity exercise immediately followed by a graded exercise test to measure V̇O2max.  

Ice slurry ingestion attenuated cardiovascular drift but did not differentially affect V̇O2max. 
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Finally, voluntary intake and exercise performance were investigated in a third study in 

which participants ingested ice slurry or fluid ad libitum during steady state moderate intensity 

exercise.  This was immediately followed by a 15-min time trial during which as much work as 

possible was completed.  Cycling performance was similar between conditions despite ingestion 

of half as much ice slurry as fluid, suggesting an ice slurry beverage may be an efficient means 

of exercise hydration. 

The collective findings of this dissertation support current data on cardiovascular-, 

thermoregulatory-, and exercise performance-related aspects of hydration during exercise with a 

specific focus on ice slurry beverages.  While these studies have provided insight on the effects 

of this form of hydration, future investigations should examine strategies to optimize ice slurry 

ingestion as well as continue to examine the mechanism(s) behind its effectiveness. 
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