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This thesis evaluated fluid balance in ice hockey players during practices, and the
effects of dehydration on muscle metabolism, performance and cognition during
intermittent sprint cycling, designed to simulate ice hockey skating. Main hypotheses
included: 1) Players would experience moderate dehydration (-2% body mass (BM))
during on-ice practices. 2) Moderate dehydration would increase skeletal muscle
glycogenolysis and impair performance in period 3 of the laboratory-based sprint cycling
protocol. 3) Staying well-hydrated by drinking water or a CES would decrease
glycogenolysis vs. moderate dehydration in period 3. 4) Cognitive function and
perception of effort (RPE), would be impaired following the protocol when players were
moderately dehydrated vs. when they ingested a CES.
On-ice hockey practices induced large sweat losses (1.8±0.1 L·hr-1) and players
replaced ~2/3 of the fluid lost with water, resulting in dehydration of -0.7±0.1% BM with
~10% of players losing >-2% BM. Mild dehydration in the laboratory (-1.1-1.8% BM)
did not affect performance, glycogenolysis or Tc in period 3 vs. WATER ingestion. CES
ingestion increased glycogen use in period 3 (177.5±31.1 vs. 103.5±16.2 mmol·kg dm-1),
and increased performance (151.0±8.0 vs. 144.1±8.7 kJ) vs. mild dehydration. Overall Tc
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(37.9±0.1 vs. 38.1±0.1°C), and RPE in period 3 were lower (16±1 vs. 18±1) with CES
ingestion. Complex cognitive functions were improved after the protocol when subjects
ingested a CES vs. moderate dehydration (-2.5% BM). CES ingestion reduced mean Tc
(38.0±0.0 vs. 38.1±0.1°C), and improved performance (151.0±8.0 vs. 144.1±8.7 kJ) and
RPE (17±1 vs. 18±0) in period 3 vs. dehydration.
These findings suggest that ice hockey players are only at risk of mild
dehydration (~1% BM), but ~10% of players experience moderate dehydration (>-2%
BM) during practices in the field. Mild dehydration (1.1-1.8% BM loss) had little
influence on skeletal muscle metabolism and performance vs. hydrating with water, but
CES ingestion increased glycogen use and performance in period 3 vs. mild dehydration.
CES ingestion also improved cognition vs. moderate dehydration. The combined effects
of consuming a CES on glycogen use, cognitive function and performance in the
laboratory suggest a role for CHO ingestion in maintaining ice hockey performance in the
field.
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CHAPTER ONE: LITERATURE REVIEW
Most hydration research is performed in moderate intensity exercise such as

cycling and running, with little focus on intermittent sprint exercise. Those studies that
have evaluated the effects of dehydration on high-intensity exercise have used Wingate
cycling tests, with some sport-specific assessments. The studies that have attempted to
assess specific sport performance have used an intermittent shuttle running model, which
may not be applicable to ice hockey.
Ice hockey is an intermittent, sprint-based sport where players are subjected to a
unique thermoregulatory challenge where they are insulated by dense protective
equipment, but play in moderately cool arenas on a sheet of ice. Dehydration has not
been assessed in ice hockey players, nor have the potential effects of dehydration on ice
hockey performance and muscle metabolism. Ice hockey performance in the field is
difficult to quantify as many variables can influence a player’s determination (i.e.
momentum of play, crowd noise, and competitive emotional element). As such this
thesis attempts to assess dehydration in ice hockey players, and measure the effects of
dehydration on performance and metabolism during a laboratory-based sprint cycling
protocol that was designed to mimic the energetic demands of ice hockey competition.

1. CHARACTERIZING THE SPORT OF ICE HOCKEY
Ia) The physiological and environmental characteristics of ice hockey
Hockey is a team sport played in a moderately cool arena (5-15°C, 25-55% r.h.)
on a sheet of ice with enclosing walls on all sides. The objective is to score on the
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opposing team by getting a small, cylindrical rubber puck into the other team’s net at the
opposite end of the ice. The game is played in 3 x 20 min periods, and play is
discontinuous with stoppages to enforce the rules of the game or when a player performs
an illegal act, elicits a penalty and/or is removed from play. It is considered a “stop-andgo”, “cold-weather” team sport.
For each team, 6 players are on the ice at any given time and this usually includes
3 forwards, 2 defencemen and 1 goaltender. The forwards are primarily responsible for
play in the offensive zone, and scoring on the opposing team’s goaltender. They are
usually smaller in size than other players, but have higher aerobic and anaerobic capacity,
and are highly agile. They tend to play shorter shifts at a higher average velocity than
defencemen (58, 72). The defencemen are primarily responsible for defending against
the scoring attempts of the opposing team’s forward players. They are taller and heavier
than other players and tend to play slightly longer shifts than forwards at a lower average
velocity. Finally, the goaltender is positioned directly in front of the team’s net and is
directly responsible for stopping the opposing team’s scoring attempts by using his or her
body to block the puck. They play the entire game and only receive breaks when the play
has moved out of their end of the rink. The main focus of this thesis is to quantify the
physiological effects of dehydration on forwards and defencemen. It will not discuss, in
detail, the unique requirements of goaltenders.
Players on each team alternate between playing shifts on the ice, which normally
last 30-80 s, and passive rest periods on a team bench beside the ice that last 120-240 s.
Overall they play 20-25 min of the 60 min game (72, 113). The working shifts require
energetic contributions from both the aerobic and anaerobic energy systems (34, 74, 75).
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They consist of high-intensity sprints to chase opposing team members or when presented
with a scoring chance, high-intensity, whole body isometric grappling along the
enclosing boards to obtain possession of the puck, and frequent, small recovery periods
when a player is not involved in the play. Players also rely heavily on aerobic ATP
generation during the passive rest periods between shifts. Overall, players are aerobically
fit (VO2max = 50-55 mL·kg-1·min-1) with an even distribution of muscle fibres (~50/50%
Type I/II) (1, 37, 73, 74), and typically work at an average of ~90% HRmax during a shift
(72). The game of hockey has changed since these observations were made, and there is
a general consensus that the current style of play consists of more frequent, shorter shifts
at a higher intensity, however there is no published data to support this claim.
Sweat loss and dehydration in ice hockey
As a cold-weather sport, sweat losses in ice hockey are classically thought to be
lower than sweat losses in other warm-weather sports such as soccer and tennis (35).
This is clearly not the case as mean sweat losses in ice hockey players in the field can be
large (1.5-1.8 L·hr-1, range; 0.5-3.3 L·hr-1) (134, 135) and comparable to sweat losses
observed in soccer (1.4-1.5 L·hr-1) and tennis (1.6 L·hr-1) in the heat (26-32°C, 20-55%
r.h.) (102, 160). Despite the moderately cool ambient conditions in ice hockey, the fact
that players are highly-trained, work at a high work rate, and are insulated by layers of
protective equipment, result in significant heat storage and corresponding sweat loss in
these players.
The large sweat losses observed in ice hockey are likely in response to increases
in Tc during play, although insulating the skin with protective equipment may also
contribute to this response as discussed in section IIa (115). During a 110 min on-ice
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practice, Tc increased from baseline (37.3 to 38.4°C) and was associated with moderate
sweat (~2.0 L) and body mass losses (1.1% BM) in ice hockey players (13). Similar
sweat (1.8 L) and body mass losses (0.8% BM) have been observed in elite junior ice
hockey players during an intense, 1 hr on-ice practice (135), and during a regular season
Ontario Hockey League (OHL) game (sweat loss; 3.2L, BM loss; 1.3%) (96). Although
temperature was not measured in these studies, it is very likely that the large sweat losses
were the result of an increased Tc during practice. In support of this, hockey players in a
separate study performed a cycle-based, simulated ice-hockey protocol in a cool
environment (10.5°C) while wearing full hockey equipment. Both skin (33.9 vs. 28.4°C)
and core (37.5 vs. 37.2°C) temperatures were higher, and the increase in heat storage
while wearing equipment resulted in a larger sweat loss, and greater body mass loss (-2.6
vs. -1.2%) compared to when no equipment was worn (120). This study highlights the
modifying effect of increased Tsk on sweat loss for a similar Tc, as discussed in section
IIa. This increased heat storage likely translates to hockey players in the field, where it
results in sweat and body mass losses that are similar to those observed in warm-weather
sports. These large fluid losses make dehydration a very real concern for ice hockey
players.
Ib) Energetic demands of ice hockey
With the intermittent nature of ice hockey, and the high average work rate during
shifts, players rely heavily on PCr breakdown and substrate-level phosphorylation, as
well as on aerobic metabolism, to produce ATP when competing. In support of this,
when elite ice hockey players performed 10 x 1 min skating sprints @ ~120% VO2max
followed by 5 min rest, in an effort to mimic the demands of ice hockey competition (73),
4

muscle lactate content was increased (23.2 vs. 4.9 mmol·kg wet wt.-1) after sprint 5 and
did not change for the rest of the protocol (26.4 vs. 2.7 mmol·kg wet wt.-1) compared to
when subjects performed 1 hour of continuous skating at 55% VO2max. Sprint skating
also significantly reduced PCr content after only 5 sprints (14.5 to 5.8 mmol·kg wet wt-1)
compared to continuous skating (14.0 to 9.9 mmol·kg wet wt-1). Skeletal muscle
glycogen use was greater with sprint vs. continuous skating (60.0 vs. 26.7 mmol·kg wet
wt-1), and this was evident in all fibre types (Figure 1.1). PAS staining intensity
(proportional to glycogen content) in Type II muscle fibres decreased significantly (5%
stained dark after exercise, 50% intermediate, 45% light) compared to the continuous
skating group (80% stained dark after exercise, 20% intermediate, 0% light). At baseline,
100% of both Type I and Type II fibres stained dark in both groups. Players in the
continuous skating group preferentially utilized glycogen from Type I muscle fibres
(10% stained dark after exercise, 60% intermediate, 30% light), and there was a similar
reduction in PAS staining intensity in Type I fibres in the sprint skating group.

Figure 1.1. Periodic acid-Schiff (PAS) staining of Type I, IIa and IIb muscle fibres after
continuous (60 min at 60% VO2max - top) and intermittent (10 x 1 min at 120%
VO2max, 5 min rest - bottom) ice skating (73). All fibres stained dark before exercise.
PAS staining intensity is proportional to glycogen content in a given fibre.
5

In summary, this data suggests that repeated sprint skating relies heavily on
anaerobic ATP production as evidenced by increases in mixed muscle lactate content,
decreases in mixed muscle PCr, and decreases in glycogen content in Type II muscle
fibres. Sprint skating also stimulated aerobic metabolism as shown by a higher VO2
during exercise (~3.2 L·min-1) in this group compared to the continuous skating group
(~2.1 L·min-1).
The muscular adaptations to a season of competitive ice hockey support the idea
that both energy provision systems are heavily utilized in ice hockey (74). Compared to
pre-season values, maximal enzyme activities were significantly increased after a season
of university-level ice hockey in young (20.6 years) men: phosphofructokinase (PFK, a
marker of glycolytic capacity; 14.4 vs. 12.8 mol·mg protein-1·min-1), citrate synthase (CS,
a marker of TCA cycle capacity; 8.70 vs. 7.26 mol·mg protein-1·min-1), and succinate
dehydrogenase (SDH or complex II, a marker of TCA cycle and ETC capacity; 3.91 vs.
3.26 mol·mg protein-1·min-1). These adaptations show an increased capacity to generate
ATP via both oxygen-dependent, and independent pathways. Also, there seemed to be a
general increase in oxygen delivery to the muscle, as the potential for perfusion was
increased for Type I and Type IIa fibres (+17.9 and +17.2% capillary count/CSA). This,
however, did not translate to an increase in whole-body VO2peak (pre vs. post; 4.42 vs.
4.44 L·min-1).
Ic) Justification for studying dehydration in ice hockey
On average, ice hockey players work at a very high intensity and generate a
significant amount of metabolic heat, which causes Tc to increase during play. The
protective equipment they wear impedes heat dissipation to the environment, so despite
6

cool ambient temperatures, hockey players lose large volumes of sweat and tend to
become moderately dehydrated after practices and games. Also, ice hockey is a fastpaced game that not only requires players to physically perform at a high level, but it also
requires high cognitive performance in order for a player to be spatially aware of their
surroundings, calculate possible outcomes and execute plays. Dehydration may limit a
player’s ability to continue working at a high rate, or potentially accelerate fatigue
through an increased thermal strain (a reduced ability to dissipate heat), altered skeletal
muscle metabolism or through decreases in cognitive performance. The game of ice
hockey is set up very well to allow players to prevent the negative effects of dehydration
from occurring during competition as players have frequent breaks between working
shifts where they can consume fluid, and longer breaks between periods. Properly
hydrating may help players maintain performance, while also attenuating increases in
physiological (Tc, HR) and mental (RPE, processing speed and accuracy) strain.
Id) Developing a cycle-based protocol for the study of ice hockey in the laboratory
To study the effects of dehydration on ice hockey performance in a controlled
environment, we designed a cycle-based intermittent sprint protocol based on information
from Green et al. (72, 73), Montgomery (113) and footage from an OHL ice hockey
game. We had previously assessed fluid intake habits and the resulting dehydration in
players during this same OHL game (96). We expected that if we could use this protocol
to induce adequate sweat loss in subjects with similar age and skill, that it would
adequately represent the physical demands of ice hockey in the field.
We determined through time-motion analysis that these players spent an average
of 45 ± 4s on the ice during a shift, and had 9.4 ± 0.6 shifts per period. We attempted to
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assess velocity and approximate workload, however this footage did not cover the entire
ice surface and moved with the play, which did not allow us to establish a stable frame of
reference.
The protocol used in Chapter 5 consisted of 3 x 30 min periods, each with 10 x 45
s sprints at a variable, rpm-dependent workload averaging ~130% VO2max, which was
similar to the work intensity used by Green et al. (73) for on-ice skating sprints. Each
sprint was followed by 135 s of passive rest. RPM’s were varied in an effort to mimic
the changing intensity of a given hockey shift, and followed the same prescription in all
sprints. This protocol is discussed in more detail in Chapter 5 (See Figure 5.1). We
found that subjects were mildly dehydrated before the start of period 3 (~1.1% BM) and
only reached ~1.8% BM by the end of the trial. Thus, the protocol was modified slightly
in Chapter 6 in an effort to have the subjects generate more heat, and become more
dehydrated through increased sweating. For the dehydrated groups performing the
modified protocol, fluid was restricted for 15 hours prior to exercise. The protocol itself
was similar, and consisted of 3 x 30 min periods, each with 10 x 60 s shifts at an rpmdependent workload averaging ~120% VO2max. The cadence was held constant at 95
rpm, and each sprint was followed by 120 s of passive rest. This modified protocol
succeeded at inducing moderate dehydration prior to period 3 (~1.7% BM) and subjects
reached body mass losses of 2.5% at the end of the protocol.
Despite these efforts to mimic ice hockey competition in a laboratory setting, we
determined that our cycle-based protocol was not an accurate representation of the
physical or mental demands of ice hockey, and consequently our results could not
realistically be applied to hockey players in the field. As such, the conclusions drawn
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from this thesis are applied to sprint interval cycling. Ice hockey performance is difficult
to quantify, let alone replicate and the absence of many important variables including
protective equipment (to minimize infection of incision sites), crowd noise and
motivation, competition and emotional reactions to the play, made the comparison to
sprint interval cycling more appropriate.

II. THE DEVELOPMENT OF DEHYDRATION DURING EXERCISE
What is “dehydration”?
Dehydration occurs in humans when a deficiency in fluid intake results in a net
fluid loss and disrupts metabolic processes. Dehydration can be hypotonic, which
indicates primarily a loss of electrolytes (primarily sodium - Na), hypertonic, which
indicates primarily a loss of fluid or isotonic, which indicates a similar loss of fluid and
electrolytes (hypovolemia). A pre-existing fluid deficit is also referred to as
“hypohydration” throughout the literature. Although sweating-induced dehydration is
primarily a loss of fluid, some Na is lost from the body, and as such the fluid deficiency
described in this thesis is hypertonic hypovolemia, and will be referred to as
“dehydration”.
Dehydration can occur through insufficient fluid intake, excessive fluid loss or a
combination of both. Water in the body is important as it serves as the medium wherein
all substrate/enzyme interactions occur. The fluid space that supplies sweat production is
the extracellular fluid (ECF) space, and is primarily a salt-water solution containing 0.9%
NaCl (or 9 g/L). It has roles in propagating action potentials, lubrication between tissues
and joints, and it allows fuel delivery and waste product removal from peripheral tissues
(76). Exercise itself does not result in a direct loss of body fluid; rather this fluid is lost
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as sweat which is a compensatory mechanism to dissipate metabolic heat from the body
that is produced during exercise. Some fluid is lost through the respiratory tract during
exercise, but this volume of fluid is small and is reportedly offset by water generated
from aerobic metabolism, and “liberation” of the water associated with glycogen during
exercise. It is also important to note that much like its precursor fluid space, the sweat
lost during exercise is primarily a solution of dissolved NaCl, but contains trace amounts
of other various ions and minerals.
IIa) Metabolic heat production and thermoregulation in humans
Humans normally regulate core body temperature around a “set point” of 37°C.
Core temperature (Tc) fluctuations within a narrow range, from 36°C to 40°C, will
prompt involuntary physiological regulation that attempts to bring Tc back to the set
point. Temperature fluctuations within this range can impair exercise performance, while
fluctuations outside of this range can be lethal.
Heat gain through exercise and the environment
Since skeletal muscle contraction is only ~20% efficient, a significant amount
(~80%) of the energy that we expend during exercise to produce motion instead
contributes to heat production. Skeletal muscle is responsible for 90% of the metabolic
heat produced during exercise (76). This heat accumulates in the working muscles, and is
released into the body through convection by the circulation, and conduction into
neighbouring tissues. Tc will increase in proportion to the exercise intensity, and can be
accelerated if heat loss to the environment is limited by clothing (insulation), or a smaller
temperature gradient to the environment (i.e. hot, humid conditions).
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The environment can influence heat gain through conduction and radiation.
Conduction is the process of heat transfer between two solid objects. If an athlete is in
contact with an object with a temperature higher than their body temperature, this will
result in heat gain and an increase in the athlete’s Tc. Radiation is independent of
conduction, and is not dependent on wind, rain or humidity. Similar to conduction, if the
temperature of any nearby physical objects is higher than the athlete’s Tc, radiation from
these objects will results in heat gain. The athlete is subject to radiation from the ground,
nearby structures or the sun.
There is an unavoidable increase in Tc during exercise, which may be required to
maximize the temperature gradient between the body and the environment, and facilitate
heat dissipation. It is likely that this increase in Tc is responsible for activating the
effector responses, which dissipate metabolic heat with exercise. Heat loss is
proportional to the activation of these mechanisms, which are proportional to the exercise
intensity and environmental conditions. The heat gained by the athlete must be dissipated
to the environment in order to maintain core temperature within the narrow physiological
range of temperatures. Humans dissipate metabolic and environmental heat gain through
conduction, convection, radiation and evaporation (Figure 1.2).
Heat loss through conduction, convection, radiation
Conduction involves the transfer of heat from deep body tissues to superficial
body tissues, between the blood and skin, and between the skin and external objects.
However, it is rare that heat will be conducted to the environment unless a person is in
contact with a surface whose temperature is lower than their body temperature.
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Conduction provides a significant amount of heat dissipation in swimmers, but has less of
a role to play in virtually all other sports.

Figure 1.2. Mechanisms of heat loss from the body.

Convection occurs when heat is pulled away from the skin by movement of some
medium (i.e. air or water). Heat will be transferred from the body to the surrounding
medium as long as that the temperature of that medium is lower than the athlete’s skin
temperature. Without movement (convection) of the surrounding medium however, the
heat transferred to the environment gradually increases the temperature of that medium
until it eventually matches skin temperature, which limits heat dissipation. By constantly
cycling this layer of air or water, the temperature gradient is renewed and more heat can
be lost through convection.
Heat at the skin can be radiated to the environment, providing that the ambient
temperature is less than body temperature. Therefore it is easy to see that radiation will
12

be able to exert some influence on heat dissipation, except for the hottest summer days.
All of these methods help maximize evaporation of sweat from the skin (i.e. heat is
conducted into sweat, convection speeds evaporation).
Heat loss through evaporation
Evaporation is by far the most effective method of heat dissipation, and humans
have evolved an elegant system to accomplish this termed “sweating”, where fluid from
inside our bodies is pumped onto the surface of the skin. The endothermic process of
evaporation removes heat from the skin and increases the temperature gradient from the
core to the periphery, facilitating further heat loss. Sweat is composed of water and its
primary constituent is Na, but it contains small amounts of a variety of solutes including
potassium, chloride, lactate and ammonia. Sweating is effective as long as the water
vapour pressure gradient in the surrounding environment allows for evaporation. If
enough sweat is secreted over a large surface area, we can successfully maintain our body
temperature in the desired 36-40°C range despite significant metabolic and environmental
opposition.
The production of sweat is stimulated by an increase in hypothalamic temperature
through sympathetic cholinergic nerve activation. Nadel et al. (115) showed that while
Tc was the primary driver of sweat secretion, Tsk feeds back to the central controller and
caused a proportional shift in the sweat rate vs. Tc relationship, where for a 1.0°C
increase in mean Tsk, thigh sweat rate increased by ~0.2 mg·cm-2·min-1 at a given Tc
(Figure 1.3). This suggests that hockey players may be at an increased risk of becoming
dehydrated during competition, because in addition to the normal increases in Tc from to
the intense nature of the exercise, heat dissipation at the skin is impaired by the player’s
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dense protective equipment. If the added insulation causes average Tsk to increase, the
result could be a proportional increase in sweat rate, and an increased susceptibility to
dehydration, for ice hockey players competing with a given Tc.

Figure 1.3. The relationship between Tes, mean Tsk and thigh sweating rate in resting
human beings.

IIb) Mechanism of sweat secretion
Sweat is secreted by sweat glands in the skin (Figure 1.4). There are 2-3 million
sweat glands spread out over the entire surface of the human body. This number does not
seem to change with age, and sweat gland density seems to be related to the growth rate
(surface area expansion) at each body site. Sweat glands are distributed all over the
body, and seem to be most concentrated on the hands and feet, followed by forehead,
back, arms and chest. They are activated by the sympathetic nervous system, first by
recruitment of individual glands, then by increased stimulation of the activated glands
(158). The sweat gland is composed of two functional parts: the secretory coil, which is
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located in the dermis and responsible for producing the concentrated “primary fluid”, and
the duct, which transmits the primary fluid from the secretory coil through the dermis and
epidermis to the skin surface (Figure 1.4). The duct is also responsible for conserving
ions through reabsorption from the primary fluid. This results in the release of hypotonic
(relative to plasma) sweat at the skin surface, and ensures conservation of electrolytes in
the body, which helps maintain normal homeostatic function.

Figure 1.4. Structure of the human eccrine sweat gland. The sympathetic nervous
system stimulates release of the primary fluid from cells in the secretory coil. The
primary fluid is transmitted to the skin surface through the sweat gland duct, which
reabsorbs ions from the primary fluid before it is let out onto the skin surface (76).
15

“Clear” cells in the secretory coil appear transparent when viewed under a
microscope, and produce sweat according to the Na+-K+-Cl- cotransporter mode (Figure
1.5) (132). The sweat gland is activated through the release of acetylcholine (ACh) from
sympathetic nerve fibres that innervate the clear cells in the secretory coil. ACh
stimulates receptor-coupled Ca2+ channels on the basolateral membrane of the clear cells
and results in an influx of extracellular Ca2+. The resulting increase in intracellular Ca2+
activates luminal Cl- channels, and basolateral K+ channels, causing a net efflux of Cland K+ (151, 174). The efflux of K+ and Cl- creates a favourable electrochemical
gradient and activates Na+-K+-2Cl- cotransporters on the basolateral membrane, resulting
in an influx of Na+, K+, and Cl-. K+ and Cl- continue to leave the cell through their
respective channels, and the increase in intracellular Na+ activates Na+-K+ exchangers on

Figure 1.5. Schematic diagram of the Na+-K+-Cl- cotransporter model.
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the basolateral membrane, which move Na+ out, and K+ into the cell. When in steady
state, both Na+ and K+ are continuously recycled across the basolateral membrane and Clis the only ion that is not recycled, resulting in a net loss of Cl- into the lumen of the
secretory coil. The accumulation of Cl- in the secretory coil depolarizes the apical
(luminal) membrane and creates a large negative charge in the lumen of the secretory coil
(150). This large negative charge pulls Na+ into the lumen from the extracellular,
basolateral space through intercellular junctions. Water moves with Na into the lumen
from the interstitial space in an attempt to maintain osmolality. The composition of the
resulting primary fluid is very similar to plasma (Na+; ~142mM, K+; ~4mM, Cl-;
~108mM), except that the primary fluid does not contain plasma proteins.
The cells lining the sweat gland duct are rich in Na+-K+-ATPases, mitochondria,
and microvilli, which allow them to reabsorb vital electrolytes as the primary fluid moves
from the secretory coil to the skin (Figure 1.4) (144). Na+ passively diffuses into the
ductal cells through channels in the luminal membrane. The increase in intracellular Na+
activates Na+-K+ exchangers on the basolateral membrane, and Na+ is pumped out of the
cell in exchange for K+. K+ passively diffuses out of the ductal cell through channels on
the basolateral membrane creating a membrane potential, which further stimulates Na+K+ exchanger activity pumping Na+ out through the basolateral membrane, and passively
drawing Na+ into the ductal cell through the luminal membrane. Cl- movement is less
well understood and may be largely passive through the interstitial spaces between ductal
cells.
The final concentration of solutes in the sweat depends largely on the rate of
sweat gland activity. When sweat production is low, the primary fluid moves through the
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duct slowly allowing for significant electrolyte reabsorption. Alternatively, when sweat
production is high, the primary fluid moves through the duct quickly and there is less
opportunity for the ductal cells to reabsorb electrolytes as they travel through the duct.
Overall, electrolyte reabsorption from the plasma-like primary fluid creates a hypotonic
sweat with 30-70 mM Na+, 3-4 mM K+, and 20-50 mM Cl-.
IIc) Body water compartments and fluid distribution
When investigating the effects of dehydration on performance, it is important to
understand how fluid is distributed through the body in an average adult at rest. Fluid
and electrolyte loss through sweating can alter the distribution of fluid in the body, which
has consequences for normal physiological function and may affect whole body
performance. The regulation of fluid distribution by the kidneys and through hormonal
control is complex and beyond the scope of this review, rather this review focuses on the
distribution at rest, the final distribution after exercise-induced dehydration, and how
fluid distribution is affected by fluid ingestion during exercise.
In the average adult human, total body water comprises ~60% of body weight or
42 L in a 70 kg individual (Table 1.1) (76). This water is split between 2 main
compartments in the body: the intracellular (ICF) and ECF fluid spaces. The ICF
contains all of the fluid in the ~75 trillion cells that make up the human body, and
amounts to ~2/3 of total body water, or ~28 L in a 70 kg human.
The ECF contains the fluid that is not inside the cells of the body, which is ~1/3
of total body water, or ~14 L in a 70 kg person. The extracellular compartment is further
divided into interstitial (ISF; ~11 L) and plasma (~3 L) fluid spaces.
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Table 1.1. Average fluid distribution and electrolyte concentrations of fluid spaces in a
70 kg human being.
Fluid Space
ICF
ECF

Volume (L)
28

[Na+] (mM)
14

[K+] (mM)
140

[Cl-] (mM)
4

ISF
11
142
4
108
PV
3
142
4
108
ICF; intracellular fluid, ECF; extracellular fluid, ISF; interstitial fluid, PV; plasma
volume, Na+; sodium, K+; potassium, Cl-; chloride.
The ISF consists of the fluid between the cells in the body, while plasma is the noncellular (i.e. non-RBC) portion of total blood volume. The interstitium and plasma
constantly mix by freely exchanging fluid and electrolytes through pores in capillary
membranes. They have very similar constituents except that plasma proteins are not
freely exchanged and are kept within the vascular space.
The effects of sweat loss on fluid distribution in the body
The water and solutes that are used to produce the isotonic primary fluid in the
sweat glands are drawn directly from the ECF. The sweat becomes hypotonic when
electrolytes are reabsorbed as sweat passes through the sweat gland duct. Electrolyte
reabsorption acts to concentrate the ECF, and fluid moves out of the intracellular
compartment in an attempt to maintain osmolality, however ECF volume is never fully
recovered because of the loss of some Na+ in the sweat. The resulting disruption in fluid
homeostasis is the underlying mechanism of dehydration’s negative effects on
performance.
The release of hypotonic sweat does 2 main things to fluid composition and
distribution in the body: 1) it decreases the volume of fluid in the ECF, and 2) it increases
the osmolality of the ECF. The decrease in ECF volume is proportional to sweat losses
(i.e. greater sweat rate with increasing exercise intensity, or sustained sweat loss over
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prolonged exercise). The increase in ECF osmolality is also proportional to sweat loss
(111, 157), and increases with exercise intensity (31). The effects on physiological
function and performance of these two issues will be addressed in sections III-VI. Here
we will simply discuss the immediate consequences on fluid distribution to establish a
basis for understanding the changes in performance.
Mild exercise (40% VO2max, 90-110 min) in the heat (36°C, 30% r.h.) resulted in
a total sweat loss of ~1.4 L and caused subjects to dehydrate by 2.3% BM (123). When
measuring the individual fluid spaces after exercise, 40% (~600 mL) of this fluid had
come from the ICF and the remaining 60% (~800 mL) from the ECF.

Fluid loss from

the ECF was split between the plasma and the ISF where 1/3 of the ECF fluid loss (~300
mL) came from the plasma space, and 2/3 (~500 mL) from the ISF. The small decrease
in plasma volume may seem trivial compared to total body water, or to the larger absolute
losses from the other fluid compartments. However, the relative loss from plasma (~10%
of plasma volume) was greater than that from the ISF (~6% of ISF volume) or the ICF
(~2% of ICF volume), which represents a greater physiologic disturbance in this space
compared to the other fluid spaces (123, 148). It is the change in PV that we will
examine in section II as the underlying cause of the negative effects of dehydration.
It is unknown whether high intensity exercise will increase the magnitude of fluid
loss from the plasma and other compartments, however it seems likely as sweat (fluid)
loss increases with exercise intensity. Also, with more intense exercise, MAP and
capillary hydrostatic pressure increase during contraction and this may force even more
fluid out of the plasma space, and exacerbate the reductions in plasma volume with
dehydration.
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IId) Fluid replacement to prevent dehydration
Fluid is ingested during or after exercise in an attempt to restore some, or all, of
the fluid lost during an exercise bout. There has been extensive research on fluid
replacement after dehydration and/or exercise (33, 100, 101, 103, 118, 161, 163), and
overall the message is to consume a drink that has at least a moderate amount of Na+ (~50
mM) and 1.5x the volume of fluid lost within 1 hour after exercise. This will restore
plasma volume, net fluid and Na balance in the 4-6 hours following dehydration (161,
163). Plasma volume can be restored by replacing 100% of sweat losses with a low-Na
(~25 mM) drink (109, 163) in the recovery period, however plasma osmolality decreases,
and net fluid balance remains negative because of incomplete replacement of the major
ECF electrolytes, and the resulting urine production by the kidneys.
Fluid spaces and blood volume when fluid is ingested during exercise
The most important fluid space when it comes to exercise performance is plasma
volume, as will be discussed in section IV. With this in mind, it seems most appropriate
to consume fluid during exercise itself in order to prevent, or at least minimize, the
sweating-induced decrease in plasma volume. There is conflicting evidence that water
ingestion during exercise both attenuates (77, 111), and is unable to attenuate (14, 106,
147) decreases in plasma volume with progressive dehydration, but in all cases plasma
osmolality is reduced. It seems likely that the latter is true, because when water is
ingested during exercise, it is absorbed through the gut and enters the blood where it is
distributed to the rest of the body. Adding water to the plasma without adding
electrolytes that were lost in the sweat will reduce plasma osmolality, and provide the
driving force for water to move into the ICF.
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There has been little work that has explored the effects of ingesting water with
Na+ on the restoration of plasma volume and the distribution of fluid throughout the
body. One study fully replaced fluid losses with water containing 5, 50 and 100 mM Na+
and examined the subsequent distribution of fluid between the ICF and ECF spaces over
4 hours of exercise at 55% VO2max (147). After an initial decrease at the onset of
exercise (~10%), plasma (ECF) volume and osmolality were maintained (± 0 L, 285
mOsmol·kg-1, respectively) when drinking fluid containing 50 mM Na+. The authors
equated changes in plasma volume to changes in ECF, as the data for these two spaces
were essentially superimposed. When the Na+ content was increased to 100 mM, or
decreased to 5 mM, plasma volume expanded (+ 0.5 L) and contracted (- 1.0 L),
respectively. Similarly, plasma osmolality increased from baseline (~285 mOsmol·kg-1)
to 288 mOsmol·kg-1 when ingesting 100 mM Na+, and decreased to 282 mOsmol·kg-1
with 5 mM Na+ (147, 148) after 4 hours. Others have reported similar decreases in
plasma volume and osmolality when fully replacing sweat losses with 25 mM saline, a
concentration similar to many commercially available CES sports drinks (12).
Increasing the Na+ content of a drink (50, 100 mM) seems to preferentially
replenish the ECF during exercise by restoring the Na+ lost through sweat, and thereby
reestablishing the osmotic pressure of the ECF. Since sweat is a primarily a combination
of water and Na, it follows that the ingested fluid should attempt to replace both of these
elements in order to optimize fluid retention. Assuming that an athlete is well hydrated at
the start of exercise, it would make sense for the drink that they consume to replace
exactly the fluid and electrolytes that they lose. Shirreffs and Maughan (161) showed
that rehydration with a 50 mM NaCl solution, after exercise-induced dehydration of -2%
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BM, was more effective at restoring both net Na and fluid balance over 6 hours of
recovery than 0, 25 and 100 mM beverages. This corresponded with a mean sweat [Na]
in these subjects of 49.2 ± 18.2 mM. Presumably, by replacing the fluid and electrolytes
lost during exercise, plasma volume and osmolality were maintained, redistribution of the
fluid spaces was minimized, and normal physiological function was preserved.
In summary, the body responds to increased metabolic heat production during
exercise by initiating the sweating response. Evaporative heat loss is our most effective
method of dissipating body heat, but it comes at the expense of losing body fluid. Sweat
is produced by pumping ECF ions into the sweat gland, resulting in the osmotic
movement of fluid out of the ECF. Though some ions are reabsorbed in the sweat gland
duct, the final sweat composition contains some ECF ions but is hypotonic relative to
ECF osmolality. Fluid loss is shared between the ECF and ICF spaces during exercise,
and the plasma suffers the greatest relative decrease in volume. Water replacement can
restore plasma volume, but most of the water moves into the ICF down the osmotic
gradient. Adding Na+ to a drink ingested during exercise replaces some of the ECF ions
lost in the sweat and decreases water flow into the ICF. However, if too much Na+ is
ingested, ECF osmolality increases resulting in water flux out of the ICF. Subjects
should theoretically reach this “crossover point” when the Na+ of the fluids they consume
during exercise is equal to the Na+ content of their sweat.
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III. DEHYDRATION REDUCES EXERCISE CAPACITY AND SPORT
PERFORMANCE
IIIa) Dehydration and whole body exercise performance
Dehydration is consistently observed in individuals participating in team sports or
match play. Many studies have characterized fluid losses in sports such as running (3,
117, 182), cycling (38, 39), basketball (7, 23, 43), soccer (88, 99, 102, 105, 160), football
(61-63, 81, 168, 169, 171) and tennis (15, 16, 114). This thesis is the first to characterize
dehydration in ice hockey players (134, 135).
Dehydration has been shown to impair exercise performance. During 1,500,
5,000 and 10,000 m running races, moderate dehydration (-1.9, -1.6 and -2.1% BM)
induced by diuretic administration prior to exercise decreased mean running velocity (10, -19 and -18 m·min-1), resulting in an increased race time (4.7 vs. 4.9, 18.2 vs. 19.5
and 38.9 vs. 41.5 min) in all groups (3). These results may be exaggerated by the preexisting fluid deficit, and may not be as pronounced with progressive dehydration
induced by exercise. However, similar to diuretic administration, dehydration induced
through passive heating had similar effects on subsequent exercise performance (26).
After heat exposure, subjects cycled for 30 min at 50% VO2max followed by a 30 min
performance-based time trial. They performed the trial 4 times: with fluid ingestion to
maintain euhydration, or with fluid restriction resulting in dehydration (-3% BM) during
the heat exposure. Each group then performed the subsequent exercise bout after sitting
for 1 hour in a cool (2°C) or temperate (20°C) environment. Time trial performance
decreased with dehydration after exposure to both the cool (269.6 vs. 277.3 kJ) and
temperate (251.8 vs. 272.7 kJ) environments, but was only significant in the temperate
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environment. The most likely explanation for the difference in performance is that mean
Tsk was significantly lower at all times after exposure to the cool environment (~20 vs.
~29°C). As indicated by Nadel et al. (115), the afferent feedback from the skin in the
cool environment was likely in favour of maintaining an increased work rate in this
group. Additionally, increases in Tc with exercise likely did not have a major influence
on exercise performance because despite the increased temperature gradient in the cool
environment, Tc increased to the same extent over the hour of exercise in both the
dehydrated and hydrated groups in cool (37.6 to 38.3 vs. 37.4 to 38.1°C) and temperate
(37.3 to 38.4 vs. 37.1 to 38.0°C) conditions. Many well-controlled, laboratory-based
studies have concluded that dehydration affects exercise performance in both temperate
(11, 12, 14, 20, 21, 48, 106, 145) and warm environments (89, 126, 137, 178). There are
some studies that report no effect of dehydration on self-selected TT performance (5, 6,
83), however the level of dehydration in these studies is below the generally accepted
threshold (≤ 2.0% BM loss) for dehydration to have a negative effect on physiological
function and performance (28, 152).
Interestingly, only a small number of studies have investigated how dehydration
affects high-intensity exercise performance, with conflicting results. Diuretic-induced
dehydration (-2.3% BM) did not affect vertical jump height (0.7 vs. 0.6 m), 50 m (6.7 vs.
6.7 s), 200 m (25.9 vs. 26.2 s) or 400 m (59.0 vs. 58.7 s) running performance compared
to when subjects were well-hydrated (179). Similarly, heat-induced (180 min @ 45°C,
50% r.h.) hypohydration (-2.7% BM) did not affect subsequent high-intensity exercise
performance compared to when subjects stayed well-hydrated in the heat (27). Peak
power (~900 W), mean power (~800 W) and fatigue index (~25%) were the same in both
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groups prior to heat exposure, and at 0, 30 and 60 min following heat exposure.
Anaerobic exercise performance was maintained with dehydration despite a moderately
increased Tr at all times after heat exposure (0 min; 38.2 vs. 37.7, 30 min; 37.7 vs. 37.2,
60 min; 37.5 vs. 37.1°C) compared to euhydration.
In contrast, exercise-induced (120 min @ 63% VO2max, 36°C, 29% r.h.)
dehydration (-3.7% BM) reduced leg force production post-exercise compared to when
subjects stayed well-hydrated during exercise (32). MVC decreased 11% pre-post with
dehydration, while water ingestion only resulted in a 5% decrease in leg force. The
difference in performance could be explained by the inclusion of previous exercise in the
second study. It seems unlikely that dehydration would noticeably affect the
performance of acute, high-intensity exercise, however with the inclusion of prior
exercise or repeated sprinting small decrements may accumulate and produce a
noticeable decrease in performance. Alternatively, these findings could result from the
greater magnitude of dehydration in this study, or by an accentuated increase in Tc in the
dehydrated group after 120 min (39.4°C) compared to euhydration (38.7°C). However, it
is difficult to reconcile these 2 studies as they used different methodologies to induce
dehydration, and different tests to assess anaerobic performance, with or without previous
exercise. Of note in this study, staying well-hydrated by ingesting a CES resulted in only
a 3% decrease in MVC pre-post exercise, implying that either the intake of exogenous
CHO or Na+ may have helped preserve leg force through central, “non-muscular”
mechanisms.
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IIIb) Dehydration and sport-specific performance
There are only a small number of studies that have attempted to assess sportspecific performance with dehydration, and their inconsistent results seem to be due to
improper control groups. One study assessed soccer performance by having subjects
alternate between performing 15 min blocks of the Loughborough Intermittent Shuttle
Test (LIST), and the Loughborough Soccer Passing Test (LSPT) for 90 min (2). The
subjects in this study performed the experimental protocol once with no fluid resulting in
a 2.7% decrease in BM, and once with 3 mL·kg-1 of water provided every 15 min as a
control (-1.0% BM). Mean 15 m-sprint time decreased equally by 2.7% over 90 min, and
there was no difference in LSPT performance in the two groups suggesting that simulated
soccer performance is not impaired by dehydration. It seems more likely that the mildly
dehydrated control group may have experienced slight decreases in performance, which
may have obscured the negative effect of moderate dehydration in this study.
In contrast, progressive dehydration has been shown to cause proportional
decreases in simulated basketball performance (7). Players were either dehydrated by 0,
1, 2, 3 or 4% BM through exercise-heat exposure (3 h treadmill walking @ 40°C, 20%
r.h.) with varying fluid intake. Following a 70 min thermoneutral recovery period, each
group performed a series of running and shooting drills designed to simulate basketball
performance. Performance of both the timed running drills (time relative to 0%: 1%; +7,
2%; +20, 3%; +26, 4%; +57s), and shooting drills (shots made relative to 0%: 1%; -5,
2%; -6, 3%; -8, 4%; -10 shots) were impaired with increasing dehydration.
Overall, research in a variety of sports has found that most athletes develop
moderate dehydration during both practices and games. This thesis is the first to
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characterize the development of dehydration in ice hockey players. Dehydration seems
to exert negative effects in sports that are more aerobic in nature, with moderate-long
(15-120 min) exercise durations, and it does not seem to consistently impair shorter
duration, anaerobic exercise. This is an interesting finding in the context of ice hockey as
the play itself can require large contributions from both aerobic and anaerobic systems,
while players rely heavily on the aerobic system to recover between shifts. It is one of
the aims of this thesis to determine whether, and to what extent, dehydration will affect
ice hockey performance.
IIIc) Measuring dehydration in the field
Initial hydration status is measured in the field through assessment of USG prior
to exercise. USG is a comparison of the density of urine to water, with a higher number
indicating a more concentrated urine, and greater degree of dehydration. The ACSM
Exercise and Fluid Replacement Position Stand identifies the typical range of USG
between 1.000 and 1.040, with the threshold for being “dehydrated” at 1.020 (152).
The development of dehydration during exercise in the field or in the lab can be
assessed by monitoring changes in body mass and fluid intake (8). There is typically not
enough time during acute exercise for substrate loss (endogenous fat and carbohydrate
stores) to affect body mass, and the resulting net change in body mass is likely due to the
sweat lost, and any food or fluid ingested during exercise. Body water can theoretically
be affected by loss of water through the respiratory tract, and gain or “release” of water
through muscle glycogen breakdown, or through reduction of oxygen during oxidative
phosphorylation. These factors are calculated to have a minimal influence on body
water, with the net change being close to zero (98).
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Sweat samples are often collected in the field to give an indication of the amount
of Na+ lost in the sweat, and to allow for calculations of Na balance when fluid ingestion
and urinary Na excretion are taken into account.

IV. DEHYDRATION IMPAIRS CARDIOVASCULAR FUNCTION
The cardiovascular system delivers oxygenated blood and substrates for energy
production to the working muscle during exercise. It also removes CO2 and byproducts
of energy metabolism from the muscle. Another important role is that the cardiovascular
system supplies blood to the skin surface in order to transmit heat from the core of the
body to the periphery, where it can be lost to the environment (76). While the focus of
this thesis is not to explore, in detail, the effects of dehydration on cardiovascular
function, it is important to understand how cardiovascular function is affected by
dehydration because this is one of the main factors that impedes our ability to
thermoregulate, which exacerbates the increase in Tc during exercise. It may also affect
substrate delivery to the working muscle, with implications for skeletal muscle
metabolism and aerobic exercise performance.
IVa) Decreased skin blood flow and increased thermal strain during exercise
Hyperthermia resulting from an inability to conduct deep internal body heat to the
skin is theorized to be one of the main driving factors for fatigue with dehydration. We
have established that body water is lost from all fluid compartments with dehydration,
and that plasma volume is decreased by ~10% with only 2.3% BM loss (123). When
subjects are dehydrated by 0, 3, 5 and 7% BM, Sawka et al. observed decreases in plasma
volume that are proportional to the degree of dehydration (0, 7, 10 and 12%, respectively)
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(154). When these subjects exercised in the heat (49°C, 20% r.h.) a greater level of
dehydration resulted a higher Tr. This seemed to be due to a lower sweat rate (20-50%)
indicating an overall increase in thermal strain with dehydration. Similar effects of
dehydration have been found in recreationally active females that dehydrated by 2.0%
BM during 2 hours of cycling at ~65% VO2max in a temperate (22.6°C, 33% r.h.)
environment (95). Compared to staying well-hydrated during exercise (-0.2% BM), 2
hours of exercise-induced dehydration decreased PV (-11.3 vs. -5.3%), which likely
contributed to an increased HR (176 vs. 165 bpm), and Tc (39.1 vs. 38.5°C).
Interestingly, sweat loss was similar at 60 min (0.8 vs. 0.7 L) and 120 min (0.5 vs. 0.6 L)
in the well-hydrated and dehydrated groups, suggesting that it was mainly the decreased
ability to move heat from the core to the periphery that resulted in this thermal strain.
Similar to the work of Sawka, Montain et al. found that when subjects dehydrated by 1.1,
2.3, 3.4 and 4.2% BM during 2 hours of cycling at 65% VO2max in the heat (33°C, 50%
r.h.), both Tr (38.4, 38.6, 38.9 and 39.1°C) and Tes (37.9, 38.2, 38.5 and 38.7°C) were
increased after exercise in proportion to the degree of dehydration (111). Despite the
increased thermal load, sweat rate was similar in all groups (1.39, 1.34, 1.35, 1.32 L·min1

), but forearm blood flow (FBF) decreased with increasing dehydration (16, 15, 13 and

13 mL·100 mL-1·min, respectively), which limited heat conduction to the skin. The
decrease in FBF can be partly explained by proportional decreases in plasma volume (-6,
-8, -9 and -10%), similar to the results of Sawka et al. (154).
Physiologically, this decrease in SkBF seems to be an attempt to maintain venous
return and atrial filling pressure, which are impaired when dehydrated. Gonzalez-Alonso
et al. found that this is accomplished by increasing cutaneous vascular resistance (CVR),
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which in turn decreases SkBF, when dehydrated during exercise (69). In subjects that
were allowed to dehydrate by 4.9% BM while cycling (120min @ 62% VO2max) in the
heat (35°C), CVR increased by ~25%, and resulted in a concomitant ~20% drop in
cutaneous blood flow. No change was observed when subjects stayed hydrated during
exercise (-0.5% BM).
Nadel et al. used 4 days of diuretic administration to dehydrate subjects by 2.8%
BM, and reduce plasma volume by ~22% (116). During exercise (30 min @ 55%
VO2max) in the heat (35°C), the threshold for cutaneous vasodilation was increased
(from ~36.8 to ~37.4°C), which caused subjects to store more metabolic heat during the
initial “heat storage” phase of exercise. As exercise continued, maximal FBF in these
subjects was reduced by ~50% (18 vs. 11 mL·min-1·100 mL-1), which limited heat
transfer to the environment, and resulted in a higher final Tc compared to when subjects
were well-hydrated (~38.8 vs. ~38.3°C, respectively). FBF can also be restored (13.8 vs.
10.8 mL·min-1·100 mL-1) acutely by infusing isotonic saline during exercise (50 min @
60% VO2max) in the heat (30°C, 30% r.h.). With the improved FBF resulting from saline
infusion, increases in Tes were minimized (38.09 vs. 38.20°C) compared to when subjects
received no infusion (121).
In summary, although the magnitude of dehydration used in these studies is
greater than that seen in ice hockey, these results demonstrate a decreased ability to
dissipate heat during exercise that is proportional to the severity of dehydration. This
increase in thermal strain is common throughout the literature (4, 54-56, 65, 67-69, 85),
and is likely mediated through a decrease in cutaneous blood flow, caused by an increase
in CVR and plasma osmolality, and a reduction in PV during exercise. If PV is
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maintained through fluid ingestion, SkBF is maintained which prevents excessive
increases in Tc during exercise. Interestingly, if PV is maintained through fluid infusion,
no restoration of SkBF is observed, presumably because plasma osmolality remains
elevated in this group (110).
IVb) Stroke volume, heart rate and cardiac output during exercise
Despite the diversion of blood away from the periphery during exercise when
dehydrated, it has been known for a long time that dehydration reduces stroke volume
during moderate intensity exercise (146). Despite the 25% increase in CVR to maintain
venous return, Gonzalez-Alonso et al. observed a reduction in SV (108 vs. 147 mL),
which caused Q to decrease (~18.5 vs. ~22.0 L/min) despite a higher HR (169 vs. 150
bpm) when subjects dehydrated by 4.9% BM during exercise (120 min @ 62% VO2max)
in the heat (35°C) (69). Similarly, when Nadel et al. used diuretic-induced dehydration to
dehydrate subjects by 2.8% BM before 30 min of cycling at 55% VO2max in the heat
(35°C), they observed a decrease in SV (80 vs. 95 mL) resulting from the 22% reduction
in plasma volume during exercise (116). Q was reduced (13.6 vs. 15.0 L·min-1) at the
end of exercise, and the increase in HR (170 vs. 162 bpm) was unable to maintain flow.
This impairment in blood flow is proportional to the degree of dehydration, and
the compensatory increase in HR seems to be able to maintain Q during exercise when
dehydration is < 4% BM. When subjects were allowed to dehydrate by 1.1, 2.3, 3.4 and
4.2% BM while cycling (2hr @ 65% VO2max) in the heat (33°C, 50% r.h.), Q was
reduced from 18.7 L·min-1 by 0, -0.9 (4.8%), -1.0 (5.3%) and -2.0 (10.7%) L/min (111).
With minimal dehydration (-1.1% BM), SV decreased by 11 mL and the increase in HR
(+12 bpm) was sufficient to maintain Q. As dehydration progressed from mild to
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moderate, however, SV decreased by -20, -24, -37 mL, and the increases in HR (+16,
+23, +28 bpm,) were unable to fully compensate causing Q to decrease by 5-10%. These
results must be interpreted with caution however, as the equilibrium rebreathe procedure
used in this study has a coefficient of variation of ~5% at this exercise intensity (124) and
we can only be certain that Q was reduced with 4.2% BM loss.
As dehydration becomes more severe, the reduction in Q can disrupt blood flow
to the working muscle (66). When subjects dehydrated by 3.9% BM while exercising to
exhaustion (~135 min @ 61% VO2max) in the heat (35°C, 45% r.h.), leg blood flow
decreased (~13.5 vs. ~15.5 L/min) in the final 20 min of exercise compared to when
subjects stayed hydrated during exercise. Leg blood flow was lower due to a reduced Q
(~19 vs. ~22 L/min), SV (105 vs. 145 mL), and an inability of HR to restore flow (186
vs. 158 bpm). BV was reduced by ~5% in the dehydrated group, and the decreases in
muscle blood flow occurred despite a reduction in FBF (~8 vs. ~14 mL/100 mL/min).
Interestingly, O2 delivery to the working muscles was not reduced (~1.4 vs. ~1.5 L/min).
Arterial O2 extraction (~167 vs. ~153 mL·L-1), and O2 content (~202 vs. ~189 mL·L-1)
increased with dehydration. The groups were ordered in this study, and the duration of
the well-hydrated trial was matched to the dehydrated trial, so no conclusions can be
made on performance. However, it is likely that despite a similar leg VO2, the increase in
Tc and cardiac metabolism (HR) would have accelerated fatigue and reduced
performance in the dehydrated trial.
In summary, these results show consistent, modest reductions in Q when
dehydrated during moderate intensity exercise. The reduction in flow is driven by a
lower plasma volume, which reduces venous return, and in turn, reduces SV. Attempts
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by the body to maintain flow by decreasing SkBF to preserve SV, and increasing HR,
seem to be successful even with moderate dehydration (1-4% BM).
IVc) Cardiovascular function when dehydrated during intermittent sprint exercise
Most of the research so far that has characterized the cardiovascular response to
dehydration has focused on longer duration, moderate intensity exercise. There has been
less research on the effects of dehydration during acute or repeated sprint interval
exercise. Presumably the thermal strain would be greater during the sprint portion of
exercise. The higher absolute work intensity would produce more metabolic heat during
exercise, and perhaps a greater sweating response, which would decrease blood volume
and result in hyperthermia, or decreased Q compared to when sprint exercise is
performed well hydrated. Alternatively, the rest periods between sprints could provide a
unique opportunity to divert blood flow away from muscle to the skin and dissipate the
heat that was generated in the previous sprints, minimizing the negative consequences of
dehydration on cardiovascular function.
No studies have measured changes in Q or SkBF with dehydration during sprint
interval exercise. When Cheuvront et al. (27) dehydrated subjects by 2.7% BM (180 min
passive heating @ 45°C, 50% r.h.) and performed 15 s Wingate tests at 0, 30 and 60 min
after heat exposure, Tr was consistently ~0.5°C higher than when subjects stayed wellhydrated by ingesting water during the heat exposure. The increase in Tr could indicate
an impaired ability to dissipate heat to the environment due to a decrease in PV, but
unfortunately measurements of SkBF, SV or Q are difficult during this type of exercise.
Also, peak power output, mean power output, and fatigue index were similar at all time
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points in the two groups despite the increased Tr, so the proposed impairment in
cardiovascular function may not be physiologically relevant with this type of exercise.
Overall, these results are not conclusive and focus on acute sprint exercise, with
little bearing on the characteristic prolonged intermittent sprint-like exercise of ice
hockey. It is possible that with repeated sprint performance, thermal strain may be
exacerbated by dehydration but this has not been tested. The protective equipment worn
by ice hockey players, and the resulting increase in Tsk during exercise will certainly
accentuate any thermal strain caused by dehydration. Whether the increase in thermal
strain translates into impaired cardiovascular function or a decrease in sprint performance
is unknown.

V. DEYDRATION ALTERS SKELETAL MUSCLE METABOLISM
Dehydration may contribute to decreases in exercise performance by negatively
affecting skeletal muscle metabolism. Specifically, glycogenolysis in the muscle seems
to be accelerated during exercise when dehydrated, due to an exaggerated increase in Tm.
Tm increases along with Tc because dehydration impairs whole body heat dissipation
during exercise. Accelerated glycogen breakdown is not desirable during competition, as
the onset of fatigue is associated with glycogen depletion. Alternatively, this exacerbated
increase in Tm may impair aerobic performance through a decrease in the efficiency of
oxidative phosphorylation (decreased P:O ratio) (49).
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Va) Dehydration-induced hyperthermia accelerates glycogen use during moderate
intensity exercise
When subjects dehydrated by 2.9% BM while cycling for 2 hours at ~67%
VO2max in a temperate environment, skeletal muscle glycogen use was increased by
16% (380 vs. 318 mmol·kg dm-1), and muscle lactate concentration was higher (6.9 vs.
4.9 mmol·kg dm-1) compared to when subjects stayed well-hydrated during exercise
(+0.2% BM), indicating an increase in glycolytic flux (79). Both Tc (38.6 vs. 38.0°C)
and Tm (39.1 vs. 38.5°C) were elevated in the dehydrated subjects, and the authors
speculated that this was the main stimulator of glycogenolysis through the Q10 effect (a
measure of the rate of change of a biological or chemical system after increasing the
temperature by 10°C). Epinephrine has been shown to increase with exercise in the heat
(40 vs. 20°C), and accelerate glycogenolysis (51), however venous epinephrine in this
study was similar after 2 hours (2.88 vs. 2.41 nmol·L-1) in the dehydrated and euhydrated
groups, respectively, and could not explain the difference in glycogen breakdown. These
results are supported by work in female athletes where dehydrating by 2.0% BM
increased glycogen use by 31% during 2 hr of cycling at 65% VO2max (95).
The idea that glycogenolysis is accelerated by an increase in Tm, and not by
dehydration per se, is supported by studies comparing exercise in hot and cool
environments. Fink et al. (53) were the first to report an increase in glycogen use (74 vs.
42 mmol·kg ww-1), and lactate accumulation (~45 vs. ~22 mg·100 mL-1), when subjects
performed 3 x 15 min blocks of cycling exercise at 75-80% VO2max separated by 10 min
rest periods, in a hot (41°C) and cool environment (9°C). In this study, Tr increased from
baseline in both trials, but was more pronounced in the heat (+1.8°C) than in the cold
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(+0.9°C), which could account for the increase in glycogenolysis. Although body mass
changes were not measured in the two groups and dehydration may have influenced
glycogen use, this seems unlikely as PV decreased to a similar extent in both trials (~ -7.6
vs. ~ -8.0% pre-post exercise). Also, it cannot be ruled out that differences in circulating
epinephrine, or possibly muscle recruitment itself, contributed to the accelerated
glycogenolysis in the heat.
However, when one leg was pre-heated (~37.4°C), and the other pre-cooled
(~30.5°C), glycogen breakdown was increased (208 vs. 113 mmol·kg dm-1) in the heated
leg after 20 min of cycling at 70% VO2max (167). Tr, epinephrine and changes in
hydration status could not account for the difference in glycogen use as the two legs were
exposed to the same internal conditions during exercise. ATP content was similar in the
two legs after exercise (24.5 vs. 24.2 mmol·kg dm-1) and the authors proposed that this
indicated a similar accumulation of ADPf and AMPf, which would have resulted in
similar PHOS activation in both trials. Unfortunately ADPf and AMPf were not directly
measured or calculated in this study and so their role in PHOS activation remains
unknown, but Pi (another breakdown product of ATP) was not related to dehydrationinduced decreases in knee extensor performance (112).
Vb) Hyperthermia may increase glycogen use by increasing ETC flux
The increase in glycogen use observed in these studies could be explained by an
increase in oxidative phosphorylation in the working muscle. Assuming that not all of
the resulting pyruvate is reduced to lactate, some may enter the mitochondria and supply
reducing equivalents to the ETC. If the ETC were less coupled with dehydration,
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subjects would consume more O2 (greater flux through the ETC) in order to maintain
ATP production in the muscle.
Brooks et al. (19) observed a linear increase in both ADP-stimulated state 3
respiration (470 to 754 n atoms O2·mg-1·min-1), and non-ADP stimulated (“leak”) state 4
respiration (98 to 295 n atoms O2·mg-1·min-1) in isolated rat mitochondria from 37 to
45°C, respectively. They also observed a linear decrease in the P:O ratio (2.47 to 2.04)
from 40 to 45°C, suggesting that ADP phosphorylation was reduced for a given VO2.
Recently, Willis et al. confirmed these findings in isolated rat liver mitochondria (184)
where oxygen uptake increased progressively from 37 to 40 and 43°C (10.17, 11.00 and
12.78 nmol O2·mg mitochondrial protein-1·min-1), and the authors argued that this was
related to an increase in non-specific proton leak with increasing mitochondrial
temperature.
It is unknown whether mitochondrial uncoupling plays a role in the accelerated
glycogen use observed with dehydration-induced hyperthermia in humans. Liver
mitochondria may be more susceptible to uncoupling than skeletal muscle mitochondria,
and the studies by Brooks et al. and Willis et al. suggest that mitochondrial function is
impaired with temperature increases beyond 40°C. Tm is only moderately increased with
dehydration (39.1°C), and this may not be enough of an increase to stimulate uncoupling
and account for the large differences in glycogen use.
Vc) Hyperthermia accelerates glycogen use during short, high-intensity exercise
In subjects who performed intense, short-duration exercise (2 min @ ~115%
VO2max) glycogen use was accelerated (159 vs. 121 mmol·kg dm-1) when Tm was
increased (pre-exercise; 37.3 vs. 35.4°C) in one leg by pre-heating for 30 min with an
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electric blanket (50). The blanket was removed immediately prior to exercise, and Tm
remained elevated in the pre-heated leg for the duration of the bout (post-exercise; 37.8
vs. 37.2°C). Both Tc (pre-exercise; 36.8 vs. 36.4°C, post-exercise; 36.9 vs. 36.5°C) and
venous epinephrine (pre-exercise; 0.21 vs. 0.25 nmol·L-1, post-exercise; 4.79 vs. 5.44
nmol·L-1) were similar in the heated and control conditions, respectively, and could not
account for the increase in glycogen use. Dehydration was able to increase
glycogenolysis at a relatively low Tm in this study. Tm increased to 39.1°C with moderate
intensity exercise, and could presumably be higher with repeated sprint interval exercise.
It is unknown, however, if dehydration will exacerbate the increase in Tm, and still
accelerate glycogen breakdown relative to when subjects are well-hydrated during sprint
interval exercise like that found in ice hockey.
In summary, the accelerated glycogen use observed during exercise while
dehydrated seems to be mediated by an increase in Tm, which occurs because of the
body’s reduced ability to dissipate metabolic heat, as discussed in section III. Glycogen
use seems to increase with temperature, and does not seem to be related to circulating
epinephrine, or accumulations of ADPf, AMPf and Pi in the muscle. Finally, while
mitochondrial uncoupling is increased in rats above 40°C, these results have not been
confirmed in humans at the lower temperatures seen with dehydration, and may not have
a noticeable effect on glycogen breakdown.

VI. DEHYDRATION IMPAIRS COGNITIVE FUNCTION AND PERCEPTION
OF EFFORT
A lot of evidence has emerged recently suggesting that dehydration can reduce
cognitive function (29, 71, 84, 93, 172), and this, in turn, could decrease athletic
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performance through an increase in perception of effort. Specifically, dehydration seems
to impair complex, integrative processes that require a high degree of concentration, such
as working memory and visuo-spatial processing. Less complex reactionary tasks do not
seem to be affected, and in some cases are improved, but at the expense of decreased
accuracy (172). These cognitive impairments may contribute to decrements in voluntary
exercise performance when dehydrated, especially in team sports such as ice hockey
where complex processes like decision-making and coordination are required.
VIa) Decreased cognitive function with progressive dehydration
One of the most widely reported cognitive impairments with dehydration is an
increase in ratings of perceived exertion (RPE) (23, 29, 40, 86, 95, 162, 179). It is
debatable whether this translates to a decrease in performance, or even cognitive
function, although it seems rather intuitive that those subjects who perceive exercise as
more intense will perform less well and fatigue sooner than subjects who perceive the
same exercise as less intense. Alternatively, an increased perception of effort may reflect
a developing cognitive impairment, as cerebral metabolism seems to increase in an effort
to compensate for a progressive decline in cognitive function with dehydration. Kempton
et al. (84) observed an increase in blood-oxygen-level-dependent (BOLD) response,
which they posit reflects an increase in brain metabolism. The increase in brain
metabolism did manifest coincident with an increased perception of effort and an
impaired working memory after exercise-induced dehydration in young girls, however it
remains to be determined if this is a causative relationship, or merely correlative.
Complex integrative processes requiring a great degree of concentration seem to
be affected by dehydration (Figure 1.6). Gopinathan et al. (70) used exercise-heat
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Figure 1.6. a) Percent of correct responses in the serial addition test and b) mean speed
on the trail making test used by Gopinathan et al. (72). Actual levels of dehydration are
shown in brackets.

exposure (stair stepping in 45°C, 30% r.h.) to dehydrate subjects by 0, 1.3, 2.4, 3.3 and
4.3% BM. They separated the effects of exercise from dehydration by including a nonexercise, thermoneutral control group. After a 30 min rest in a thermoneutral chamber,
each subject performed a battery of 3 tests: word recognition, serial addition and a trailmaking test. The word recognition test required subjects to recall as many words as
possible from a list of 15 words. The serial addition test required subjects to mentally
add twelve series of 5 numbers. For the trail-making test, subjects were given a piece of
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paper where 24 consecutive numbers and 24 consecutive English letters were placed
randomly on the page. Their task was to draw a continuous line between symbols,
alternating between numbers and letters in order and covering as many symbols as
possible in 60 s. The word recognition and serial addition tests evaluated working
memory, while the trail-making test evaluated visual-motor skills. Performance of each
test decreased linearly with dehydration, and there were no differences between control
groups (Figure 1.6). Interestingly, in this study the cognitive performance decrements
were significant with only mild dehydration (1.3% BM).
VIb) Mechanisms of reduced cognitive function with dehydration
There are a number of physiological responses that occur with exercise when
dehydrated, which could account for the reduction in cognitive function. The most likely
candidates include an increase in core and/or brain temperature, a reduction in brain
blood flow, and a change in brain ventricular volume.
Increased core temperature
An increase in Tb may be unavoidable when Tc increases during exercise, but
regardless it seems that the increase in Tc is a primary factor influencing the cognitive
decline with dehydration, as similar impairments are seen with passive, heat-induced
dehydration, and exercise-induced dehydration (29). Subjects were either dehydrated by
2.8% BM through 2 hr of passive heating in a recumbent position (H), or by running for 2
hr at 65% VO2max in a thermoneutral environment (E), or the control group rested for 2
hr in a thermoneutral environment (CON). For both modes of dehydration, subjective
ratings of fatigue (H; 5.5, E; 5.9, CON; 2.6 points on a 10 point scale), short-term number
memory (H; 7.0, E; 7.1, CON; 8.0 numbers correct) and response time to a design
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discrimination task (H; 1150, E; 1200, CON; 950 ms) were impaired vs. control, with no
differences between heat- and exercise-induced dehydration groups.
In another study where no heat exposure was applied and subjects dehydrated by
2.6% BM through 28 hr of fluid restriction alone (172), there were no impairments in
cognitive function compared to when subjects stayed hydrated by freely ingesting water
over the 28 hr period (-0.7% BM). Serial addition (93 vs. 94% correct), visual-motor
tracking (20 vs. 19 pixels), and Stroop color-word performance (colour naming RT; 690
vs. 710 ms, word naming RT; 570 vs. 580 ms) were similar in the two groups. However,
subjective feelings of fatigue (effort; 54 vs. 27 mm, concentration; 74 vs. 46 mm on a 100
mm scale, tiredness; 2.2 vs. 1.2 points on a 5 point scale) increased, and alertness (2.0 vs.
2.9 points on a 5 point scale) decreased with fluid restriction. These results, however, are
not conclusive as subjects in the control trial were mildly dehydrated before performing
the cognitive assessments, and it is unknown if this level of dehydration would obscure
the results of the cognitive tests.
Increased brain temperature
The most likely candidate mediating the decreases in cognitive performance with
dehydration is an increase in Tb secondary to an increase in Tc. Tb has been shown to
increase with exercise and is thought to be ~0.2°C higher than Tc with or without
hyperthermia (131). Brain heat production can increase by 7%, while heat removal can
decrease by 30% in situations where heat dissipation is impaired, such as exercising in
the heat, and presumably with dehydration although this has not been tested. Overall this
reflects an inadequate removal of heat from the brain in these situations (131). An
increase in body (and brain) temperature during exercise has been associated with a
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decrease in sustained maximal voluntary contraction (MVC) performance (128) and
higher RPE (130) contributing to so-called “central fatigue”. Overall these factors
contribute to a reduced exercise performance (28, 44, 47, 64, 125, 126, 128).
It is unknown how Tb mediates these effects on performance, but it is possible
that the brain directly senses the increase in Tc and adjusts exercise pace and intensity
accordingly, or that the permeability of the blood brain barrier (BBB) increases with
hyperthermia, making the brain more susceptible to the influence of molecules in the
blood. The brain-specific protein, S100ß, was elevated in the blood when subjects
experienced hyperthermia from previous water immersion, and heat exposure during
exercise (39.5 vs. 38.2°C) (180, 181). However, there was no correlation between Tc and
plasma S100ß. It is unknown exactly how increased Tb or BBB permeability would
result in altered exercise performance, although they may act through altered
dopaminergic or serotonergic function (179).
Decreased brain blood flow
Brain heat storage is likely increased through a reduction in brain blood flow with
dehydration. The increase in brain heat storage, when heat dissipation is limited during
exercise, is due to a ~20% decrease in cerebral blood flow (CBF), and a narrowing of the
veno-arterial temperature difference (0.20 vs. 0.22°C) with hyperthermia vs. control,
respectively (129, 131). There was also an increase in brain heat production (+7%) with
hyperthermia in these studies, suggesting that both increased heat production, and
decreased heat removal contribute to the increase in brain temperature during exercise in
the heat. It is important to note that these observations were made during exercise in the
heat (40°C), and not with dehydration although it is likely that some level of dehydration
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manifested in these subjects. Mild dehydration (~1% BM) has been observed in other
studies with the same protocol (127, 129, 156), and this may contribute to the decrease in
CBF with hyperthermia.
This decrease in CBF would not only impair the conduction of metabolic heat
away from the brain, but it would limit delivery of metabolic substrates for brain
metabolism, namely glucose and oxygen. Although arterial glucose content (5.1 vs. 4.8
mM) and oxygen saturation (97.3 vs. 96.6%) are similar after 60 min of exercise in the
heat (40°C) vs. control (18°C), a 15% decrease in CBF reduces substrate delivery to the
brain (139). However, extraction of these fuels by the brain increases disproportionately
(glucose; +32%, oxygen; +28%), reflecting an increase in cerebral oxygen metabolism
(3.25 vs. 3.50 mL·100 g-1·min-1) in the heat (127), which agrees with the observations of
Kempton et al (84). Although we do not know if increased brain metabolism translates
into a reduction in cognitive function, a decrease in brain mitochondrial oxygen tension
(indicating greater oxygen use) is correlated with an increased perception of effort (139).
It is unknown if the increase in brain metabolic rate is caused by, or a compensatory
mechanism to, an increase in Tb. It is also unknown if reduced CBF has a direct effect on
brain metabolism, although this seems unlikely given the increase in substrate extraction
when brain blood flow is reduced.
Change in brain volume
Exercise-induced dehydration causes a decrease in plasma volume, and an
increase in plasma osmolality, creating a gradient that shifts water out of the ICF to
establish osmotic equilibrium. Total brain volume should decrease with the outflow of
water from brain cells in this situation, but instead it remains relatively stable and this
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seems to be due to a compensatory increase in brain ventricular volume (41, 84). The
increase in ventricle volume is proportional to the decrease in BM (r = -0.93) (41). It is
unknown exactly how a change in brain structure would affect brain function. Kempton
et al. (86) observed an increased activation of the right and left intraparietal sulci, and left
middle frontal gyrus after exercise-induced dehydration, but this could be the result of a
higher Tc (38.0 vs. 37.5°C) in the dehydrated group during exercise, and not a change in
brain structure.
VIc) Cognitive function when dehydrated during intermittent sprint exercise
All studies to date have evaluated cognitive function with a combination of
dehydration and hyperthermia during moderate intensity exercise (~1-2h @ 50-60%
VO2max). Only one study has evaluated cognitive function with repeated running sprints
while dehydrated (2), and reported a higher RPE (~15 vs. 12 units) when subjects lost
2.2% BM vs. when they remained well-hydrated (-1.0% BM). Given the impairment in
RPE, and that subjects were mildly dehydrated in the control trial, dehydration may be
associated with an even greater impairment in cognitive function during sprint interval
exercise, which may contribute to decreases in sprint performance.
VId) Carbohydrate-electrolyte sports drinks may stimulate the brain and delay fatigue
Interestingly, the carbohydrate in sports drinks has been shown to activate reward
centres in the brain through receptors in the mouth (25). Mouth rinsing with a sports
drink vs. placebo decreases time trial time (25), increases voluntary running distance
(142) and voluntary power output during a time trial (22), without an increase in blood
glucose, which suggests an increase in central drive or motivation through carbohydrate
sensors in the mouth. Surprisingly there was no difference in RPE between groups in
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these studies, but perhaps this subjective measure is not sensitive enough to pick up slight
changes in cognitive function.
It is unknown if carbohydrate sensors in the mouth affect the activation of the
same regions that are affected by dehydration. Although it has not been tested, sports
drink ingestion may provide a unique way to prevent or restore the cognitive decline with
dehydration, as the fluid would minimize body mass losses while the ingested
carbohydrate would stimulate brain activity.
Overall, dehydration consistently impairs cognitive function, but whether these
impairments result from dehydration itself, or the increases in Tb during exercise, is still
unknown. It is likely that an increase in Tb is the main mediator of cognitive decline, and
would likely be exacerbated by dehydration during exercise. Mild dehydration in the
heat seems to increase Tb by reducing CBF and effectively insulating the brain during
exercise. Cerebral metabolism increases during exercise in the heat, but it is unknown if
this response is related to Tb or dehydration. Measurements of brain metabolism require
a high degree of technical proficiency, and our best approximations of function are
through tests of cognitive performance, subjective ratings of effort and mood.
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2.

CHAPTER TWO: AIMS OF THE THESIS

I. AIMS OF THE THESIS
While the effects of progressive dehydration on cardiovascular function during
moderate-intensity exercise have been well-characterized, only 2 studies have attempted
to test the effects of moderate dehydration (2 – 3% BM loss) on skeletal muscle
metabolism and these have both used moderate-intensity cycling exercise (2 hours @
~65% VO2max). These studies confirm that dehydration exacerbates the increase in Tc
during exercise because of an impaired ability to conduct heat to the skin for dissipation
to the environment. The increase in Tc with dehydration, and more specifically Tm,
accelerates glycogen breakdown (16 – 31%) during exercise. Sports such as basketball
and ice hockey, and to a lesser extent soccer, involve quick changes of pace and are
considered “stop and go” team sports. It has been fairly well documented that athletes
participating in these sports routinely lose large volumes of sweat, replace smaller
volumes through fluid ingestion, and ultimately become moderately dehydrated (~ 2%
BM loss) during competition. High-intensity sprint interval exercise is more consistent
with the pattern of exercise in these sports, and to date no studies have attempted to
document the effects of progressive dehydration on skeletal muscle metabolism with this
type of exercise. Sprint interval exercise relies largely on skeletal muscle glycogen
breakdown to produce ATP both through substrate phosphorylation, and through
oxidative phosphorylation. It would appear that dehydration could impair performance
by accelerating glycogen use during high-intensity sprinting, but this has not been
determined.
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Understanding the extent to which dehydration affects muscle metabolism and
performance during sprint interval exercise could help athletes in maintaining athletic
performance during competition, and possibly decrease the incidence of thermal strain
and heat-related problems. In this context, CES drinks have been developed to stimulate
thirst and replace some of the fluid and Na that is lost in sweat, and provide exogenous
CHO substrate to help improve performance and delay fatigue. Previous research agrees
that CHO ingestion improves exercise performance (both TT and TTE), but the
mechanisms have not been clearly identified. Some studies report a reduction in skeletal
muscle glycogen use during high-intensity, intermittent cycling (~80 – 100% VO2max),
while others report that performance is improved despite similar glycogen use suggesting
that other factors are involved. An emerging concept is that CHO intake during exercise
has a stimulatory effect on cognitive function and improves perception of effort, which
may provide a means of ameliorating performance through enhanced central drive.
The purpose of this thesis was to determine the effects of moderate, exerciseinduced dehydration (> 2% BM loss) and CHO ingestion on skeletal muscle metabolism,
performance and cognitive function during intermittent sprint cycling designed to
simulate the intermittent nature, and exercise intensity of a hockey game. The specific
hypotheses were:
1.

Ice hockey players would experience large sweat losses, and not ingest
sufficient fluid to prevent moderate dehydration (~2% BM loss) during
practices on the ice. Fluid ingestion would be similar whether players were
limited to either consuming water, or a CES during practice.
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2.

As dehydration progressed past ~2% BM losses (in the 3rd period of a sprint
cycling protocol), dehydration would increase skeletal muscle glycogen use
through an exaggerated increase in Tc. Dehydration would similarly impair
sprint performance and increase RPE in period 3.

3.

Fluid ingestion would limit the increase in Tc and decrease glycogen use in
period 3 of a sprint cycling protocol vs. moderate dehydration. The reduced Tc
and glycogen use in P3 would coincide with a reduced RPE.

4.

CHO ingestion would reduce the decline in cognitive function (working
memory, visual-spatial processing, RPE) vs. dehydration (~2% BM loss)
caused by intermittent sprint cycling.
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3.

CHAPTER THREE: SWEAT RATE, SALT LOSS AND FLUID

INTAKE DURING AN INTENSE ON-ICE PRACTICE IN ELITE
CANADIAN JUNIOR MALE HOCKEY PLAYERS
Palmer MS and Spriet LL. Appl Physiol Nutr Metab. 33: 263-271, 2008

I. ABSTRACT
Previous research in many sports suggests that losing ~1-2% body mass via sweating
impairs athletic performance. At the elite level, hockey involves high-intensity bursts of
skating, arena temperatures are >10°C, and players wear protective equipment, all of
which promote sweating. This study examined the pre-practice hydration, on-ice fluid
intake, sweat and Na losses of forty-four candidates for Canada’s junior men’s hockey
team (mean ± S.E., 18.4 ± 0.1 years, 184.8 ± 0.9 cm, 89.9 ± 1.1 kg). Players were studied
in groups of 10-12 during 4 intense, 1 h practices (13.9°C, 66% r.h.) on one day.
Hydration status was estimated by measuring urine specific gravity (USG). Sweat rate
was calculated from body mass changes and fluid intake. Sweat Na concentration ([Na])
was analyzed in forehead sweat patch samples and used with sweat rate to estimate Na
loss. Over 50% of players began practice mildly dehydrated (USG >1.020). Sweat rate
during practice was 1.8 ± 0.1 L·h-1 and players replaced 58% (1.0 ± 0.1 L·h-1) of the
sweat lost. Body mass loss averaged 0.8 ± 0.1%, but 1/3rd of players lost more than 1%.
Forehead sweat [Na] was 30.9 ± 1.4 mM and Na loss averaged 1.29 ± 0.10g during
practice. Players drank only water during practice and replaced no Na. In summary, elite
junior hockey players incurred large sweat and Na losses during an intense practice, but
2/3rd of players drank enough to minimize body mass loss. However, 1/3rd of players lost
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more than 1% body mass despite ready access to fluid and numerous drinking
opportunities from the coaches.

II. INTRODUCTION
Previous research in many sports such as running, cycling and soccer suggests that sweat
losses greater than 2% of body mass result in decreased athletic performance (24, 35, 46,
97, 107, 117). It is not surprising that most of the work in this area has focused on
creating hydration guidelines for athletes who are at risk of becoming dehydrated from
participating in warm weather sports. Classically, sweat losses experienced during cold
weather sports such as ice hockey are thought to be minimal, or at the very least tolerable
(35). However, sweat rate can be affected by a number of factors including temperature,
training status, heat acclimation, the amount of clothing worn and the intensity of the
exercise (153). At the elite level, players are highly trained and arena temperatures are
usually above 10°C. In the only other study to examine the hydration practices of elite
level hockey players, Godek et al. (60) reported mean wet bulb globe and ambient
temperatures of 10.7 and 12.7°C during a practice, and 14.0 and 17.7°C during a game,
respectively. Additionally, hockey players wear layers of dense protective equipment,
and the game is characterized by repeated, high-intensity skating sprints, all of which are
factors that lead to increased sweating. Therefore, the aim of the present study was to
examine the sweat and Na losses and hydration practices of elite junior level male ice
hockey players during an intense on-ice practice. We hypothesized that the players
would sweat at high rates, similar to previously reported rates for elite athletes in warm
weather sports.
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III. MATERIALS AND METHODS
IIIa) Subject Characteristics
The players studied were forty-four candidates (18.4 ± 0.1 years, 184.8 ± 0.9 cm,
89.9 ± 1.1 kg) for Canada’s Under 20 men’s junior hockey team participating in an
evaluation camp. Twenty-four of the players played forward, sixteen played defence and
four were goalies. The players were informed orally, and in writing of all risks,
requirements and procedures of the testing, prior to obtaining written consent. The study
was approved by the Research Ethics Board of the University of Guelph.
IIIb) Preliminary Laboratory Experiments
Prior to the study, preliminary testing was performed to validate the methods
employed during the on-ice testing. In laboratory studies, it is common to apply sweat
patches on 5 representative sites on the body including the forehead, chest, upper back,
forearm and thigh. However, during on-ice pilot testing, it proved difficult to remove
sweat patches from the chest, upper back, forearm and thigh during practice, as elite
players typically wear compression garments under their equipment. The forehead was
the most accessible sweat collection site. Thus, we tested the extent to which the sweat
[Na] from the forehead sweat patch represented the mean whole body sweat [Na]. We
also determined whether wearing a hockey helmet had any effect on the sweat [Na]
measured from forehead samples.
Eight subjects (28.8 ± 1.8 years, 180.7 ± 2.3 cm, 79.3 ± 2.5 kg) cycled on an
electronically-braked ergometer (Lode Excalibur, Quinton Instruments, Grogingen, The
Netherlands) on two consecutive days. Subjects cycled at an intensity that caused
profuse sweating (150 W) for 40 min on day one and 20 min on day two. During the first
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cycle, sweat patches were placed on the forehead, forearm, thigh, chest, and upper back.
Sweat patches were removed in order of highest sweat rate or when the patch was
saturated with sweat. Typically, forehead and forearm patches were removed at 20 min,
chest and upper back patches at 30 min, and thigh patches at 40 min. On the second visit,
subjects wore a hockey helmet and a patch was only applied to the subject’s forehead and
then removed following 20 min of cycling. Mean whole body sweat [Na] was calculated
according to the equation of Patterson et al. (136):

Whole body [Na] = 28.2% chest [Na] + 28.2% back [Na] + 11.3% forearm [Na] + 32.3% thigh [Na]
The mean whole body sweat [Na] was 78.3 ± 5.6 mM and not significantly

€

different from the mean forehead sweat [Na] of 73.9 ± 5.5 mM (p = 0.60). A strong
correlation existed between mean whole body [Na] and the forehead [Na] (Figure 3.1, r =
0.92, p < 0.01). In addition, wearing a hockey helmet had no effect on forehead sweat
[Na] as a strong correlation existed between the sweat [Na] while wearing a helmet (75.6
± 5.6 mM) and without a helmet (73.9 ± 5.5 mM, r = 0.99, p < 0.001, data not shown).
IIIc) Study Design
All measurements were made on one day of the evaluation camp in the same
arena. The players were separated into two teams of twenty-two and each team
participated in one morning practice and one afternoon practice on the day of study.
Practices lasted one hour and were held consecutively so that the two teams did not share
the ice, and both practices were identical in the morning and afternoon sessions. The
average arena temperature and r.h. in the morning and afternoon was 13.9°C, 66% r.h.,
and 14.6°C, 68% r.h., respectively. Ten to twelve players (~6
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Figure 3.1. The relationship between forehead sweat Na concentration and mean whole
body sweat Na concentration during preliminary laboratory testing (r = 0.95, p < 0.001).
Mean whole body sweat Na concentration is calculated according to the equation of
Patterson et al. (136) using a weighted average of the sweat Na concentrations of samples
obtained from the chest, back, forearm and thigh.

forwards, 4 defence, 1 goalie) were randomly selected from each team for study during
the morning practices and the remaining players were studied during the afternoon
practices. It is important to note that the players tested in the morning were different
from the players tested in the afternoon. The training was not different from that normally
performed during the evaluation camp and consisted of high intensity individual skating
and shooting exercises, as well as game situation drills.
Upon arrival to the arena, each player was asked to empty their bladder and a
urine sample was collected. The players were then immediately weighed on a Zenith
weigh scale (LG Electronics Canada, Mississauga, ON, Canada) accurate to ± 0.1 kg
wearing only shorts. The time between body mass weighing and the start of practice was
~30 min. After the pre-practice weight, players were instructed to continue with their
normal drinking routines and were given their choice of a commercially available sports
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drink (Gatorade) and/or water to drink before practice. Players preferred to drink a sports
drink before practice, but during practice all players chose to drink water and the
coaching staff provided several drinking opportunities. The players were encouraged to
drink normally and had free access to their chosen drink in individually labeled water
bottles. All bottles were weighed before and after practice to determine each individual’s
total fluid intake. Players were instructed to drink only from the bottles provided and not
to spit out any of the fluid or use the fluid to rinse their faces. Separate unmarked bottles
were available for those players who chose to rinse their faces.
Sweat samples were collected during practice from the forehead of each player
with an absorbent sweat patch (3M Tegaderm +pad, London, ON, Canada). The patches
were applied to each player’s forehead prior to practice once the area had been washed
with distilled water and patted dry. All patches were removed by 30 min of practice and
placed in filtered centrifuge tubes for extraction of the sweat from the patch.
Following the practice, players were instructed to collect any urine produced
during practice in labeled containers in order to correct body mass loss and sweat rate.
However, no player produced urine during the 1 h practice. Following practice, players
immediately removed their equipment, dried any surface sweat from their bodies and
body mass was again determined while the players wore only shorts.
IIId) Measurements
Temperature and r.h. were measured at chest level at centre ice prior to each
practice using a Fisherbrand Traceable Digital Thermometer (Fisher Scientific, Ottawa,
ON, Canada). The specific gravity of the urine samples (USG) was analyzed
immediately following collection with a portable refractometer (ATAGO USA Inc,
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Bellevue, WA, USA) to ascertain pre-practice hydration status. Sweat samples were
analyzed on site for [Na] with a portable conductivity analyzer (Wescor, Logan, UT,
USA).
IIIe) Calculations
Percent body mass loss during the practice was estimated as the net body mass
loss during the practice divided by the pre-practice body mass:
Percent body mass loss =

Pre body mass (kg) − Post body mass (kg)
∗100
Pre body mass (kg)

Sweat rate was estimated as net body mass loss during the 1 h practice (assuming
€ 1 kg = 1 L) plus total fluid intake and minus any urine produced during the practice:

Sweat rate (L·hr-1 ) =

[Pre body mass (kg) − Post body mass (kg)] + Fluid intake (L) − Urine output (L)
Practice length (h)

Respiratory water loss in these conditions is estimated to be ~1 mL·min-1 (98) which
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would amount to ~0.06 L during the practice. This contribution to body mass loss would
be small and was ignored in this study.
Individual total sweat Na loss was calculated by multiplying the Na concentration
of sweat samples (corrected according to (9) – whole body [Na] = forehead [Na] * 0.57)
by the molecular weight of Na (22.99 mg/mmol) and the total volume of sweat lost:

Sodium loss (g) = [ Sodium concentration (mM)∗ 22.99 ∗ Sweat loss (L)] ∗1000
Sweat sodium chloride (NaCl) loss was estimated by multiplying the sweat Na

€ loss by the ratio of the molecular weight of NaCl (58.44) to Na (22.99) assuming
stoichiometric loss of both ions:
# 58.44 &
Sodium chloride loss (g) = Sodium loss (g) ∗ %
(
$ 22.99 '
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Sweat Na losses have previously been shown to closely approximate sweat chloride
losses (99, 102, 136).
Individual Na intake was calculated by multiplying the sports drink [Na] (20 mM)
with the molecular weight of Na (22.99) and the total amount of sports drink consumed:

Sodium intake (g) = 20 (mM) ∗ 22.99 ∗ Sports drink intake (L)
IIIf) Statistical Analysis
€
All data are presented as the mean ± S.E. Associations between variables were
investigated using Pearson’s correlation analyses. Differences between morning and
afternoon practice data and forward and defence data were analyzed with Student’s
unpaired t tests. Goalies were not included in statistical comparisons as n = 4. Statistical
significance was accepted at p < 0.05.

IV. RESULTS
IVa) Pre-Practice Hydration Status
Average pre-practice USG was 1.020 ± 0.001 (Figure 3.2) and indicated that
players, as a group, were on the verge of being dehydrated. However, 24/44 players
arrived at practice with USG values of 1.021 or higher, indicating varying degrees of
hypohydration. Specifically, 11 players had a USG between 1.021-1.025, 12 were
between 1.026-1.030, and 1 player had a USG > 1.030. There was no difference in prepractice USG between forwards and defence, but goalies (n = 4) had a mean USG that
was higher than the remaining players (1.025 ± 0.002 and 1.019 ± 0.001, Figure 3.2).
There was no difference in USG between morning and afternoon practices (Figure 3.2).
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Defence had a significantly higher USG than forwards prior to the morning practice only
(1.023 ± 0.001 and 1.015 ± 0.003, respectively, p < 0.05).

Figure 3.2. Mean overall urine specific gravity (USG), and mean USG for the morning
(M) and afternoon (A) practices, and for goaltenders (G), defence (D), and forwards (F).
USG is used to assess pre-practice hydration status (mild dehydration; USG > 1.020).
Data are presented as mean ± SE.

IVb) Sweat Loss
The mean sweat rate was 1.8 ± 0.1 L·h-1 (Figure 3.3). Three players sweat less
than 1 L·h-1, while the majority of players sweat between 1-2 L·h-1 (n = 29), and 12 lost
more than 2 L·h-1. There was no difference in sweat rates between forwards and defence,
but goalies exhibited the highest sweat rate during practice (2.9 ± 0.2 L·h-1, Figure 3.3).
There was no difference in sweat rates between morning and afternoon practices (1.9 ±
0.1 and 1.7 ± 0.1 L·h-1, respectively). Forwards had a significantly higher sweat rate than
defence in the afternoon only (1.7 ± 0.1 and 1.3 ± 0.1 L·h-1, respectively, p < 0.05).
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Figure 3.3. Mean sweat rate and mean total fluid intake rates during the 1 hr, on-ice
practice. Mean overall values are shown as well as mean values for each playing
position. Data are presented as mean ± SE.
IVc) Fluid Intake
The mean total fluid intake was 1.031 ± 0.084 L·h-1 (Figure 3.3). Of the total
fluid intake, 0.428 ± 0.034 L of sports drink was consumed prior to practice and 0.602
± 0.069 L of water was consumed during practice (Figure 3.4). The majority of players
drank less than 1 L·h-1 (n = 25), 18 players drank between 1-2 L·h-1 and 1 player drank
more than 2 L·h-1. There was no difference in fluid intake between forwards and
defence, but goalies had the highest drink intake during the practice (1.8 ± 0.5 L·h-1,
Figure 3.4). Fluid intake was significantly lower in the afternoon than in the morning
practice (0.8 ± 0.1 and 1.3 ± 0.1 L·h-1, p < 0.01, Figure 3.5). This was a direct result of
decreased water intake during practice (0.4 ± 0.1 and 0.9 ± 0.1 L, p < 0.001) as sports
drink intake prior to practice was the same in both the morning and afternoon
sessions(0.4 ± 0.0 and 0.4 ± 0.1 L, p = 0.80, Figure 3.5). There was no difference in the
fluid intake of forwards or defence in either of the morning or afternoon practices.
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Figure 3.4. Mean sports drink, water, and total fluid intake for each position. Players
chose to drink a sports drink prior to practice, and water was consumed during practice.
Data are presented as mean ± SE.

Figure 3.5. Mean sports drink, water, and total fluid intake in the morning and afternoon
practices. Players chose to drink a sports drink prior to practice, and water was consumed
during the practice. Significantly different from the same variable during the morning
practice, *; p < 0.01, **; p < 0.001. Data are presented as mean ± SE.
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IVd) Body Mass Losses
On average, players successfully replaced ~60% of the fluid lost during practice,
resulting in a mean body mass loss of 0.7 ± 0.1 kg. This corresponds to a loss of 0.8 ±
0.1% of the pre-practice body mass. However, 13 players lost between 1-2% of body
mass, and 1 player lost in excess of 2%. There was no difference in percent body mass
loss between forwards and defence during practice, although it was highest in goalies (1.1
± 0.4%). There was no difference in percent body mass loss between the morning and
afternoon practices, or between forwards and defence in either of the morning or
afternoon practices.
IVe) Sodium Balance
The mean forehead sweat [Na] was 30.9 ± 1.4 mM (Table 3.1). The mean total
corrected Na loss was 1.29 ± 0.10 g during the 1 h practice with 7 of the 44 players losing
more than 2 g of Na during the practice. Assuming that Na was lost as NaCl (99, 102,
136, 149), this corresponded to a loss of ~3.3 ± 0.3 g of NaCl during the practice. The
small amount of sports drink consumed prior to practice replaced only 0.20 ± 0.02 g of
Na resulting in a mean net Na deficit of 1.09 ± 0.10 g. There was no difference in
forehead sweat [Na] between forwards and defence, but Na loss was highest in goalies
(2.17 ± 0.12 g, Table 3.1). Forehead sweat [Na] was significantly decreased in the
afternoon when compared to the morning practice (Table 3.1, p < 0.001), and contributed
to a significantly reduced loss of Na in the afternoon (1.05 ± 0.10 and 1.57 ± 0.16 g, p <
0.01) as well as a diminished Na deficit (0.85 ± 0.09 and 1.38 ± 0.16 g, p < 0.01).
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Table 3.1. Sweat [Na], and total Na loss in the morning and afternoon practices. Data
were collected from 44 players; data for the morning practice was collected from a subset
of 20 players, and the remaining players (n = 24) were studied during the afternoon
practice. Na concentrations and losses were corrected according to (9).
Mean ± S.E.
Range
Corrected Overall Sweat [Na] (mM)
30.9 ± 1.4
15-50
Corrected Morning Sweat [Na] (mM)
35.8 ± 2.0
21-50
Corrected Afternoon Sweat [Na] (mM) *
26.8 ± 1.4
15-45
Overall Na Loss (g), n = 44
1.29 ± 0.10
0.34-3.20
Goal Na Losses (g), n = 4
2.17 ± 0.12
1.86-2.43
Defence Na Losses (g), n = 16
1.09 ± 0.08
0.34-3.20
Forwards Na Losses (g), n = 24
1.20 ± 0.10
0.63-2.03
Data are presented as mean ± SE. *; significantly different from the morning practice, p
< 0.05.

IVf) Correlations
USG did not correlate with sweat rate (r = 0.25), total fluid intake (r = 0.21),
percent body mass loss (r = 0.02), or forehead sweat [Na] (r = 0.24). Of note in the
current study is the correlation between sweat rate and total fluid intake (Figure 3.6) that
has not been previously identified (99, 102, 160). Even though the correlation in the
present study took into account both fluid intake prior to and during practice, and not just
fluid intake during practice, as was done in the previous studies, the relationship in this
study persists in both conditions (Figure 3.6). This correlation is, however, influenced by
one subject, and by excluding that subject’s data the relationship becomes non-significant
in both cases (r = 0.30, p = 0.05 and r = 0.26, p = 0.09). Sweat rate was also correlated
with percent body mass loss (r = 0.50, p < 0.001) but did not correlate with forehead
sweat [Na] (r = 0.30, p = 0.05). Total fluid intake correlated with percent body mass loss
(r = 0.54, p < 0.001) but not forehead sweat [Na] (r = 0.27, p = 0.07).
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In forwards, both sweat rate (r = 0.60, p < 0.01) and fluid intake (r = 0.77, p <
0.001) correlated with percent body mass loss. In defence, USG correlated with forehead
sweat [Na] (r = 0.57, p < 0.05), and sweat rate was correlated with both percent body
mass loss (r = 0.66, p < 0.01) and sweat [Na] (r = 0.64, p < 0.01).
During the morning practice, USG correlated with sweat rate (r = 0.54, p < 0.05),
and fluid intake correlated with both percent body mass loss (r = 0.58, p < 0.01) and
sweat rate (r = 0.50, p < 0.05). During the afternoon practice, both fluid intake (r = 0.43,
p < 0.05) and sweat rate (r = 0.66, p < 0.001) were correlated with percent body mass
loss.

Figure 3.6. The relationship between sweat rate and total fluid intake ( ), and sweat rate
and fluid intake during practice only ( ). Circled data points indicate an outlying
subject. Data are presented as mean ± SE.

V. DISCUSSION
The present study examined the hydration status and habits of elite junior male ice
hockey players in preparation for and during an intense 1 h, on-ice practice. The main
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findings of the study were that: 1) over 50% of the players arrived at practice in varying
stages of dehydration, 2) players preferred to drink a sports drink before practice and
water during practice, 3) sweat rates for all positions during the practice were high, 4)
players replaced ~60% of the fluid they lost, which limited body mass loss to less than
1% in ~68% of players during practice, 5) ~30% of players did lose more than 1% of
body mass during practice and were advised to drink more, and 6) players lost substantial
amounts of Na in their sweat, which were not replaced in the sports drink they consumed
before practice or in the water they drank during practice.
Va) Pre-Practice Hydration Status
The average pre-practice USG found in this study (1.020 ± 0.001) was similar to
data reported in recreationally active individuals (170), elite soccer players (99, 102), and
in college and high school football players (63, 171) after the initiation of two-a-day
preseason practices. Oppliger et al. (133) have previously shown that both USG and
urine osmolality mimic acute changes in plasma osmolality during a three-stage
dehydration protocol, and a USG value greater than 1.020 is an indicator of dehydration
(24). While the average USG in the current study suggests that players are on the
threshold of being dehydrated, the individual values reveal that the between subject
variability ranged from 1.005-1.031. Indeed, a large number of players arrived to
practice well hydrated (n = 20), but over 50% (n = 24) were hypohydrated to varying
extents prior to practice which could have caused an exaggerated increase in core
temperature and heart rate, and a decrease in sweat rate during practice (111). Although
we were unable to detect any overall effect of USG on sweat rate to support this idea in
the present study, there was a correlation (r = 0.54, p < 0.05) in the morning practice
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only. The goalies (n = 4) were presumably at greater risk of adverse effects as they
tended to be dehydrated before practice with a mean USG of 1.025 ± 0.002. It should
also be remembered that we did not control what the players drank before showing up to
practice, as we wanted to assess what they did on a regular basis.
All players did, however, have ~30 min between the weigh-in and the beginning
of practice to hydrate, and they drank 0.4 ± 0.0 L of a sports drink during this time
period. It is common to recommend that athletes who will be engaging in intensive
exercise consume ~500-600 mL in the hour before practice (24). In the present group of
hockey players, this recommendation corresponds to ~7-8 mL·kg BM-1. The ACSM
Exercise and Fluid Replacement Position Stand suggests that hydrating prior to exercise
should begin slowly, hours before an event to maximize fluid absorption and allow urine
production to return to normal (152). Also, hydrating with beverages containing Na
helps retain fluids. While the players were not instructed to follow the prescribed
guidelines of ingesting ~5-7 mL·kg BM-1 for the 4 h prior to exercise followed by ~3-5
mL·kg BM-1 in the 2 h before exercise, they drank ~4.8 mL·kg BM-1 in the ~30 min
before practice. The players who were slightly dehydrated before practice did not drink
any more fluid than the other players, but it is likely that at the very least they were able
to ameliorate their hydration status before the practice.
The mean USG before the afternoon practice was not elevated compared to the
morning practice. Even though we were not able to test the same players in the morning
and afternoon, the USG data suggests that players may have successfully replenished the
fluid lost during the morning practice before returning to the rink for the second practice.
Godek et al. (63) reported similar findings and found that when college football players
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practiced twice per day, morning and afternoon pre-practice measures were the same over
a span of 7 days during a training camp. In the present study, the players needed to drink
at least 750 mL (to replenish ~0.7 kg lost) and consume enough Na either in solid food or
in beverages to restore their hydration status for the afternoon practice.
Vb) Sweat Loss
The combination of ~10°C arena temperature, heavy padded equipment, welltrained status and exercise intensity was sufficient to cause a high sweat rate of 1.8 ± 0.1
L·h-1. This rate was higher than that reported in another study of elite ice hockey players
(60) during a pre-season practice (1.3 ± 0.3 L·h-1) and game (1.2 ± 0.3 L·h-1). The sweat
rate in the present study was also higher than other studies performed in cooler conditions
as Maughan et al. (99) reported that soccer players sweat ~1.1 L·h-1 while training for 90
min in a cool environment (5°C, 81% r.h.). The sweat losses observed in the present
study are also similar to or higher than reported rates in studies performed in much
warmer conditions. Maughan et al. (102) found a mean sweat rate of ~1.4 L·h-1 for
soccer players training for 90 min in the heat (26.6 ± 1.0°C, 54.8 ± 2.9% r.h.) and
Shirreffs et al. (160) reported a mean sweat rate of ~1.5 L·h-1 for soccer players during
the second of two 90 min practices in the heat (32 ± 3°C, 20 ± 5% r.h.). Similarly,
Bergeron et al. (16) reported sweat rates of ~1.6 L·h-1 when college tennis players
participated in a three day round-robin tournament in the heat (32.2 ± 1.5°C, 53.9 ± 2.4%
r.h.), and Godek et al. (62) observed average sweat rates of 2.1 ± 0.5 L·h-1 for 2 h in
football players and 1.8 ± 0.4 L·h-1 for 1 h in runners, when they participated in twice-aday preseason practices in a hot and humid environment (31.3 ± 0.9°C, 53.1 ± 3.8% r.h.).
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Clearly the athletes in the present study were heavy sweaters but individual
responses were again highly variable and ranged from 0.5-3.2 L·h-1. Goalies were the
heaviest sweaters losing 2.9 ± 0.2 L·h-1 and this can be attributed to the additional
protective equipment they are required to wear, and their constant involvement in the
drills during the practice. The players, upon completing a drill, waited for 4-5 other
players to complete their turns before repeating the drill. This allowed the players a
chance to rest while the goalies were generally involved in many or all successive
repetitions of each drill. The sweating response would presumably be different in game
situations, as goalies are only required to react to game play in their end while other
players are continuously active during their shifts. This is supported by a study by Green
et al. (72) that demonstrated much smaller increases in blood lactate for a goalie (n = 1,
+153%) than other players (n = 7, +325 ± 16%) during a game, despite similar fitness
levels (VO2max; 4.30 L·min-1 and 4.01 ± 0.15 L·min-1). Direct comparisons cannot be
made however, as players typically played 24.5 ± 1.4 min over 17.4 ± 1.0 shifts, but timemotion data were not collected for the goalie.
Vc) Fluid Balance and Body Mass Loss
Players in this study voluntarily replaced 58% of their sweat losses during
practice, which supports the so-called “voluntary dehydration” phenomenon that has been
reported in many different sports in the literature (16, 18, 60, 62, 99, 102, 119, 160). In
spite of incomplete rehydration, players only lost 0.8% of their body mass during
practice.
It should be noted that in this study the reported fluid intake “during practice”
includes both sports drink intake and water intake during practice. The mean fluid intake
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in this study (1.0 ± 0.1 L·h-1) was comparable to that reported by Godek et al. (60) in elite
hockey players during a pre-season practice (~0.8 L·h-1) and game (~1.4 L·h-1). Fluid
intake was higher, however, than reported by Maughan et al. (99) in a study of elite
soccer players training for 90 min in a cool environment (~0.3 L·h-1). In the present
study, fluid intake was comparable to that reported in studies conducted in hot
environments; Maughan et al. (102) found a voluntary fluid intake of ~0.7 L·h-1 and
Shirreffs et al. (160) reported a mean total fluid intake of ~0.7 L·h-1 during 90 min of
summer soccer training (26.6 ± 1.0°C, 54.8 ± 2.9% r.h. and 32 ± 3°C, 20 ± 5% r.h.,
respectively). Moreover, Bergeron et al. (16) reported a mean fluid intake of ~1.1 L·h-1
during tennis competition (32.2 ± 1.5°C, 53.9 ± 2.4% r.h.) and Godek et al. (62) reported
mean fluid intakes of 1.4 L·h-1 for football players and 0.6 L·h-1 for runners (31.3 ±
0.9°C, 53.1 ± 3.8% r.h.). The lower fluid intake rates for soccer and running appeared to
be related to less frequent opportunities to drink than in tennis, football and hockey.
Voluntary fluid intakes and body mass losses were highly variable in this study
and ranged from 0.2-3.3 L·h-1 and -0.3-2.3%, respectively. Goalies drank more than
other players before practice (0.7 ± 0.2 L), during practice (1.2 ± 0.5 L), and in total (1.8
± 0.5 L·h-1), which is likely a function of having ready access to fluids during the practice
(bottles on the net). Other players, however, were only able to drink during breaks
dictated by the coaching staff. Another possibility is that the increased fluid intake
observed in goalies was a function of their high sweat rate, although again, studies to date
have been unable to find such a relationship (99, 102, 160). Future studies are required to
collect enough position-specific data in order to elucidate any relationships between the
measured variables. In this study however, the goalie with the highest overall fluid intake
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(3.3 L·h-1) also had the highest overall sweat rate (3.2 L·h-1). This resulted from the fact
that this individual had previous issues with severe cramping and was aware of his
particular need to consume large amounts of fluid during practices. This supports the
idea that hydration guidelines must be personalized (102) and individual education is the
most effective means of preventing dehydration in sport.
Vd) Sodium Balance
The mean forehead sweat [Na] (31 mM) and Na loss (-1.3 g) were corrected
according to findings by Baker et al. (9), however the uncorrected values observed in this
study (54 mM and -2.3 g, respectively) are similar to those reported by Godek et al. (60)
in elite hockey players during a pre-season practice (~61 mM and ~ -1.8 g) and game
(~67 mM and ~-1.9 g), as well as to those reported by Maughan et al. (99, 102) and
Shirreffs et al. (160) in elite level soccer players. Na replacement is essential for
retaining ingested fluid and restoring fluid balance after exercise (99, 122, 159, 173). For
players in this study, who only consumed a sports drink before practice, only 9% of their
losses of their sweat loss were replaced. This supports previous findings demonstrating
the consistent inability of athletes to replenish their sweat Na losses when active (99, 102,
160).
The players in this study preferred to drink a sports drink before practice and only
water during practices. If they replaced water with a sports drink (20 mM) during
practice, players could have replaced 0.5 g or 21% of their Na losses. However, if the
players drank a sports drink with extra Na (i.e. Gatorade Endurance ~40 mM or Gatorade
with GatorLYTES ~95 mM) before and during practice they would have replaced ~40%
or 100% of their Na losses. When exercise bouts are separated by days, athletes can
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typically restore Na through their normal diets, but when multiple exercise bouts occur in
one day it is unlikely that the Na deficits from previous workouts are replenished (99).
Ve) Performance
Body water losses greater than 2% body mass impair absolute power production
(35), basketball skill performance (7, 43), soccer skill performance (107), 5- and 10-m
sprint times (97), long-duration running time (3), cycling performance (178), and
cognitive function (70). When sweating excessively without fluid replacement, plasma
volume decreases and may limit performance as the diminished blood volume cannot
meet the metabolic needs of the contracting muscle and fulfill a thermoregulatory role
(111). In these situations, skin blood flow suffers and core temperature rises, eventually
causing fatigue (92). Similar impairments are likely to occur in ice hockey if players
become significantly dehydrated, although this has not been tested.
Only one player in this study lost in excess of 2% body mass (2.3%), but was
clearly well hydrated (USG = 1.012) prior to practice. Latzka et al. (91) have shown that
hyperhydration prior to exercising can delay the onset of dehydration and the associated
physiological strain when fluid is not replaced during exercise. As such, the dehydration
induced in this player’s case was likely not as severe as indicated by his body mass loss.
Conversely, another player began practice with a USG of 1.028 and lost 1.5% body mass.
Body mass losses of this magnitude have been shown by Edwards et al. (46) to decrease
performance, and considering that the dehydration-associated physiological strain was
likely exacerbated in this case based on the player’s USG, the effects on performance
were likely more severe than reported. However, further work is required to ascertain to
what extent body mass losses affect performance for a given pre-activity hydration status
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as assessed by USG. Studies have also shown that fluid and carbohydrate ingestion
during exercise can limit dehydration and attenuate decreases in performance (14, 107,
117). Recently, Coles & Luetkemeler (30) reported that ingestion of a Na solution prior
to 45 min of endurance exercise resulted in plasma hypervolemia and improved time trial
performance. It is unknown if this practice yields similar results in ice hockey.
Vf) Conclusion
Over half of the players in the current study began practice in varying stages of
dehydration, which can exacerbate the effects of fluid loss on sport performance. As
hypothesized, the sweat losses for all positions were high, similar to rates found when
athletes participate in warm-weather sports. On average, players voluntarily replaced
only ~60% of their sweat losses, but 2/3rd of the players drank enough to minimize body
mass losses, while the remaining 1/3rd lost more than 1% of body mass despite several
drinking opportunities. Players also incurred large Na deficits during practice that were
not replenished with the sports drink they consumed before practice, or the water they
drank during practice. In summary, elite ice hockey players have very high sweat rates
and despite numerous opportunities to drink, replace only ~60% of the sweat losses. It is
not currently known whether losses of 1-2% body mass through sweating affects on-ice
hockey performance.
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4.

CHAPTER FOUR:

ON-ICE SWEAT RATE, VOLUNTARY

FLUID INTAKE AND SODIUM BALANCE DURING PRACTICE IN
MALE JUNIOR ICE HOCKEY PLAYERS WHEN DRINKING
WATER OR A CARBOHYDRATE ELECTROLYTE SOLUTION.
Palmer MS, Logan HM and Spriet LL. Appl Physiol Nutr Metab. 35: 328-335, 2010

I. ABSTRACT
This study evaluated the repeatability of hydration measurements made during onice hockey practices with players drinking only water and also determined whether
having only a carbohydrate-electrolyte solution (CES) to drink during practices would
decrease fluid intake or affect other hydration/sweat measures. All testing was conducted
on elite players of an Ontario Hockey League team (mean ± SE; 17.6 ± 0.3 y, 182.9 ± 1.4
cm, 83.0 ± 1.7 kg). Players were studied 3 times over the course of 6 weekly on-ice
practices (1.58 ± 0.07 h, 11.4 ± 0.8°C, 52 ± 3% r.h.). There was strong repeatability of
the measured hydration parameters between two similar on-ice practices when players
drank only water. Limiting the players to drinking only a CES vs. water did not decrease
fluid intake while practicing (0.72 ± 0.07 vs. 0.82 ± 0.08 L·hr-1) or affect sweat rate (1.5
± 0.1 vs. 1.5 ± 0.1 L·hr-1), sweat [Na] (41.3 ± 3.2 vs. 41.6 ± 2.5 mM) or percent body
mass loss (1.1 ± 0.2 vs. 0.9 ± 0.2%). Drinking a CES improved Na balance (-1.0 ± 0.1
vs. -1.5 ± 0.1 g·hr-1, p < 0.05) and provided the players with carbohydrate (43 ± 4 vs. 0 ±
0 g·hr-1) during practice. In summary, a single field sweat test during a similar on-ice
hockey practice in male junior hockey players is sufficient to evaluate fluid and
electrolyte balance. Also, a CES does not affect voluntary fluid intake during practice as
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compared to water in these players. The CES provided some salt to offset the salt lost in
sweat, and carbohydrate, which may help maintain physical and mental performance in
the later stages of practice.

II. INTRODUCTION
Research in many sports such as running (3, 117), cycling (178), basketball (7,
43), tennis (97) and soccer (46, 107) has suggested that sweat losses resulting in a body
mass loss greater than 2% of the pre-practice body mass can decrease athletic
performance. Incomplete replacement of fluid losses during prolonged exercise can lead
to exaggerated increases in heart rate, core temperature and perceived exertion, and
decreases in stroke volume and cardiac output with as little as a 1% loss of pre-exercise
body mass (111). Typically, total sweat loss is calculated by correcting the net change in
body mass for the amount of fluid consumed during a practice, and total Na loss can be
calculated if the concentration of Na in the sweat is known. These methods are
commonly used to conduct sweat tests in tennis (16), hockey (60), soccer (99), and
football (169), but we are unaware of any data that has examined the repeatability of
these measures on different test days in the same population.
Recent field research reported that elite junior (135) and professional (165) ice
hockey players preferred to drink water vs. a carbohydrate electrolyte solution during onice practices when left to make their own drink selection. In our experience, players have
expressed verbal unwillingness to drink anything but water while on the ice, but we are
unaware of any work that has investigated the effects of ingesting a carbohydrate
electrolyte solution on voluntary fluid intake in 17-20 year old male hockey players while
practicing. The ingestion of carbohydrate in a drink has been shown to delay fatigue and
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improve performance compared to a placebo when ingested during moderate intensity
endurance exercise (36, 82), intense intermittent exercise (38, 57) and while playing
basketball (43), and as such could be beneficial for hockey players during on-ice
practices.
Therefore, the aims of the current study were to 1) examine the repeatability of
the hydration/sweat parameters collected from the same subjects during similar on-ice
practices while drinking water and 2) determine whether limiting drinking options to only
a commercially available carbohydrate-electrolyte solution would influence a player’s
hydration/sweat parameters when left to drink ad libitum during practice. We
hypothesized that, 1) for similar on-ice practices, the hydration/sweat parameters would
not be significantly different between trials when consuming only water during practice,
and that each variable would be significantly correlated between the two trials and 2) ad
libitum fluid intake would be decreased, and consequently percent body mass loss would
be increased, when players were only given the option of consuming a carbohydrateelectrolyte solution during practice.

III. METHODS
IIIa) Subject Characteristics
The players who volunteered for the study were members of the Guelph Storm, a
local Ontario Hockey League team (n = 18) and averaged (mean ± SE) 17.6 ± 0.3 y,
182.9 ± 1.4 cm, and 83.0 ± 1.7 kg. The players were informed in writing and orally of all
risks, requirements and procedures of the testing, prior to obtaining written and oral
consent. The Research Ethics Board of the University of Guelph approved this study.
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IIIb) Study Design
The study consisted of three trials; the first two trials (Water 1 and 2) were used to
assess the players’ hydration/sweat parameters, and to test the repeatability of the
collected data between test days. All players completed the first two trials; 10 were
forwards, 6 played defence and 2 were goalies. A subset of 14 players (17.4 ± 0.3 y,
182.5 ± 1.6 cm, and 81.8 ± 1.9 kg) including 8 forwards, 4 defence and 2 goalies
completed a third trial, which limited the players’ ad libitum fluid intake to a
carbohydrate-electrolyte solution (CES) before and during practice.
All measurements were made during six regular weekly practices in the team’s
home arena at the same time in the afternoon. The experimental protocol, measurements
and calculations were performed as described in Chapter 3.
IIIc) Statistics
All data are presented as the mean ± SEM. The differences between Water 1 and
Water 2, and between Water and CES trials were analyzed using Student’s paired t-tests.
Differences between mean Water data for n = 18 subjects that completed both Water
trials and n = 14 subjects that completed all three trials were identified using Student’s
unpaired t-tests. Differences between forwards and defence in each condition were
analyzed using Student’s unpaired t-tests. Relationships between variables in each
condition were investigated using Pearson’s correlation analyses. Goalies were not
included in position comparisons as n = 2. Significance was accepted at p < 0.05.
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IV. RESULTS
IVa) Repeatability of Water trials
The arena temperature (11.3 ± 2.7 vs. 10.7 ± 1.2°C), r.h. (56 ± 5 vs. 56 ± 4%), and
practice duration (1.75 ± 0.00 vs. 1.42 ± 0.09 hr) were similar in the two Water trials.
Mean pre-practice USG, fluid intake before and during practice, sweat rate during
practice, forehead sweat [Na] and Na losses during practice were the same in Water 1 and
Water 2 (Table 4.1). Significant correlations between the two Water trials were found for
all hydration measures (Figure 4.1), and in each case the slope and intercept of the testretest relationship was not significantly different from the line of identity.
The mean data from the 18 subjects that completed Water trials 1 and 2 was not
different from the mean Water data of the 14 subjects that completed the CES trial (data
not shown). The mean Water data from the 14 subjects that completed all three trials was
used for the following comparisons between Water and CES.
IVb) Water vs. CES trials
The arena temperature (11.0 ± 1.2 vs. 12.2 ± 0.8°C) and r.h. (56 ± 2 vs. 44 ± 4%,
p = 0.20), and duration (1.58 ± 0.10 vs. 1.59 ± 0.09 h) were not different between Water
and CES practices, respectively.
Pre-Practice Hydration Status. Pre-practice USG was not different between
Water and CES (Table 4.1). Eleven of the 14 players in Water, and 10 of the 14 players
in CES arrived to practice in varying stages of dehydration with a USG ≥ 1.020 (Figure
4.2). There was no difference in pre-practice USG between forwards and defence within
either condition or between conditions. The goalies had two of the highest USG values
(Water, 1.028 and 1.030; CES, 1.028 and 1.035).
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Table 4.1. Comparison of pre-practice USG, fluid intake, Na and CHO intake before and
during practice, and sweat rate, forehead sweat [Na], and corrected Na loss (9) during
practice for subjects in Water 1, Water 2 and CES trials. Significantly different between
conditions, *; p < 0.05.

PrePractice

USG
Fluid Intake
Sports Drink (L)
Water (L)
Total Fluid (L)
Sodium and Carbohydrate
Intake
Sodium (g)
Carbohydrate (g)

During
Practice

Water 1
(n = 18)

Water 2
(n = 18)

CES
(n = 14)

1.023 ± 0.002

1.023 ± 0.002

1.023 ± 0.003

0.36 ± 0.06
0.07 ± 0.03
0.43 ± 0.05

0.33 ± 0.05
0.02 ± 0.01
0.35 ± 0.05

0.43 ± 0.05
0.00 ± 0.00
0.43 ± 0.05

0.16 ± 0.03
21 ± 3

0.15 ± 0.02
19 ± 3

0.24 ± 0.04
26 ± 3

0.00 ± 0.00

0.00 ± 0.00

0.72 ± 0.07

0.86 ± 0.07
1.4 ± 0.1
0.8 ± 0.2

0.85 ± 0.08
1.6 ± 0.1
0.8 ± 0.1

0.00 ± 0.00
1.5 ± 0.1
1.1 ± 0.2

40.8 ± 2.3

40.6 ± 2.4

41.3 ± 2.3

1.3 ± 0.1

1.5 ± 0.1

1.4 ± 0.1

0±0

0±0

43 ± 4

Fluid Balance
Sports Drink Intake
(L·hr-1)
Water Intake (L·hr-1)
Sweat Rate (L·hr-1)
Body Mass Loss (%)
Sodium and Carbohydrate
Corrected Forehead
Sweat Na (mM)
Na Loss (g·hr-1)
Carbohydrate Intake
(g·hr-1)

*

Sweat Loss. The mean sweat rate was the same in Water and CES (Figure 4.3).
In both the Water and CES trials, 1 player sweat < 1 L·hr-1, 11 players sweat between 1-2
L·hr-1 and 2 players sweat between 2-3 L·hr-1. There was no difference in sweat rate
between forwards and defence in either condition or between conditions. The goalies
were among the players with the highest sweat rates (Water, 2.0 and 1.8 L·hr-1; CES, 2.0
and 1.7 L·hr-1) during the practices.
Fluid Balance. Players drank the same amount of fluid before (Table 4.1), and
during practice (Figure 4.3) in the Water and CES trials. In the Water trial, 10 players
drank < 1 L·hr-1during practice, and 4 drank between 1-2 L·hr-1. In the CES trial, 12
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Figure 4.1. Test-retest correlations for USG, fluid intake during practice, sweat rate
during practice, percent body mass loss, forehead sweat [Na] and sweat Na loss during
practice for 18 subjects in Water 1 and Water 2. For each variable, the slope and
intercept of the observed relationship was not different from y = x. Pearson r-values and
p-values are presented for each correlation.
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Figure 4.2. Urine specific gravity values for each player before the Water and CES
trials. Players are grouped by playing position. The horizontal line represents a USG =
1.020.

Figure 4.3. Mean sweat rate and fluid intake during practice in the Water and CES trials.
Data are mean ± SE.
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players drank < 1 L·hr-1during practice, while 2 drank between 1-2 L·hr-1. There was
also no difference in urine output between trials (0.09 ± 0.02 vs. 0.15 ± 0.05 L). There
were no differences in fluid intake prior to practice or total fluid intake during practice
between forwards and defence in either condition or between conditions. The goalies
were among the players that drank the most during practice (Water, 1.31 and 1.34 L·hr-1;
CES, 1.14 and 0.86 L·hr-1).
Body Mass Loss. In Water, players replaced 71% of the fluid lost during practice,
and limited body mass loss to 0.9 ± 0.2% of the pre-practice body mass. This did not
differ from CES where players replaced 67% of the fluid lost during practice, and limited
body mass loss to 1.1 ± 0.2%. In Water, 11 players lost between 0-1.4%, 2 players lost
between 1.5-2.0%, and 1 player lost more than 2.0% of the pre-practice body mass. In
CES, 9 players lost between 0-1.4%, 4 players lost between 1.5-2.0%, and 2 players lost
more than 2.0% of the pre-practice body mass. There was no difference in percent body
mass loss between forwards and defence in either condition or between conditions. The
goalies minimized their body mass losses in both trials (Water, 0.6 and 0.7% pre-practice
body mass; CES, 0.8 and 1.3% pre-practice body mass).
Sodium Balance. Forehead sweat [Na] was not different in Water and CES (Table
4.1), and contributed to a similar Na loss during practice in both trials (Figure 4.4).
Players ingested the same amount of Na before practice in Water and CES (Table 4.1),
but Na replacement during practice was greater in CES, which resulted in a smaller Na
deficit (Figure 4.4). The improved Na deficit was driven by the defencemen (-0.5 vs. -1.4
g·hr-1). Forwards did not demonstrate an improved Na balance (-0.8 vs. -1.0 g·hr-1)
because of a non-significant increase in Na loss (-1.5 vs. -1.2 g·hr-1, p = 0.10) in CES vs.
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Water. There was no difference in Na loss, Na intake or net Na balance between
forwards and defence within either condition. However, Na intake was higher in both
forwards (0.30 ± 0.05 g·hr-1) and defence (0.34 ± 0.05 g·hr-1) in CES compared to Water.

Sodium (g·hr-1)

1.0

†

*

0.0

-1.0

-2.0

Water
- Na Loss

CES
- Na Intake

- Na Balance

Figure 4.4. Corrected Na loss, Na intake and net Na balance during practice in the Water
and CES trials. Na loss was corrected according to (9). Significantly different from the
same variable in Water, *; p < 0.05, †; p < 0.01. Data are mean ± SE.

Carbohydrate Provision. Players ingested a minimal amount of carbohydrate
before practice in Water and CES, but carbohydrate replacement during practice was
greater for all players in CES (Table 4.1). There was no difference in carbohydrate
intake during practice between forwards and defence within either condition, however, in
CES compared to water, carbohydrate intake was higher in forwards (39 ± 6 g) and
defence (44 ± 6 g).

V. DISCUSSION
The main findings of this study were, 1) the field measurements of mean USG,
fluid intake before and during practice, and sweat rate, sweat [Na] and sweat Na loss
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during practice from the two Water trials were highly repeatable, 2) players did not adjust
their voluntary fluid intake before and during practice when limited to consuming only a
CES during an on-ice practice. This translated into players consuming some salt and
carbohydrate during practice while maintaining their fluid balance.
Va) Repeatability of Water trials
In support of our hypothesis, there were no differences between Water trials 1 and
2 for any of the hydration/sweat parameters measured in the field. Also, the slope and
intercept of the relationships observed between trials was not different from the line of
identity for each variable, indicating that in this group of players the measurements were
repeatable between similar weekly practices in the field. Temperature, r.h. and practice
duration were also similar between trials. Therefore, these measurements were
successfully reproduced during on-ice “sweat tests” and should be applicable to field tests
consisting of a single ice hockey practice.
Vb) Pre-Practice Hydration
Mean pre-practice USG was the same in both Water and CES trials (1.023) and
values ranged from 1.006-1.036 in both trials. Mean USG was similar to that reported in
a select group of elite junior ice hockey players where the mean USG was 1.020 (135),
and the range of individual values was similar (1.005-1.030). In the current study, 79%
of players in the Water trial (n = 11) and 71% of players in the CES trial (n = 10) arrived
at practice dehydrated with a USG ≥ 1.020, compared to our previous work where 55%
of players (n = 24) were dehydrated prior to practice (135).
However, all players in the current study had ~30 minutes from the USG
measurement to the beginning of practice, and drank 0.39 L of fluid in the Water trial,
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and 0.43 L of fluid in the CES trial. The ACSM and NATA Position Stands recommend
that athletes drink 400-600 mL in the 4 hours before exercise, and if necessary 200-300
mL in the hour before exercise (24, 152), so it is likely that all players were able to
replenish body water sufficiently to be considered hydrated at the start of practice.
Vc) Sweat Loss, Fluid Balance and Body Mass Loss: CES vs. Water
The average sweat rate in the current study was not different in the Water and
CES trials (1.5 L·hr-1) and varied over a wide range from 0.7-2.1 L·hr-1. In both trials it
was comparable to that observed in a select group of elite junior ice hockey players
during an intense, on-ice practice (1.8 L·hr-1) (135), and in professional ice hockey
players during a pre-season practice (1.3 L·hr-1) and game (1.2 L·hr-1) (60). However,
the sweat loss in the current study was not as high as we have previously reported in
professional ice hockey players during a practice (2.1 L·hr-1) (165). Collectively, these
results underscore the fact that athletes have high sweat rates and may be at risk of
becoming dehydrated when participating in cold weather sports.
Contrary to our hypothesis, ad libitum fluid intake during practice did not
decrease when players were limited to drinking only a CES. Voluntary fluid intake
ranged from 0.34-1.35 L·hr-1 in both trials. Only 5 out of 14 players decreased their fluid
intake by more than 0.2 L and players increased their fluid intake by more than 0.2 L in
the CES trial. These results were similar to our previous work with junior players (1.03
L·hr-1, (135), and comparable to that of professional ice hockey players during on-ice
practices (0.8 L·hr-1, 0.78 L·hr-1) (60, 165) and a game (1.4 L·hr-1) (60). From our
experience, it appears that hockey players are seldom given the option of drinking a CES
while on the ice, which could translate into their preference for only drinking water
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during practices and games. We formulated our hypothesis based on the verbal
unwillingness of players to consume a CES during practice; they worried that the
stickiness would make them uncomfortable or assumed they wouldn’t like the taste while
playing. However, considering the stimulatory effects of sweetness on voluntary fluid
consumption reported in adolescent (9-14 years) boys (141, 183), it’s not unreasonable
that we observed no change in voluntary fluid intake during practice in this group of
hockey players.
Interestingly, the only significant correlation found in both trials was between
sweat rate and voluntary fluid intake during practice (Figure 4.5). Studies to date have
failed to show a similar correlation in elite (135) or professional athletes (99, 102, 160),
and we are unable to conclude that this correlation demonstrates cause and effect.

Figure 4.5. Relationship between sweat rate and voluntary fluid intake during practice in
the Water and CES trials.

Vd) Sodium Balance: CES vs. Water
In the present study, net Na balance was improved when players drank a CES
during practice (-1.0 g·hr-1) vs. water (-1.5 g·hr-1). This trend was driven by the
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defencemen (-0.9 vs. -1.7 g·hr-1 in the Water and CES trials) where we observed a
combination of increased Na intake, and a non-significant decrease in Na loss in CES vs.
Water (1.3 vs. 1.7 g·hr-1, p = 0.18). Na balance was not improved in forwards because
Na loss was slightly higher in CES vs. Water. This small difference may have resulted
from a combination of slightly higher sweat rate (1.4 vs. 1.3 L·hr-1) and sweat Na (44 vs.
41 mM) in the CES trial compared to the Water trial. After correcting our sweat [Na]
data using the work of Baker et al. (9), total Na balance was improved when drinking a
CES (-1.4 g) vs. water (-2.1 g). It should be noted that with this correction, players must
still replace 3.5-5.5 g of table salt to fully replenish their losses. The amount of Na in the
CES used in this study is quite low (20 mM) and we would recommend that most players
supplement with additional Na. The benefit of consuming a CES is that it helps to
replace some of the Na that must inevitably be replaced after exercise (161).
Vf) Carbohydrate Provision
In the present study, carbohydrate ingestion before practice was the same in
Water and CES (20-25 g), and was not different from that which we previously reported
(135). However, consuming a sports drink throughout practice provided an additional 43
g·hr-1 of carbohydrate vs. the Water trial. This added carbohydrate ingestion would be
seen as a benefit as studies examining basketball (43), endurance exercise (36, 82) and
intense, intermittent exercise (38, 57) have reported significant improvements in
performance when ingesting a CES compared to water alone. However, this hypothesis
remains untested in hockey players. The present study did not examine the potential for
consuming carbohydrate to improve on-ice performance. Future work needs to examine
individual on-ice performance before and after a dehydrating protocol (simulated
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practices and games) with and without fluid replacement, and with and without CHO
provision to determine to what extent fluid and fuel provision affect on-ice performance.
Vg) Conclusions
The present study demonstrated that hydration and sweat data collected from two
similar, weekly on-ice practices were highly repeatable. This suggests that a single field
sweat test performed during an on-ice hockey practice (1-2 hr, 8-14°C, 40-60% r.h.) is
sufficient to evaluate fluid and electrolyte balance in junior male ice hockey players, and
is representative of what occurs on a regular week to week basis.
Ad libitum fluid intake during practice was not decreased when players were only
able to drink a carbohydrate electrolyte solution, compared to when only water was
available. The ingestion of a CES during practice increased Na intake, improved overall
Na balance and provided the players with carbohydrate while exercising compared to
drinking only water. The carbohydrate ingested in a CES while practicing may improve
the physical and mental performance of hockey players in the later stages of practice, but
this hypothesis remains untested.
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5.

CHAPTER FIVE: THE EFFECTS OF DEHYDRATION,

WATER AND CES INGESTION ON MUSCLE METABOLISM AND
PERFORMANCE OF INTERMITTENT SPRINT CYCLING.
Palmer MS, Heigenhauser GJF, Duong M and Spriet LL

I. ABSTRACT
This study determined the effects of progressive dehydration, water ingestion and
CES ingestion on skeletal muscle glycogen use and performance of an intermittent sprint
cycling protocol. Eight males performed the cycling protocol three times with at least 7
days between trials. The protocol was comprised of 3 periods consisting of 10 x 45s
sprints at ~133% VO2max, followed by 135s of passive rest. Subjects either drank no
fluid and dehydrated during the protocol (NF), or fully replaced sweat losses with
WATER, or with a CES. Muscle biopsies were taken at rest, immediately before period
3, and immediately after the final sprint in the protocol. Glycogen use was not affected in
periods 1 and 2 (350.1 ± 31.9 vs. 413.2 ± 33.2 mmol·kg dm-1), but tended to decrease in
period 3 (103.5 ± 16.2 vs. 131.5 ± 18.9 mmol·kg dm-1, p = 0.06) as subjects became
mildly dehydrated (-1.8% BM) vs. WATER. Total sprint performance was similar in all
periods in NF (P1; 156.3 ± 7.8, P2; 150.5 ± 7.8, P3; 144.1 ± 8.7 kJ) and WATER trials
(P1; 154.4 ± 8.2, P2; 152.4 ± 8.3, P3; 148.4 ± 8.7 kJ). Compared to mild dehydration in
the NF trial, CES ingestion improved performance in period 3 (151.0 ± 8.0 vs. 144.1
± 8.7 kJ), and consequently tended to increase glycogen use in that period (177.5 ± 31.1
vs. 103.5 ± 16.2 mmol·kg dm-1) while also decreasing RPE (16 ± 1 vs. 18 ± 1). This
study suggests that mild dehydration does not affect glycogen use or performance of
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intermittent sprint cycling vs. staying hydrated with WATER, but more pronounced
dehydration (>1.8% BM loss) may reduce glycogen use in period 3 of this protocol. CES
ingestion tends to increase performance, with a resulting increase in glycogen use in
period 3, and improves RPE in period 3 compared to mild dehydration.

II. INTRODUCTION
From Chapters 1 and 2 we know that hockey players get mildly dehydrated (1.8%
BM) during on-ice practices in the field, and 10-20% of players lose more than 2.0% BM.
This situation is similar to a competitive game where 8/24 subjects lost between 1.8 –
4.3% BM (96). Dehydration has been shown to impair heat conduction to the skin, which
prevents metabolic heat from being dissipated to the environment, and increases Tc. As a
result, glycogen use is accelerated and the increased heat storage may also be related to
an increase in RPE, which reduces endurance exercise performance. Hockey, however, is
characterized by short, repeated skating sprints that have been approximated at 120%
VO2max (73) and it is unknown if dehydration affects glycogen use during this type of
exercise, although performance is impaired in other “stop and go” sports (43).
CES sports drinks are designed to replace some of the fluid and Na+ that is lost
during exercise, while also providing exogenous CHO, which can be used by the working
muscles, and signals specific areas within the brain. CHO ingestion during exercise has
been reported to reduce skeletal muscle glycogen use and improve performance, although
the results are controversial. CHO ingestion does seem to improve performance through
activating reward centres in the brain and reducing RPE. Consequently, ice hockey
players, like athletes in other stop and go sports, have taken to ingesting a CES during
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practices and games, which may improve performance by sparing muscle glycogen, or
through an improved perception of effort.
This study was conducted to compare the effects of 1) dehydration vs. water
ingestion, and 2) dehydration vs. CES ingestion on skeletal muscle glycogen use,
performance, Tc and perceived exertion during high-intensity, intermittent cycling. We
expected that dehydration would increase Tc, and accelerate glycogen use in the third and
final block of sprints, once subjects had surpassed -2.0% BM loss vs. both water and CES
ingestion. Additionally, we expected that CES ingestion would improve the perception
of effort, contributing to an improvement in performance.

III. METHODS
IIIa) Subjects
Eight males volunteered for this study. Their mean (±SE) age, height, weight,
and VO2max were 21.6 ± 0.4 years, 183.5 ± 1.6 cm, 83.9 ± 3.7 kg, and 50.2 ± 1.9
mL·kg-1·min-1. The experimental risks, requirements and procedures were explained
both orally and in writing to all subjects before written consent was obtained. The study
was approved by the Research Ethics Boards at the University of Guelph and McMaster
University.
IIIb) Study Design
Each subject completed three trials in a randomized, crossover fashion. Subjects
either drank no fluids during the trial (NF), or replaced 100% of their sweat losses by
drinking a flavoured water placebo (WATER) or a CES. The trials were separated by at
least 7 days. Subjects completed a self-reported 2-day dietary recall and were instructed
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to consume the same food for the 48 h preceding each trial, as well as refraining from
strenuous exercise, alcohol and caffeine.
IIIc) Pre-experimental protocol
Prior to the experimental trials, subjects visited the laboratory on two occasions.
During their first visit, subjects completed a continuous incremental cycling test to
exhaustion on an electronically braked cycle ergometer (Lode Excalibur Sport, Quinton
Instruments, The Netherlands) for determination of maximum pulmonary oxygen uptake
(VO2max) using a metabolic cart (MOXUS II Metabolic System, AEI Technologies,
Pittsburgh, PA). The second visit was used to familiarize the subjects with the
experimental protocol, and to determine individual sweat losses and fluid intake
requirements to keep subjects in fluid balance. Subjects performed the cycling protocol
with no fluid replacement, and were weighed after each period to determine fluid losses
(and therefore fluid intake requirements) for the preceding period.
IIId) Intermittent sprint cycling protocol
The experimental protocol consisted of 3 blocks or “periods” of repeated sprints,
separated by 10 min breaks (Figure 5.1). Each period was preceded by a 5 min warm-up
at 50% of VO2max, and consisted of 10 x 45 s sprints at an average of 133% of Wmax,
followed by 135 s of passive rest. The ergometer was programmed so that power output
was rpm-dependent, and the resistance was adjusted for each subject so that 90 rpm
corresponded to their workload at VO2max. Each sprint was identical, and in an attempt
to mimic the variable tempo of a hockey shift, subjects were asked to modify their
cadence at specific intervals: 10 s at 108 rpm (145% Wmax), 10 s at 90 rpm (100% Wmax),
15 s at 101 rpm (125% Wmax), 10 s at 90 rpm (100% Wmax).
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IIIe) Experimental Trials
Subjects arrived to the laboratory 2 h after eating a standardized meal (500 kcal,
79% carbohydrate, 12% fat, 9% protein) and drinking 500 mL of water, and 12 h after
ingesting a sealed, telemetry-based thermistor. They were asked to empty their bladders,
and a urine sample was collected for the determination of urine specific gravity (USG).
Subjects were then immediately weighed in light shorts on a Zenith weigh scale accurate
to ± 0.1 kg (LG Electronics Canada, Mississauga, ON).

Figure 5.1. The intermittent sprint cycling protocol. Each period was preceded by a 5
min warm-up at 50% of VO2max, and separated by 10 min of rest. Subjects performed
10 x 45 s sprints @ 133% Wmax per period, each separated by 135 s of passive rest. Fluid
intake was standardized for 2 h before each trial.

While resting on a bed, a catheter was inserted into an antecubital vein and a
resting blood sample was obtained. The catheter was fixed in place for the remainder of
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the trial, and kept patent with a saline drip. To allow for muscle biopsy sampling, three
incisions were made over the vastus lateralis of one leg under local anesthesia (2%
xylocaine). A resting muscle biopsy was obtained, immediately frozen in liquid N2 and
stored until analysis.
In an effort to enhance sweat loss, subjects performed the cycling protocol while
wearing light pants and a toque, in addition to regular shorts and a t-shirt. Subjects in the
WATER and CES trials drank a volume of fluid equal to their calculated sweat loss from
the familiarization visit. Fluid intake was calculated for each period and given in 3 equal
doses after every third sprint. Body mass was determined between periods and if
necessary, fluid intake was adjusted to maintain pre-exercise body mass. Subjects in the
NF trial did not consume any fluid.
Additional muscle biopsies were obtained prior to P3 and immediately after the
last sprint in P3. Blood samples were collected 1 min before the warm-up and 9th sprint
in each period, as well as 1 min before the 6th sprint in P3. External work performed was
recorded for each sprint. Subjects gave a rating of perceived exertion (RPE) after the
final sprint in each period. HR was recorded continuously with a data logging HR
monitor (Polar RS400, Polar Electro Canada Inc., Lachine, QC). Core temperature was
recorded continuously using a telemetry-based pill and data recorder (HQInc. CorTemp
Data Recorder, Palmetto, FL). An absorbent patch (3M Tegaderm +Pad, London, ON)
was applied to the forehead 5 min before sprint 1, and removed 1 min after sprint 8 in
each period for sweat sample collection. Each patch was sealed in an airtight vial for
subsequent analysis.
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IIIf) Muscle biopsy analysis
A small portion of each muscle biopsy was freeze-dried, powdered, and dissected
free of visible connective tissue, fat, and blood. One aliquot of this muscle homogenate
(6-10 mg) was extracted in 0.5 M perchloric acid containing 1 mM EDTA and
neutralized with 2.2 M KHCO3. The supernatant was used for the enzymatic
spectrophotometric determination of Cr, PCr, ATP, lactate, glucose-1-phosphate (G1P),
glucose-6-phosphate (G6P), fructose-6-phosphate (F6P) and free glucose. Metabolite
contents were normalized to the highest total Cr content among all 9 biopsies from each
subject. A second aliquot of muscle homogenate (2–4 mg) was extracted in 0.1 M NaOH
and neutralized with 0.1 M HCl containing 0.2 M citric acid and 0.2 M Na2PO4.
Amyloglucosidase was added to the homogenate to break down glycogen into its
constituent glucose, and glucose was measured spectrophotometrically (17).
IIIg) Blood and urine sample analysis
Venous blood was collected in heparinized (~4 mL) and EDTA treated (~2 mL)
Vacutainer tubes. One portion (200 µL) of the heparinized blood was deproteinized with
800 µL of 0.6 M perchloric acid and centrifuged. The supernatant was used to determine
whole blood glucose and lactate fluorometrically (17). A second portion (1.5 mL) was
added to 30 µL of EGTA with reduced glutathione and centrifuged (10,000 g for 3 min).
The supernatant was analyzed for epinephrine with an enzymatic immunoassay (Labor
Diagnostika Nord, Nordhorn, Germany). A third portion (1.5 mL) was centrifuged, and
the plasma was analyzed for FFA with an enzymatic, colorimetric kit (Wako NEFA Ctest kit, Wako Chemicals, Richmond, VA). These processed blood samples were frozen
at -80°C until analysis. Finally, small amounts of heparinized blood were drawn into
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micro capillary tubes and centrifuged in duplicate for Hct determination. The EDTA
treated blood was analyzed for Hb concentration with a hemoximeter (OSM3
Hemoximeter, Radiometer, Copenhagen, Denmark).
USG was determined immediately after collection with a handheld refractometer
(ATAGO USA Inc., Bellevue, WA). Forehead sweat samples were stored at 2°C and
analyzed for Na content within 8 hours of collection using a conductivity analyzer
(SweatChek, Wescor, Logan, UT).
IIIh) Calculations
Muscle ADPf and AMPf contents were calculated by assuming equilibrium of the
creatine kinase and adenylate kinase reactions, respectively (45). ADPf was calculated
using the measured ATP, Cr, and PCr values, an estimated H+ concentration (166), and
the creatine kinase constant of 1.66 x 109. AMPf was calculated using the measured ATP
content, estimated ADPf content, and the adenylate kinase equilibrium constant of 1.05.
Pi was calculated by adding the estimated, resting free phosphate of 10.8 mmol·kg dm-1
(45) to the ∆ [PCr] minus the accumulation of G6P between rest and selected exercise
timepoints. Percent changes in PV were calculated using Hb and Hct, as outlined by Dill
and Costill (42). Sweat rate and Na loss calculations were performed as described in
Chapters 3 and 4.
IIIi) Statistics.
Data are presented as mean ± SE. Differences between trials in skeletal muscle
and blood measures, sprint work, HR, Tc and RPE over the entire protocol were assessed
using two-way RM ANOVAs. Differences between groups for these same measures over
multiple timepoints in period 3 were also assessed using two-way RM ANOVAs.
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Differences in total glycogen use, total work and RPE between groups in P3 were tested
with a paired t-test. Statistical significance was accepted at p < 0.05.

IV. RESULTS
IVa) Trial conditions
Temperature (23.4 ± 0.2, 23.4 ± 0.3 vs. 23.3 ± 0.1°C), r.h. (28 ± 3, 23 ± 1, 29 ±
4%), baseline USG (1.008 ± 0.002, 1.007 ± 0.001, 1.007 ± 0.002) and pre-trial body mass
(83.9 ± 3.7, 84.0 ± 3.6, 83.8 ± 3.6 kg) were similar in the NF, WATER and CES trials,
respectively. Fluid restriction resulted in mild body mass losses in the NF trial (P1; -0.6
± 0.1, P2; -1.1 ± 0.1, P3; -1.8 ± 0.1% ∆BM). Fluid replacement was successful in
maintaining body mass throughout the WATER (P1; 0.1 ± 0.0, P2; -0.2 ± 0.1, P3; -0.2 ±
0.1% ∆BM) and CES trials (P1; 0.1 ± 0.0, P2; -0.1 ± 0.1, P3; -0.1 ± 0.1% ∆BM).
IVb) Skeletal muscle metabolites
Skeletal muscle glycogen content was lower at baseline in the NF vs. WATER
trial, but glycogen use was similar in both groups in the first 2 periods. Glycogen use in
period 3, however, tended to be lower in the NF trial (103.5 ± 16.2 vs. 131.5 ± 18.9
mmol·kg dm-1, p = 0.06) (Figure 5.2). Skeletal muscle glycogen content was higher in
the CES trial vs. NF at the start of period 3 only, and glycogen use in period 3 was
significantly greater in the CES trial (Figure 5.3).
There were no differences in skeletal muscle metabolite contents between the NF
and WATER trials (Table 5.1) or the NF and CES trials (Table 5.2)
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Figure 5.2. Skeletal muscle glycogen content and use during a high-intensity cycling
protocol. Subjects either drank no fluid (NF,■) or fully replaced sweat losses by drinking
water (WATER,□) during the protocol. P; period. *, WATER > NF at that time point.
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Figure 5.3. Skeletal muscle glycogen content and use during a high-intensity cycling
protocol. Subjects either drank no fluid (NF,■) or fully replaced sweat losses by drinking
a CES ( ) during the protocol. P; period. *, CES > NF at that time point.
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Table 5.1. Skeletal muscle fuel and metabolite contents prior to period 1 (Pre-P1), at the
start of period 3 (Pre-P3), and immediately after (Post-P3) a sprint cycling protocol.
Subjects did not drink fluid (NF), or fully replaced sweat losses by drinking WATER.
Pre-P1

Pre-P3

Post-P3

NF
23.51 ± 0.66
22.29 ± 0.42
20.46 ± 1.12
WATER
23.03 ± 0.60
21.92 ± 0.58
21.78 ± 0.77
NF
64.3 ± 2.8
55.0 ± 4.3
223.3 ± 36.8 †
ADPf
(µmol·kg dm-1)
WATER
66.7 ± 2.3
53.5 ± 5.2
209.9 ± 28.3 †
NF
0.17 ± 0.02
0.13 ± 0.02
2.76 ± 0.71 †
AMPf
(µmol·kg dm-1)
WATER
0.19 ± 0.02
0.14 ± 0.03
2.22 ± 0.59 †
Pi
NF
10.8 ± 0.0
18.0 ± 3.2
45.6 ± 6.4 †
(mmol·kg dm-1) WATER
10.8 ± 0.0
15.7 ± 3.3
46.9 ± 6.3 †
NF
86.0 ± 3.0
82.3 ± 4.1
38.8 ± 7.6 †
PCr
(mmol·kg dm-1) WATER
85.5 ± 3.5
81.1 ± 4.4
37.5 ± 5.0 †
NF
44.3 ± 2.4
49.4 ± 3.1
92.8 ± 6.7 †
Cr
(mmol·kg dm-1) WATER
44.9 ± 1.7
49.6 ± 3.1
96.3 ± 6.6 †
NF
6.8 ± 1.1
39.3 ± 7.8 †
52.0 ± 11.0 †
Lactate
-1
(mmol·kg dm ) WATER
4.8 ± 0.7
43.6 ± 7.2 †
60.6 ± 9.1 †
†; p < 0.05, significantly higher than Pre-P1.
Table 5.2. Skeletal muscle fuel and metabolite contents prior to period 1 (Pre-P1), at the
start of period 3 (Pre-P3), and immediately after (Post-P3) a sprint cycling protocol.
Subjects did not drink fluid (NF), or fully replaced sweat losses by drinking a CES.
ATP
(mmol·kg dm-1)

Pre-P1
NF
23.51 ± 0.66
CES
23.28 ± 0.61
NF
64.3 ± 2.8
ADPf
-1
(µmol·kg dm )
CES
64.3 ± 2.0
NF
0.17 ± 0.02
AMPf
(µmol·kg dm-1)
CES
0.17 ± 0.01
Pi
NF
10.8 ± 0.0
(mmol·kg dm-1)
CES
10.8 ± 0.0
NF
86.0 ± 3.0
PCr
(mmol·kg dm-1)
CES
87.0 ± 3.9
NF
44.3 ± 2.4
Cr
(mmol·kg dm-1)
CES
43.6 ± 1.2
NF
6.8 ± 1.1
Lactate
(mmol·kg dm-1)
CES
5.4 ± 0.7
†; p < 0.05, significantly higher than Pre-P1.
ATP
(mmol·kg dm-1)
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Pre-P3
22.29 ± 0.42
22.98 ± 0.85
55.0 ± 4.3
50.3 ± 3.9
0.13 ± 0.02
0.11 ± 0.02
18.0 ± 3.2
12.2 ± 3.4
82.3 ± 4.1
86.0 ± 5.6
49.4 ± 3.1
46.6 ± 2.9
39.3 ± 7.8 †
41.3 ± 8.1 †

Post-P3
20.46 ± 1.12 †
20.91 ± 0.69 †
223.3 ± 36.8 †
241.1 ± 28.9 †
2.76 ± 0.71 †
2.88 ± 0.70 †
45.6 ± 6.4 †
47.7 ± 3.9 †
38.8 ± 7.6 †
30.0 ± 3.4 †
92.8 ± 6.7 †
101.8 ± 7.2 †
52.0 ± 11.0 †
67.1 ± 12.2 †

IVc) Blood measurements
We observed a main effect for blood glucose to be lower, and plasma FFA to be
higher in the NF trial vs. both the WATER and CES trials (Tables 5.3, 5.4). There were
no differences in any other blood measurements between the NF and WATER trials
(Table 5.3) or NF and CES trials (Table 5.4).
IVd) Physical measurements
Performance decreased over time, but there was no difference in the work
performed in each sprint between the NF and WATER trials (Figure 5.4) and NF and
CES trials (Figure 5.5). The amount of work performed in each sprint in period 3 tended
to be greater with a CES vs. NF (p = 0.07), but there was no difference between NF and
WATER trials in period 3. Total work performed in each period was similar between NF
and WATER trials (Table 5.5), but total work performed in P3 was increased in the CES
vs. NF trial (Table 5.6). Sprint and recovery HR, and Tc were not different between the
NF and WATER trials (Figure 5.6), but Tc was higher in the NF vs. CES trial (Figure
5.7). Sweat rate, sweat [Na+] and total Na+ loss were not different between NF and
WATER trails (Table 5.5) or NF and CES trials (Table 5.6). Both WATER (Table 5.5)
and CES (Table 5.6) ingestion reduced RPE in period 3 vs. mild dehydration. There was
a positive correlation between baseline muscle glycogen content and glycogen use in the
first 2 periods in the WATER trial (r = 0.75, p < 0.05), and in period 3 in the CES trial (r
= 0.94, p < 0.05). No other relationships were observed.
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S9

S1

Period 2
S9

∆ Blood
Volume (%)

100

NF
—
-6.5 ± 1.5
-5.4 ± 2.9
-5.4 ± 2.2
—
-6.8
±
2.0
-4.1
±
1.6
-6.6 ± 1.6
WATER
NF
∆ Plasma
—
-11.8 ± 1.7
-9.3 ± 3.6
-11.2 ± 3.2
Volume (%)
—
-13.1
±
2.4
-7.9
±
2.0
-13.1 ± 1.7
WATER
NF *
Blood Glucose
4.9 ± 0.3
4.5 ± 0.4
5.0 ± 0.4
4.7 ± 0.5
(mM)
5.5 ± 0.5
5.6 ± 0.4
5.3 ± 0.3
5.4 ± 0.4
WATER
NF
Blood Lactate
0.3 ± 0.1
5.3 ± 0.6 †
4.9 ± 0.9 †
5.8 ± 0.7 †
(mM)
0.4 ± 0.1
6.1 ± 0.7 †
4.3 ± 0.7 †
6.9 ± 0.9 †
WATER
NF *
Plasma FFA
0.17 ± 0.02
0.17 ± 0.02
0.18 ± 0.02
0.20 ± 0.03
(mM)
0.17 ± 0.01
0.14 ± 0.02
0.17 ± 0.01
0.16 ± 0.01
WATER
NF
Plasma Epi
0.32 ± 0.04
(nmol·L-1)
0.36 ± 0.03
WATER
S; sprint. †; p < 0.05, main effect for time. *; p < 0.05, main effect for condition.

S1

Period 1
-5.1 ± 2.0
-2.7 ± 1.6
-9.1 ± 3.0
-7.4 ± 2.5
5.1 ± 0.4
5.0 ± 0.5
5.8 ± 0.7 †
5.7 ± 0.9 †
0.35 ± 0.07
0.22 ± 0.03

0.86 ± 0.09 †
1.21 ± 0.25 †

-4.6 ± 2.0
-3.1 ± 1.6
-9.4 ± 3.3
-7.6 ± 2.1
4.8 ± 0.4
4.9 ± 0.4
4.2 ± 0.5 †
4.7 ± 0.9 †
0.24 ± 0.03
0.18 ± 0.03
0.93 ± 0.15
0.80 ± 0.16

S1

Period 3
S6

1.47 ± 0.36 †
1.05 ± 0.15 †

0.40 ± 0.08
0.24 ± 0.03

5.2 ± 0.8 †
6.1 ± 1.3 †

4.6 ± 0.3
5.1 ± 0.6

-9.3 ± 3.5
-6.1 ± 2.9

-4.9 ± 2.3
-2.1 ± 2.1

S9

Table 5.3. Blood and plasma volume changes, whole blood glucose and lactate, plasma free fatty acids (FFA) and plasma epinephrine
(Epi) concentrations during a simulated ice hockey protocol. Subjects either did not drink fluid (NF), or fully replaced sweat losses by
drinking water (WATER).

S9

S1

Period 2
S9

∆ Blood
Volume (%)
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NF
—
-6.5 ± 1.5
-5.4 ± 2.9
-5.4 ± 2.2
—
-8.5
±
1.8
-4.8
±
1.7
-8.0 ± 1.4
CES
NF
∆ Plasma
—
-11.8 ± 1.7
-9.3 ± 3.6
-11.2 ± 3.2
Volume (%)
—
-15.3
±
2.4
-9.5
±
2.7
-14.0 ± 2.4
CES
NF
Blood Glucose
4.9 ± 0.3
4.5 ± 0.4
5.0 ± 0.4
4.7 ± 0.5
(mM)
5.2 ± 0.3
4.9 ± 0.3
5.3 ± 0.3
5.9 ± 0.7
CES *
NF
5.3 ± 0.6 †
4.9 ± 0.9 †
5.8 ± 0.7 †
Blood Lactate
0.3 ± 0.1
(mM)
0.4 ± 0.1
CES
4.8 ± 0.7 †
4.1 ± 0.6 †
6.3 ± 1.2 †
NF
Plasma FFA
0.17 ± 0.02
0.17 ± 0.02
0.18 ± 0.02
0.20 ± 0.03
(mM)
0.16 ± 0.02
0.17 ± 0.01
0.16 ± 0.01
0.15 ± 0.01
CES *
NF
Plasma Epi
0.32 ± 0.04
(nmol·L-1)
0.36 ± 0.02
CES *
S; sprint. †; p < 0.05, main effect for time. *; p < 0.05, main effect for condition.

S1

Period 1

0.40 ± 0.08
0.17 ± 0.02
1.47 ± 0.36 †
0.77 ± 0.17 †

-9.1 ± 3.0
-8.0 ± 3.0
5.1 ± 0.4
6.0 ± 0.6
5.8 ± 0.7 †
6.0 ± 1.1 †
0.35 ± 0.07
0.16 ± 0.01
0.86 ± 0.09 †
0.75 ± 0.09 †

-9.4 ± 3.3
-10.2 ± 2.2
4.8 ± 0.4
5.6 ± 0.8
4.2 ± 0.5 †
4.4 ± 1.2 †
0.24 ± 0.03
0.16 ± 0.01
0.93 ± 0.15
0.56 ± 0.04

5.2 ± 0.8 †
5.8 ± 1.2 †

4.6 ± 0.3
6.0 ± 0.7

-9.3 ± 3.5
-8.3 ± 3.0

-5.1 ± 2.0
-3.9 ± 2.1

-4.9 ± 2.3
-4.5 ± 1.8

S9

-4.6 ± 2.0
-5.3 ± 1.2

S1

Period 3
S6

Table 5.4. Blood and plasma volume changes, whole blood glucose and lactate, plasma free fatty acids (FFA) and plasma epinephrine
(Epi) concentrations during a simulated ice hockey protocol. Subjects either did not drink fluid (NF), or fully replaced sweat losses by
drinking a CES.
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Figure 5.4. Work performed in each sprint of a high-intensity, intermittent cycle sprint protocol. The dashed line represents the work
expected in each sprint if the subjects were able to follow the rpm prescription exactly. The sprints are grouped together by period.
Subjects either drank no fluid (■, NF), or fully replaced sweat losses by drinking water (□, WATER) during the protocol.
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Figure 5.5. Work performed in each sprint of a high-intensity, intermittent cycle sprint protocol. The dashed line represents the work
expected in each sprint if the subjects were able to follow the rpm prescription exactly. The sprints are grouped together by period.
Subjects either drank no fluid (■, NF), or fully replaced sweat losses by drinking a CES ( ) during the protocol.
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Figure 5.6. Core temperature (A), peak sprint HR and min recovery HR (B) during a
simulated ice hockey protocol. Subjects either drank no fluid (NF, !), or fully replaced
sweat losses by drinking WATER (") during the protocol. Core temperature and peak
sprint HR were taken at the end of the each sprint, min recovery HR was taken 30s before
the start of each sprint (note no recovery HR for sprint 1 in each period). The lines in A
represent continuous Tc data.
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Figure 5.7. Core temperature (A), peak sprint HR and min recovery HR (B) during a
simulated ice hockey protocol. Subjects either drank no fluid (NF, !), or fully replaced
sweat losses by drinking a CES ( ) during the protocol. Core temperature and peak
sprint HR were taken at the end of the each sprint, min recovery HR was taken 30s before
the start of each sprint (note no recovery HR for sprint 1 in each period). The lines in A
represent continuous Tc data. *; main effect for condition in A only.
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Table 5.5. Fluid intake, whole body sweat loss, forehead sweat [Na], corrected Na loss
and RPE in each period of a sprint cycling protocol. Na loss was corrected according to
(9). Subjects either did not drink fluid (NF), or fully replaced sweat losses by drinking
WATER.
Period 1

Period 2

Period 3

NF
156.3 ± 7.8
150.5 ± 7.8
144.1 ± 8.7
WATER
154.4 ± 8.2
152.4 ± 8.3
148.4 ± 8.7
NF
—
—
—
WATER
0.47 ± 0.07
0.35 ± 0.05
0.33 ± 0.08
NF
0.3 ± 0.1
0.5 ± 0.1
0.6 ± 0.1 †
WATER
0.3 ± 0.0
0.3 ± 0.0
0.6 ± 0.1 †
NF
47 ± 4 †
51 ± 4
54 ± 4
WATER
43 ± 3 †
49 ± 4
52 ± 4
NF
0.4 ± 0.0
0.6 ± 0.2
0.8 ± 0.1 †
WATER
0.3 ± 0.0
0.4 ± 0.0
0.7 ± 0.1 †
NF
14 ± 1
16 ± 1
18 ± 1
RPE
WATER
14 ± 1
16 ± 0
17 ± 0 *
†; p < 0.05, different from Period 1. *; t-test p < 0.05, WATER vs. NF.
Total Work
(kJ)
Fluid Intake
(L)
Sweat loss
(L)
Corrected Sweat
[Na] (mM)
Corrected Na
loss (g)

Table 5.6. Fluid intake, whole body sweat loss, forehead sweat [Na], corrected Na loss
and RPE in each period of a sprint cycling protocol. Na loss was corrected according to
(9). Subjects either did not drink fluid (NF), or fully replaced sweat losses by drinking a
CES.
Period 1

Period 2

NF
156.3 ± 7.8
150.5 ± 7.8
CES
156.9 ± 8.5
153.2 ± 8.7
NF
—
—
CES
0.47 ± 0.07
0.37 ± 0.06
NF
0.3 ± 0.1
0.5 ± 0.1
CES
0.3 ± 0.0
0.4 ± 0.1
NF
47 ± 4
51 ± 4
CES
45 ± 4
48 ± 4
NF
0.4 ± 0.0
0.6 ± 0.2
CES
0.4 ± 0.1
0.4 ± 0.1
NF
14 ± 1
16 ± 1
RPE
CES
13 ± 1
15 ± 1
†; p < 0.05, different from Period 1, *; t-test p < 0.05, CES vs. NF.
Total Work
(kJ)
Fluid Intake
(L)
Sweat loss
(L)
Corrected Sweat
[Na] (mM)
Corrected Na
loss (g)

106

Period 3
144.1 ± 8.7
151.0 ± 8.0 *
—
0.33 ± 0.08
0.6 ± 0.1 †
0.5 ± 0.1 †
54 ± 4
50 ± 3
0.8 ± 0.1 †
0.6 ± 0.1 †
18 ± 1
16 ± 1 *

V. DISCUSSION
The main findings from this study were that: 1) mild dehydration during an
intermittent sprint cycling protocol did not affect skeletal muscle glycogen use or
metabolite contents vs. water ingestion, 2) CES ingestion increased performance and
increased glycogen use in period 3 vs. mild dehydration, 3) sprint performance, heart
rate, and sweat rate were not different between groups at any time, but Tc was lower with
CES ingestion vs. mild dehydration and 4) RPE was lower in period 3 with CHO and
fluid ingestion vs. mild dehydration.
Va) NF vs WATER – Skeletal muscle glycogen use and core temperature
Contrary to our hypothesis, glycogen use did not increase with mild dehydration
vs. water intake either overall, or in period 3 of a sprint cycling protocol. The main
reason for this observation is likely that we did not see an increase in Tc when subjects
dehydrated during the exercise protocol (167). Hargreaves reported that skeletal muscle
glycogen use was 16% higher when subjects dehydrated by 2.9% BM during 2 hours of
cycling at 67% VO2max (79), and this was primarily attributed to a higher Tm (39.1 vs.
38.5°C at 120 min) and Tc (38.6 ± 0.2 vs. 38.0 ± 0.2°C at 120 min). While Tm wasn’t
measured in this study, Hargreaves observed that changes in Tc reflected similar trends in
Tm (both were 0.6°C lower with fluid ingestion), and this suggests that the similar Tc in
this study could also be reflective of a similar Tm in the two trials.
It is surprising that Tc was similar in the 2 groups given the strong positive
correlation between %BM loss and Tc reported by Montain and Coyle (111) during 2
hours of moderate intensity cycling. Exercise at a higher intensity should accentuate this
relationship and result in a more pronounced increase in Tc simply due to the increased
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heat generated during exercise. However, it is possible that the discontinuous nature of
this protocol allowed subjects to dissipate a large amount of the metabolically generated
heat, preventing an excessive increase in Tc. The rest period between sprints was three
times longer than the exercise itself, and it is possible that skin blood flow was restored
or maintained equally in the two groups during these breaks. Although we are unable to
comment on skin blood flow directly, blood volume changes were similar at all times in
the two trials (i.e. not reduced with dehydration), which could have allowed for a similar
capacity to divert blood flow to the periphery between sprints.
Skeletal muscle glycogen content was higher at baseline in the WATER trial vs.
the NF trial. The most likely explanation for this anomaly is the lack of adequate pretrial nutritional control. Subjects completed a self-reported 48h dietary recall and were
asked to repeat their food intake for both trials. It is unlikely that these instructions were
followed, as resting skeletal muscle glycogen content was ~100 mmol·kg dm-1 higher in
the WATER trial vs. NF, and a non-significant difference persisted at all time points.
Although pre-exercise skeletal muscle glycogen content has no effect on
glycogenolysis in rat skeletal muscle (164), there are mixed results during moderate
intensity exercise in humans. There was no difference in glycogen use when subjects
cycled for 10 min at 70% VO2max with a starting muscle glycogen content of ~600 vs.
~250 mmol·kg dm-1 (59). However, a 45% reduction in pre-exercise glycogen content
(from ~410 to ~230 mmol·kg dm-1) resulted in a 43% decrease in glycogen utilization
during 40 min of cycling at 68% VO2max (80). It is unknown whether pre-exercise
muscle glycogen content influences glycogenolysis during sprint exercise in humans, but
we did observe a correlation between baseline glycogen content and glycogen use in the
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first 2 periods of the WATER trial (r = 0.75, p < 0.05), and not in the NF trial (r = 0.53, p
= 0.17). This suggests that glycogenolysis in the WATER trial may have been artificially
elevated by the higher resting glycogen content, which may have limited our ability to
detect a dehydration-related increase in glycogenolysis in the NF trial.
Vb) NF vs WATER – Performance
It is somewhat surprising that we did not see an effect of dehydration on
performance in this study, as we expected that as subjects fatigued and became more
dehydrated, they would decrease their cadence from the specific rpm targets. This, in
turn, would have decreased the amount of work performed. However, it is possible that
the design of these sprints prevented us from observing a difference in performance.
First, these were targeted sprints, where subjects were asked to match a specific rpm at
prescribed time points. This encouragement to perform the same amount of work in each
sprint may have prompted them to increase performance compared to a self-selected
sprint protocol where encouragement was not provided. Second, the transition phases
between different rpm levels could have obscured the actual work performed by the
subject in a given sprint. There are 2 instances where these sprints required the subjects
to decrease their cadence (once from 108 to 90, another from 101 to 90), and during this
time subjects could elect to do no work, yet the monitor would register work being
performed as the flywheel decelerated. Similarly, when subjects increased their rpms,
overshooting their target would artificially elevate the amount of work recorded in that
sprint.
There were no differences in individual sprint performance over the entire
protocol, or specifically in period 3 with dehydration. This is surprising as others have
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reported decreased performance in basketball (7, 43), soccer (46, 107), and competitive
track running (3) with dehydration. However, the majority of these observations were
made during moderate intensity exercise, and not sprint exercise as in the present study.
Also, it is likely that cognitive requirements (decision making, coordination, reaction
time) in these sport-specific studies were greater than in the present study where subjects
performed repeated cycling sprints where no cognitive component was included.
Dehydration has been shown to affect brain ventricular volume (104) and possibly
decision making/planning and visual-spatial processing (84). The cognitive requirements
in the present study were likely lower than in other sport-specific studies, and if impaired
cognitive function is a significant player in the performance-related effects of
dehydration, then we may have prevented a performance decrease by not including a
decision making or mental processing task in the protocol. In support of this, RPE was
lower in the WATER vs. NF trial in period 3 only, but it did not translate into an
improved performance. It is possible that this gross measure of cognitive function
encompasses many smaller mental changes, and may not be sensitive enough to detect
small differences in cognitive ability with dehydration, which might be possible if we test
decision-making or coordination during exercise while dehydrated.
Finally, subjects were mildly dehydrated by 1.1% BM at the start of period 3, and
only reached 1.8% BM at the end of the protocol. It is generally accepted that the
negative consequences of dehydration begin to manifest as subjects approach sweat
losses of 2.0% BM (152), and worsen as dehydration progresses. It is possible that we
would have observed a greater effect on performance in period 3 in the NF trial with
greater dehydration. Although 3 of 8 subjects did lose in excess of 2.0% BM, their
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individual results did not seem to suggest a significant effect of dehydration on
performance.
Vc) NF vs CES – Skeletal muscle glycogen use
In the NF and CES trials, skeletal muscle glycogen use was similar in the first 2
periods, but was higher in period 3 for subjects in the CES trial. The increase in muscle
glycogen use is supported by a non-significant increase in muscle lactate at the end of
period 3 (+15.1 mmol·kg dm-1, p = 0.17) in the CES trial. The increase in glycogen use
could be partly explained by an increase in performance in period 3 (151.0 ± 8.0 vs.
144.1 ± 8.7 kJ, p < 0.05). Subjects performed more work in all 10 sprints of period 3,
and in 7/10 sprints the difference was larger than +0.7 kJ (+4%). This trend was evident
despite both plasma epinephrine and Tc being higher at all times in period 3 of the NF
trial. The influence of these two factors is to accelerate glycogenolysis, so they must
have been overridden in the NF trial. Muscle glycogen content was higher at the start of
period 3 in the CES trial, which may have also contributed to the slightly greater
glycogen use in period 3 as we observed a strong correlation between glycogen content at
the start of period 3 and glycogen use in period 3 for the CES trial (r = 0.94, p < 0.05),
but not in the NF trial (r = 0.03, p = 0.96).
Vd) NF vs CES - Performance
It has previously been shown that humans use pacing strategies during exercise,
which allow them to finish exercise near an individualized critical glycogen threshold
(140). Rauch et al. proposed that performance is “constrained”, and thus glycogen use is
“metered” based on internal muscular feedback of glycogen content and breakdown rate,
through, what the authors have termed, a “glycostat”. Subjects in their study performed a
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1-hour time trial (TT) at a self-selected pace following 2 hours of moderate cycling
(~73% VO2max), after carbohydrate loading, or having consumed a normal mixed diet
for 3 days prior. Despite large differences in initial glycogen content (104 vs 151
mmol·kg wet wt-1, or approximately 458 vs. 664 mmol·kg dm-1), subjects in both groups
finished the TT with strikingly similar glycogen contents (18 vs. 20 mmol·kg wet wt-1, or
79 vs. 88 mmol·kg dm-1), because subjects in the CHO-loaded group chose a higher
average workload during the TT (233 ± 15 W) than the subjects who had consumed a
mixed diet (219 ± 17 W). In the present study, glycogen content was higher at the start of
period 3 (340.4 ± 32.0 vs. 233.4 ± 28.1 mmol·kg dm-1), and at the end of the protocol
(163.0 ± 11.2 vs. 129.9 ± 40.7 mmol·kg dm=1) in the CES vs. NF trials, respectively.
Accordingly subjects in the CES trial were able to perform more work in period 3 (151.0
± 8.0 vs. 144.1 ± 8.7 kJ). According to the theory proposed by Rauch, these data suggest
that feedback limiting exercise performance could have been greater in the NF trial, and
may have caused subjects to decrease their performance, limiting glycogen use in order to
complete the protocol. While the sprints used in this study were “targeted” to specific
rpms, the subjects were able to decrease their cadence and perform less work when tired.
A modest drop in cadence of 3 rpm (3%) would have decreased average workload by
25.4 ± 2.0 W and sprint performance by 1.1 ± 0.1 kJ (in both cases, 7 ± 1%).
Alternatively, CHO effects on the brain, and not on the muscle could have mediated the
positive effects of CES ingestion.
Ve) NF vs CES – RPE and possible cognitive improvements
Interestingly, despite a slightly higher glycogen use and increased performance in
P3, RPE was lower in the CES trial compared to the NF trial, indicating that subjects in
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that group found the sprints to be easier. Glucose has been shown, using fMRI, to
activate regions in the brain associated with reward (25), and it is not unreasonable to
expect that a sense of reward would translate into a reduced perceived exertion. Mouth
rinsing with a carbohydrate solution has been shown to reduce the power output
decrement during a cycling time trial (22), and increase self-selected time trial running
speed (142), implying that there is a centrally-mediated role of carbohydrates in exercise
performance beyond glycogen sparing.
Considering that subjects worked at a targeted pace during the sprints in the
present study and were able to decrease their cadence (and workload) when tired, we
expected larger differences in performance in P3 of the CES trial. As in section Vb), it is
possible that the sprint design may have prevented us from observing differences in
performance in the 2 groups. Also, the overall decrease in performance in the NF trial
was only 7%, which does not allow much room for CES ingestion to improve or maintain
performance. Along with the increased performance in period 3 of the CES trial, there
was a clear teleoanticipatory effect in this group that was not observed in the NF trial.
Subjects in the CES trial performed an average of 0.5 kJ more work in the final sprint
than in all other sprints in that period, while they were only able to perform an additional
0.1 kJ in the NF trial. This slight improvement could be reflective of some additional
exercise “reserve capacity” with CES ingestion compared to mild dehydration.
Vg) Conclusion
In conclusion, mild dehydration did not affect skeletal muscle glycogen use
during intermittent sprint cycling vs. staying hydrated with water. Mild dehydration also
did not alter sprint performance, heart rate or core temperature. The intermittent nature
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of the protocol may have allowed for adequate heat dissipation, preventing excessive
increases in core temperature in the NF trial. Blood and plasma volumes were unaffected
by dehydration, and may have helped maintain skin blood flow between sprints when
dehydrated.
CES ingestion increased performance in period 3 vs. mild dehydration, which
increased glycogen use in that period despite a lower Tc and plasma epinephrine than in
the NF trial. RPE was lower in period 3 with CES ingestion, and this could reflect
central benefits of CHO ingestion on exercise performance.
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6.

CHAPTER SIX: DEHYDRATION IMPAIRS WORKING

MEMORY AND VISUAL-SPATIAL PROCESSING VS.
HYDRATING WITH A CES DURING INTERMITTENT SPRINT
CYCLING
Palmer MS, Driscoll RL and Spriet LL

I. ABSTRACT
Dehydrating by ~2% body mass (BM) has been shown to decrease physical
performance and cognitive function. On average, hockey players lose 1.3% BM during a
game with 1 in 3 players losing between 1.8 – 4.3% BM. This study determined if
dehydration in hockey players (n = 9, 1.80 ± 0.01 m, 77.0 ± 2.9 kg, 21 ± 1 years, 56.8 ±
1.9 mL·kg BM-1) affected perceived exertion (RPE) cognitive performance (modified
Stroop colour-word test, ImPACT test) and reaction time in period 3 (P3) of a simulated
ice hockey game, compared to staying hydrated with a carbohydrate-electrolyte solution
(CES). Subjects performed 2 bouts of an intermittent sprint protocol that was designed to
simulate ice hockey. Fluid was either restricted before and during the protocol (DEH), or
subjects drank 500 mL of water 1-2 hours prior to exercise and fully replaced sweat
losses with a CES (HYD). Subjects lost a total of 1.7% BM prior to P3, and 2.5% BM
after P3. RPE was higher in P3 for the DEH group (18 ± 0 vs. 17 ± 1). Sprint
performance decreased over time in both groups but was lower in P3 in DEH (179.7 ± 7.7
vs. 186.0 ± 8.0 kJ, p < 0.05). Performance of a modified Stroop test following the
protocol was impaired in DEH (Score; 147 ± 54 vs. 216 ± 74). ImPACT symbol match
performance was impaired in the DEH trial (7 ± 1 vs. 8 ± 0 correct answers, 1.32 ± 0.09
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vs. 1.51 ± 0.13 s response time), and increased core temperature was associated with
impairments, while carbohydrate intake was associated with improvements in ImPACT
design memory performance. Reaction time after the protocol was improved in DEH
(212 ± 9 vs. 262 ± 32 ms). Tc, sprint and recovery HR were not different between groups
at any timepoint, but we observed main effects for all variables where HYD < DEH.
Dehydration impaired working memory (Stroop test) and visual processing (ImPACT
symbol match and design memory tests) after a simulated ice hockey game. This
coincided with a decrease in exercise performance, and may be related to increases in Tc
and HR. Hockey players may benefit from improved cognitive and physical performance
later in games, by ingesting a CES to minimize body mass losses.

II. INTRODUCTION
Previous work from our laboratory has shown that hockey players consistently
replace only ~2/3 of the fluid they lose through sweating during both practices and games
(96, 134, 135), resulting in dehydration of up to 3% body mass in some players.
Exercise-induced dehydration of ~2% BM has been associated with decreases in sport
performance (3, 7, 46). This may be due, in part, to impaired cognitive function (10, 29,
70) compared to when athletes stay hydrated during exercise. Specifically, dehydration
seems to impair executive function, which is an umbrella term for cognitive processes
such as planning, working memory, attention, problem solving, verbal reasoning,
inhibition, mental flexibility, multi-tasking, initiation and monitoring of actions. It is
unknown if these impairments result from dehydration itself, or if they result from the
exacerbated increases in core temperature caused by dehydration (71, 94, 104). When
core temperature increases with dehydration during exercise, cognitive impairments are
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consistently observed (29, 70). Passive heating with and without head cooling decreased
MVC force production (-10.9 and -8.3%, respectively) compared to baseline, indicating a
decrease in central drive with hyperthermia. Number and pattern memory were also
impaired with passive heating (-4.1 and -6.3%, respectively), but the addition of
simultaneous head cooling restored memory performance to baseline levels (138).
Dehydration alone, caused by fluid restriction and without an increase in core
temperature, does not seem to impair cognitive function, but it does result in an increased
perception of effort (162, 172). This perception may arise from changes in brain
ventricular volume or increases in metabolic activity (41, 84) that may precede cognitive
impairments when dehydrated. Both impaired cognitive function and the increased
perception of effort are not desirable in competitive sports such as basketball (7), soccer
(46) or ice hockey (72), as they are fast-paced sports that require players to be motivated
and make split second, coordinated decisions in order to win. In this regard, it is
important to prevent dehydration during competition from exacerbating the increase in Tc
that is normally associated with exercise.
We have previously shown that fluid intake is not reduced when hockey players
are limited to ingesting a CES during practice (134). It is possible that these findings
would translate to hockey games, as it seems that many professional players have
recently included CES ingestion as part of their hydration plan during games. The CHO
ingested from a CES has been shown to improve basketball (43) performance. It has also
been shown to improve the performance of high-intensity, interval exercise (38), which is
characteristic of ice hockey (72), possibly through sparing muscle glycogen (117). CHO
ingestion may also improve performance through effects on the central nervous system
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(10), as it seems to stimulate reward centres in the brain (25, 142, 143) and improves
subjective feelings of fatigue (43). A water ingestion group was not included in this
study, as we have shown in Chapter 5 that water ingestion had minimal effects on
performance and may not affect cognitive function vs. mild dehydration. Additionally,
more athletes are choosing to ingest a sports drink during competition and this
comparison will help inform them of the effects of not ingesting an adequate volume of
CES during exercise.
Therefore, the goal of this study was to investigate whether moderate dehydration
(> -2% BM loss) affected the performance of a series of cognitive tasks in ice hockey
players following a high-intensity, intermittent cycling protocol, compared to when these
players stayed well-hydrated with a CES. We hypothesized that hydrating with a CES
would improve cognitive function, subjective feelings of fatigue, and performance after a
simulated ice hockey game vs. moderate dehydration.

III. METHODS
IIIa) Subjects
Eight males volunteered for this study. They had at least 3 years of competitive
ice hockey experience, and their mean (±SE) age, height, weight, and VO2max were 21.0
± 0.3 years, 1.80 ± 0.01 m, 77.0 ± 2.9 kg, and 56.8 ± 1.9 mL·kg-1·min-1. Ethical approval
was obtained as described in Chapter 5.
IIIb) Study Design
The overall study design was similar to that described in Chapter 5, except that a
15 hour fluid restriction period was included prior to the no fluid (DEH) trial. These
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subjects also did not ingest fluid during the exercise bout. In the fluid trial, subjects
consumed 500 mL of water in the 2 hours immediately preceding the protocol, and
replaced 100% of their sweat losses by drinking a commercially available carbohydrateelectrolyte solution during the protocol (HYD). The trials were randomized, and
immediately after each trial, subjects completed a series of cognitive tests to assess
cognitive function.
IIIc) Pre-experimental protocol
Prior to the trials, subjects were familiarized with the exercise protocol and fluid
requirements were determined as described in Chapter 5. Subjects completed a 2-day
dietary recall and food packages matching their average major macronutrient intake were
provided for them to consume over the 2 days leading up to each trial. Subjects were also
asked to refrain from strenuous exercise, alcohol and caffeine ingestion in this 2-day
period. Subjects visited the laboratory on 3 consecutive days, which served 2 purposes:
1) The subjects were familiarized with the cognitive tests administered immediately after
exercise in both trials, and baseline data was obtained for the ImPACT test. 2) Baseline,
well-hydrated body mass was determined. The subjects followed the HYD preexperimental protocol and reported to the lab at the same time of day as their trial time.
Subjects voided their bladders and provided a urine sample to confirm euhydration.
IIId) Modified high-intensity, intermittent cycling protocol
The experimental protocol consisted of 3 x 30 min “periods” separated by 10 min
“intermissions”. Each period consisted of 10 x 1 min sprints at 120% of Wmax, followed
by 2 min of passive rest. The ergometer was programmed so that power output was rpmdependent, and subjects could modify their workload by changing their cadence.
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Subjects were asked to maintain 95 rpm in each sprint, which corresponded to 120% of
their Wmax.
IIIe) Experimental Trials
Subjects arrived to the laboratory after eating a standardized diet for 2 days (2617
± 188 kcal, 88 ± 7 g (30%) fat, 337 ± 30 g (51%) carbohydrate, 122 ± 9 g (19%) protein
per day). USG and BM were obtained, and a venous catheter was fixed in place as
described in Chapter 5. Blood samples were collected 1 min before the warm-up and 10th
sprint in each period.
Subjects in the HYD trial drank a volume of CES equal to their calculated sweat
loss from the familiarization visit. Fluid intake for each period was given in 3 equal
doses; one dose after the 1st, 4th and 7th sprints in each period. Body mass was
determined between periods and if necessary, fluid intake was adjusted to maintain preexercise body mass.
External work, RPE, HR and Tc were recorded as described in Chapter 5.
Cognitive tests were performed immediately after subjects finished the exercise protocol,
prior to their final body mass determination. The tests took 30-40 min and were
performed in the following order: a 10-question fatigue questionnaire, a reaction time
test, a modified Stroop colour-word test, and the Immediate Post-Concussion Assessment
and Cognitive Testing (ImPACT) battery of tests.
IIIf) Blood and urine sample analysis
USG, blood glucose, FFA and hematocrit concentrations were analyzed as
described in Chapter 5. Plasma was used to determine plasma osmolality by freezing
point depression (Advanced Instruments 3MO Osmometer, Norwood, MA), and plasma
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Na+, K+, and Cl- concentrations by ion-selective electrode (Roche Cobas 6000 c501,
Indianapolis, IN). Blood treated with EDTA was analyzed for hemoglobin (Hb)
concentration with a cyanide-linked, colorimetric assay (Siemens ADVIA 2120i
Hematology System, Tarrytown, NY).
IIIg) Fatigue Questionnaire
Subjects gave subjective ratings from 1 (very little) to 10 (extremely) for 8
questions (Table 6.1).
Table 6.1. The fatigue questionnaire that was given to 9 subjects upon completion of a
sprint cycling protocol when they either abstained from fluid before and during exercise
(DEH) or fully replaced sweat losses by drinking a sports drink (HYD).
Question
Q1
Q2
Q3
Q4
Q5
Q6
Q7
Q8

Do you feel lightheaded?
Do you feel queasy?
Do you feel out of breath?
Do you feel overheated?
Are your muscles cramping?
On a whole body level, how fatigued are you?
How tired are your arms?
How tired are your legs?

IIIh) Reaction Time
Subjects rested their thumb on a touch-sensitive sensor, and were asked to remove
it as quickly as possible in response to a light stimulus. This was repeated 10 times, and
the light stimulus appeared at random intervals for each of the 10 trials. The mean
reaction time (ms), and total number of false starts (thumb removal with no light
stimulus) were recorded. All data points were used, and the false start data was not
included in the calculation of mean reaction time.
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IIIi) Modified Stroop Test
This test was performed on a handheld, touchscreen computer. Subjects were
given a primary word, which was the name of one of 12 colours (white, red, cyan, green,
brown, orange, purple, gray, blue, pink, black, or yellow), whose text was written in a
different colour (i.e. The word “Blue” written in green text). Below this word, subjects
were presented with a 3 x 4 grid of the same 12 colours in random order, which were also
written in a different colour text. Subjects initially had 10s to match the text colour of the
primary word to the name of that colour in the 3 x 4 grid (i.e. “Blue” written in green text
matches “Green” written in brown text). If they were successful, subjects were awarded
2 points, if they were unsuccessful they received 1 of a possible 3 strikes. After 9
primary words, and assuming they had not accumulated 3 strikes, subjects moved to the
next “level” where the only differences from the previous “level” were that they now had
9s to choose the correct colour from the list, and were awarded 3 points for a correct
answer. After every 9 words, the time decreased by 1s, and the point value of a correct
answer increased by 1. The subject’s total score, and the levels where they received each
of their 3 strikes were recorded.
IIIj) Immediate Post-Concussion Assessment and Cognitive Testing (ImPACT)
The ImPACT test consisted of 6 individual tests and the elements from each test
(speed, accuracy etc.) were combined into 5 composite scores. This testing has been
described previously (155), and is used to assess cognitive function in athletes suffering
from concussions. Briefly, the 6 tests were: Word Memory, Design Memory, X’s and
O’s, Symbol Match, Colour Match, and Three Letter Memory, which tested elements of
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executive function including verbal recognition, design recognition, working memory,
decision making discrimination tasks.
The Word Memory test assessed verbal recognition memory. Twelve words were
displayed individually for 750 ms, and the list was repeated to facilitate learning and
retention. After the learning phase, subjects were shown a sequence of 24 words and
asked to differentiate between the words that were included in the original list, and
distractor words. Additionally, after all other tests were completed, the list of 24 words
was shown a second time to test the subject’s delayed verbal recall. There was no
learning phase in the delayed assessment. The number of correct words identified,
number of correct distractors identified and percent of correct answers given were
recorded for both the immediate and delayed conditions. Also, an overall correct
percentage was calculated (arithmetic mean of immediate and delayed percentages).
The Design Memory test assessed visual recognition memory, and was identical
to the Word Memory test, except that subjects were shown a series of line designs instead
of words. This list of 24 designs followed immediately after the delayed Word Memory
list at the end of the test battery to test the subject’s delayed visual recall. The number of
correct designs identified, number of correct distractors identified and percent of correct
answers given were recorded for both the immediate and delayed conditions. Also, an
overall correct percentage was calculated (arithmetic mean of immediate and delayed
percentages).
The X’s and O’s test assessed visual working memory and visual motor speed.
Subjects performed the test 4 times, which included a visual memory element and a
distractor task. The memory screen was shown for 1.5 s, and displayed 32 letters (16
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X’s and 16 O’s) randomly on the screen. Three of the letters were randomly coloured
yellow while the rest were coloured black. After the memory screen was presented,
subjects were immediately presented with the distractor task, which presented them with
a series of coloured shapes, and required them to press the left mouse button if a blue
square was displayed on the screen, and the right mouse button if a red circle was shown.
Once the distractor task was complete, subjects immediately returned to the memory
screen and were asked to click on the letters that had previously been coloured yellow (all
letters were coloured black to start). The number of correctly identified X’s and O’s was
recorded. Additionally, the response times, and number, of both the correct and incorrect
mouse clicks during the distractor task were recorded.
The Symbol Match test assessed visual learning, memory and visual processing
speed. Subjects were shown a row of 9 symbols that were each numbered sequentially
from 1-9. Below these symbols and numbers, subjects were shown an individual symbol
and were asked to press the number corresponding to that symbol as fast as possible.
After 27 symbols had been shown, the original row of symbols disappeared leaving only
the numbers. Subjects were shown 27 additional symbols and asked to recall the
corresponding number and press it as quickly as possible. The number of correct
answers, and average response time for each correct answer, were recorded for both the
visible and hidden portions of the Symbol Match test.
The Colour Match test assessed impulse inhibition and visual-motor speed.
Subjects were shown 1 of 3 words (“red”, “green”, “blue”). These words were either
displayed in the same colour (i.e. “red” written in red text), or in another colour (i.e.
“red” written in blue text). Subjects were asked to press a button only if the text colour
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of the word matched the word displayed (i.e. “red” written in red text). The number, and
reaction time for both the correct and incorrect responses were recorded.
The Three Letter Memory test assessed verbal working memory and visual motor
speed. Subjects performed the test 5 times, which included a verbal memory element and
a distractor task. The memory screen displayed a sequence of 3 random consonants for
the subjects to memorize. After the memory screen was shown, subjects were
immediately presented with the distractor task, which consisted of a 5x5 grid with the
numbers from 1-25 randomly displayed throughout. Subjects were asked to click on the
boxes in reverse order, starting with 25, as quickly as possible. After 18 s the grid was
removed and subjects were asked to input the sequence of 3 random consonants that they
had been shown immediately before the distractor task. Both the sequence of consonants,
and the location of the numbers in the grid were randomized for each of the 5 trials. The
number of correct sequences, correct letters and overall percentage of letters correct were
recorded from the memory portion of this test. The time to first click and average
number counted were recorded from the distractor portion of the Three Letter Memory
test.
IIIk) Calculations
Calculations were performed as described in Chapter 5.
IIIl) Statistics
Statistical analyses were performed as described in Chapter 5. Multivariate
analyses were used to investigate the differences in ImPACT performance between
groups while controlling for covariance in Tc and carbohydrate intake. A one-way RM
ANOVA was used to determine differences between Baseline, DEH and HYD ImPACT
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variables. Paired t-tests were used to compare the results from the fatigue questionnaire,
reaction time, and modified Stroop scores between trials. Statistical significance was
accepted at p < 0.05.

IV. RESULTS
IVa) Trial conditions
Ambient temperature (20.1 ± 0.0 vs. 20.2 ± 0.0°C) and r.h. (22 ± 0 vs. 22 ± 1%)
were similar in the DEH and HYD trials, respectively. Baseline, euhydrated body mass
was 77.8 ± 2.8 kg with a USG of 1.012 ± 0.001. Fluid restriction in the DEH trial
resulted in subjects being dehydrated by 1.1% BM (76.9 ± 2.8 kg, USG of 1.023 ± 0.001)
at the start of the trial. Subjects in the DEH trial became progressively more dehydrated
with exercise, while subjects in the HYD trial maintained their body mass throughout the
trial (Table 6.2).
Table 6.2. Percent body mass loss from baseline, sweat loss, fluid intake, total work
performed and rating of perceived exertion (RPE) in each period of a sprint cycling
protocol when 8 subjects either abstained from fluid before and during exercise (DEH) or
fully replaced sweat losses by drinking a sports drink (HYD).
Trial

Period 1

Period 2

Period 3

∆ Body Mass
(%)

DEH *
HYD

-1.4 ± 0.2
-0.3 ± 0.2

-1.7 ± 0.2
-0.3 ± 0.2

-2.5 ± 0.2
-0.7 ± 0.2

Sweat loss (L)

DEH
HYD

0.2 ± 0.0
0.1 ± 0.1

0.3 ± 0.0
0.4 ± 0.1

0.5 ± 0.0
0.5 ± 0.1

Fluid Intake (L)

DEH
HYD

—
0.2 ± 0.0

—
0.3 ± 0.1

—
0.5 ± 0.1

Total work (kJ)

DEH
HYD

190.2 ± 6.9
192.0 ± 6.4

182.9 ± 8.1
186.7 ± 8.0

179.7 ± 7.7
186.0 ± 8.0 †

RPE

DEH
HYD

16 ± 1
15 ± 1

17 ± 0
17 ± 0

18 ± 0
17 ± 1 †

*; p < 0.05, interaction, HYD > DEH at all timepoints. †; p < 0.05 in that period.
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IVb) Performance
Total work performed in the HYD trial was significantly greater than in the DEH
trial (564.7 ± 22.2 vs. 552.8 ± 22.4 kJ, p < 0.05). Total work performed was significantly
higher in the last 2 periods (372.7 ± 16.0 vs. 362.6 ± 15.8 kJ, p < 0.05), and in period 3
(P3) in the HYD vs. DEH trials (Table 6.2). The work performed in each sprint
decreased over time in both groups, with a main effect for HYD > DEH (Figure 6.2).
IVc) Cognitive Tests
RPE increased with each period in the two trials, and was significantly lower in
period 3 in the HYD vs. the DEH trial (Table 6.2). Fatigue questionnaire scores were
significantly lower in the HYD trial for question 1 (lightheaded), 3 (out of breath), 6
(whole body fatigue), and 8 (leg fatigue), although subjective responses tended to
decrease for all questions with a CES (Figure 6.1).

Questionnaire Score

10

*

*

*

*

8

6
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4

2

0

Q1

Q2
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Q4
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Q6
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Figure 6.1. Subjective ratings of fatigue after a sprint cycling protocol when subjects
dehydrated by 2.5% BM during the protocol (■, DEH), or when subjects fully replaced
sweat losses by drinking a CES (□, HYD). Q; question, are listed in Table 6.1. Data are
presented as mean ± SE, n = 8. *, significantly different between groups.
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Figure 6.2. Work performed in each sprint of a sprint cycling protocol. The dashed line represents the work expected in each sprint if
the subjects were able to maintain 95 rpm through the entire minute. The sprints are grouped together by period. Subjects either
drank no fluid (■, DEH), or fully replaced sweat losses by drinking a CES (□, HYD) during the protocol. Data are presented as mean
± SE, n = 9. *, main effect for condition; DEH < HYD.

Work (kJ)

After exercise in the HYD trial, modified Stroop test performance was improved, and
subjects reached a higher level during the test before committing errors (Figure 6.3A).
Reaction time was impaired after exercise in the HYD trial, and subjects committed more
false starts (errors), but one outlying subject’s reaction time was > 2 S.D. from the mean
in the HYD trial (476 vs. 262 ± 32 ms), which drove this trend (Figure 6.3B). Without
this subject, the difference became non-significant (p = 0.09).
A

Modified Stroop Test
10

Mean Strike Level

Stroop Score
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4
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Reaction Time Test
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Figure 6.3. Individual results for total score and mean strike level during the modified
Stroop colour-word test (A), and reaction time and number of false starts during the
reaction time test (B) after a sprint cycling protocol when 8 subjects were dehydrated by 2.5% BM (■, DEH), or stayed well-hydrated by drinking a CES (□, HYD). The circled
data point in B indicates an outlying subject. *, p < 0.05; HYD > DEH.

After the sprint cycling protocol, response time for hidden portion of the Symbol
Match test was higher in the HYD vs. DEH trial (Table 6.3). All other measurements
were similar between the two trials. Multivariate analysis revealed no significant
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Table 6.3. ImPACT testing results following a sprint cycling protocol where 8 subjects
either abstained from fluid before and during exercise (DEH) or fully replaced sweat
losses by drinking a sports drink (HYD).
Cognitive Test

Measure

BASELINE

DEH

HYD

Composite Scores

Memory composite (verbal) (%)
Memory composite (visual) (%)
Visual motor speed composite
Reaction time composite (s)
Impulse control composite
Cognitive Efficiency Index

91 ± 4
89 ± 4
46.2 ± 2.6
0.6 ± 0.0
5±2
0.43 ± 0.06

89 ± 3
75 ± 4
46.4 ± 1.3
0.6 ± 0.0
3±1
0.34 ± 0.05

92 ± 2
79 ± 5
46.6 ± 1.0
0.6 ± 0.0
4±1
0.46 ± 0.02

Word Memory

Hits (immediate) (#)
Correct distractors (immediate) (#)
Immediate % correct
Hits (delay) (#)
Correct distractors (delay) (#)
Delayed % correct
Total % correct

12 ± 0
12 ± 0
98 ± 1
12 ± 0
11 ± 0
96 ± 2
97 ± 1

12 ± 0
12 ± 0
99 ± 1
10 ± 1
11 ± 0
87 ± 4
93 ± 2

11 ± 0
11 ± 0
94 ± 3
10 ± 1
10 ± 1
83 ± 4
88 ± 3

Design Memory

Hits (immediate) (#)
Correct distractors (immediate) (#)
Immediate % correct
Hits (delay) (#)
Correct distractors (delay) (#)
Delayed % correct
Total % correct

11 ± 1
11 ± 0
92 ± 1
11 ± 0
11 ± 0
93 ± 2
92 ± 1

10 ± 0
10 ± 1
83 ± 5
10 ± 0
9±1
79 ± 4
81 ± 4

10 ± 1
9±0
81 ± 4
10 ± 1
8±1
75 ± 5
78 ± 4

X's and O's

Total correct (memory) (#)
Total correct (distractor) (#)
Avg. correct RT (distractor) (s)
Total incorrect (distractor) (#)
Avg. incorrect RT (distractor) (s)

10 ± 1
114 ± 2
0.5 ± 0.0
4±2
0.4 ± 0.0

8±1
116 ± 2
0.5 ± 0.0
3±1
0.5 ± 0.0

10 ± 1
118 ± 3
0.5 ± 0.0
3±1
0.4 ± 0.1

Symbol Match

Total correct (visible) (#)
Avg. correct RT (visible) (s)
Total correct (hidden) (#)
Avg. correct RT (hidden) (s)

27 ± 0
1.5 ± 0.1
8±1
1.3 ± 0.1

27 ± 0
1.6 ± 0.1
7±1
1.3 ± 0.1

27 ± 0
1.5 ± 0.1
8±0
1.5 ± 0.1 *

Color Match

Total correct (#)
Avg. correct RT (s)
Total commissions (#)
Avg. commissions RT (s)

9±0
0.7 ± 0.0
0±0
0.1 ± 0.1

9±0
0.7 ± 0.0
0±0
0.1 ± 0.1

9±0
0.7 ± 0.0
0±0
0.1 ± 0.1

Three Letters

Total sequence correct (#)
Total letters correct (#)
Percent of total letters correct
Avg. time to first click (s)
Avg. counted (#)
Avg. counted correctly (#)

4±0
14 ± 1
91 ± 5
1.8 ± 0.1
21 ± 2
21 ± 2

5±0
15 ± 0
99 ± 1
1.9 ± 0.1
22 ± 1
21 ± 1

5±0
14 ± 0
95 ± 3
1.7 ± 0.1
22 ± 1
21 ± 1

RT; response time. Data are presented as mean ± SE, n = 9. *; p < 0.05, HYD vs.
Baseline.
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differences between groups for any of the individual ImPACT tests, however univariate
analysis of the design memory test revealed significant effects of both core temperature
in P3 and carbohydrate intake in P3 on performance of this test (Table 6.4). These
measurements all tended to decrease with an increased core temperature in the DEH trial.
This negative relationship was absent in the HYD trial, where carbohydrate and fluid
intake correlated positively with each of these measurements (Table 6.4).
Table 6.4. Pearson correlation coefficients between results of the Design Memory test of
the ImPACT battery of cognitive tests and core temperature AUC (Tc), and total CHO
intake in period 3. Eight subjects either dehydrated by -2.5% BM (DEH) or stayed
hydrated by drinking a sports drink (DEH) during a sprint cycling protocol.
Cognitive Test

Measure

Design Memory

Hits (immediate)

Tc
Pearson r p-value

CHO
Pearson r p-value

DEH
HYD

-0.66
-0.70

0.07
0.05

0.63

0.09

Correct distractors
(immediate)

DEH
HYD

-0.70
-0.45

0.05
0.26

0.82

0.01 *

Immediate%
correct

DEH
HYD

-0.79
-0.67

0.02 *
0.07

0.77

0.02 *

Hits (delay)

DEH
HYD

-0.64
-0.59

0.09
0.12

0.84

0.01 *

Correct distractors
(delay)

DEH
HYD

-0.74
-0.39

0.03 *
0.34

0.52

0.19

Delayed%
correct

DEH
HYD

-0.91
-0.55

< 0.01 *
0.15

0.76

0.03 *

Total% correct

DEH
HYD

-0.88
-0.62

< 0.01 *
0.10

0.78

0.02 *

Data are presented as Pearson r- and p-values. *; significant correlation, p < 0.05.
IVd) Core Temperature and Heart Rate
Core temperature increased significantly from baseline in both groups, and
remained elevated at all subsequent timepoints. There were no differences between
groups at any timepoint, but we did observe a main effect for condition such that HYD <
DEH (Figure 6.4A). Both peak sprint and recovery heart rates increased during P1 in the
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two groups, and remained elevated for the remainder of two trials. We observed a main
effect for condition where HYD < DEH for both peak sprint and recovery heart rates
(Figure 6.4B).
IVe) Blood volume, metabolites and ions
Blood and plasma volumes decreased from baseline and remained low for the
remainder of the protocol in both trials (Table 6.5). There were no differences between
trials at any timepoint for both variables, but the % decrease in plasma volume tended to
be greater in the HYD trial (p = 0.06). Blood glucose remained stable in both trials over
the entire protocol, and plasma FFA was increased after S9 in P3 in both trials, with no
differences between trials at any timepoint.
Plasma osmolality, Na and potassium concentrations all tended to increase during
the periods and recover slightly in the breaks between periods, such that they were
significantly higher after the final sprint in each period compared to baseline in the two
trials. There were no differences in plasma osmolality, Na or potassium between groups
at any timepoint, but we did observe a main effect for condition where plasma Na was
increased in the DEH trial compared to the HYD trial (Table 6.5), and plasma potassium
tended to be lower in the DEH trial compared to the HYD trial (p = 0.06). Plasma
chloride concentration remained stable in both trials over the entire protocol, and was not
different between groups at any timepoint.
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Figure 6.4. Core temperature (A), peak sprint HR and min recovery HR (B) during a
sprint cycling protocol. Core temperature was taken immediately after sprints 1, 5 and 10
in each period. Peak sprint HR was taken at the end of the each sprint, and min recovery
HR was taken 30s before the start of each sprint (note: no recovery HR for sprint 1 in
each period). Fluid was restricted and subjects drank no fluid during a sprint cycling
protocol (■, DEH), or subjects were well-hydrated before exercise and fully replaced
sweat losses by drinking a CES (□, HYD). Data are presented as mean ± SE, n = 8. *,
main effect for time in both panels; DEH > HYD.
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Period 2

Period 3
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S1
S9
S1
S9
S1
S9
∆ Blood
DEH
—
-11 ± 1
-8 ± 1
-9 ± 1
-7 ± 1
-7 ± 1
HYD
—
-13
±
1
-9
±
1
-11
±
1
-9
±
2
-7 ± 1
Volume (%)
∆ Plasma
DEH
—
-18 ± 1
-14 ± 1
-15 ± 1
-13 ± 2
-12 ± 2
Volume (%)
HYD
—
-21 ± 2
-15 ± 2
-18 ± 2
-15 ± 3
-15 ± 2
Blood glucose
DEH
4.9 ± 0.2
5.9 ± 0.4
5.9 ± 0.4
6.2 ± 0.7
6.0 ± 0.6
5.1 ± 0.5
(mM)
HYD
4.8 ± 0.2
4.9 ± 0.3
5.4 ± 0.3
6.0 ± 0.5
6.2 ± 0.5
5.9 ± 0.4
Plasma FFA
DEH
0.26 ± 0.04
0.18 ± 0.02
0.15 ± 0.02
0.17 ± 0.02
0.20 ± 0.03
0.36 ± 0.05 †
(mM)
HYD
0.23 ± 0.05
0.18 ± 0.02
0.19 ± 0.03
0.15 ± 0.02
0.17 ± 0.03
0.26 ± 0.03 †
Plasma
DEH
294 ± 2
309 ± 2 *
301 ± 2
312 ± 2 *
303 ± 5
310 ± 4 *
osmolality (mM)
HYD
296 ± 4
306 ± 2 *
299 ± 3
307 ± 4 *
304 ± 3
308 ± 2 *
Plasma Na+
DEH
143 ± 1
147 ± 1 *
143 ± 0
147 ± 0 *
143 ± 2
146 ± 1 *
(mM)
HYD §
140 ± 0
144 ± 1 *
142 ± 0
145 ± 1 *
142 ± 1
145 ± 1 *
+
Plasma K
DEH
3.7 ± 0.1
4.5 ± 0.1 *
3.9 ± 0.1
4.5 ± 0.1 *
3.9 ± 0.1
4.4 ± 0.1 *
(mM)
HYD
3.8 ± 0.0
4.5 ± 0.1 *
3.9 ± 0.1
4.5 ± 0.1 *
4.1 ± 0.1
4.6 ± 0.1 *
Plasma Cl
DEH
103 ± 1
102 ± 1
100 ± 1
101 ± 1
100 ± 1
103 ± 1
(mM)
HYD
101 ± 1
101 ± 1
100 ± 1
101 ± 1
100 ± 1
102 ± 1
S1; sprint 1, S9; sprint 9. Data are presented as mean ± SE, n = 8. Main effect for time, *; p < 0.05 significantly higher than baseline,
†; significantly higher than all other timepoints. §; p < 0.05, main effect for condition, DEH > HYD.

Period 1

Table 6.5. Blood and plasma volume changes, whole blood glucose, plasma free fatty acids (FFA), osmolality, Na+, potassium (K+),
and chloride (Cl-) concentrations during a sprint cycling protocol. Subjects either abstained from fluid before and during exercise
(DEH) or fully replaced sweat losses by drinking a sports drink (HYD).

V. DISCUSSION
The main findings of the present study were that 1) cognitive flexibility and visual
motor processing speed (modified Stroop) were improved, and cognitive tasks related to
reaction speed (reaction time and ImPACT Symbol Match) were impaired after a sprint
cycling protocol when subjects hydrated with a CES vs. when they dehydrated by 2.5%
body mass. 2) Subjects performed more work in periods 2 and 3 of the sprint cycling
protocol with a lower Tc, and reported a lower RPE in period 3, and 3) core temperature
was negatively associated with visual recognition memory (ImPACT design memory)
when subjects dehydrated by 2.5% body mass, but this association was not present when
subjects stayed hydrated with a CES, and carbohydrate intake correlated with an overall
improvement in visual recognition memory in this group.
Va) The effects of dehydration on cognitive performance
Dehydration has consistently been associated with impaired cognitive
performance (29, 70, 84, 94, 172). This impairment seems to increase as dehydration
becomes more severe (70), and negative effects have been observed with as little as 1.3%
BM loss (94). Specifically, visuo-spatial processing, and executive functions including
working memory, are consistently impaired with dehydration and hyperthermia (84, 104,
172). We observed a decrease in performance of the modified Stroop colour-word test,
where 7 of 8 subjects in the DEH trial scored lower vs. the HYD trial, indicating an
overall impairment in cognitive flexibility and visual motor processing in this group.
Blood glucose was similar in the two groups at all timepoints (~5 – 6 mM), but it is
possible that ingesting the CHO in a CES at 9 different times was able to stimulate the
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brain while preventing excessive glucose spikes in the blood. Subjects in the DEH trial
were significantly dehydrated (-2.5% BM loss) when performing the cognitive tests
compared to the HYD trial (-0.7% BM loss), which likely contributed to the impaired
mental performance. However, it is also possible that body mass loss in the DEH trial
simply exacerbated the increase in Tb with exercise, which may have resulted in this
impairment. If these results can be extended to ice hockey in the field, they support a
role for hydrating with a CES in order to maintain visual motor processing and cognitive
flexibility, which are cognitive functions that may be useful for ice hockey.
It has been a point of contention as to whether dehydration itself mediates
impaired cognitive function, or if this impairment occurs second to an increase in core
temperature (71, 94). Research with fluid restriction alone suggests that an increase in
core temperature may be required to reduce cognitive performance, as no significant
differences in arithmetic ability, reaction time, manual tracking or Stroop performance
were observed when fluid intake was restricted and subjects dehydrated by 2.6% body
mass (172). These subjects, like others whose fluid had been restricted (162), did report
increases in subjective ratings of fatigue and perception of effort. While these subjective
ratings are not quantitative measures of cognitive performance, it is possible that the
overall increased perception of effort reflects an increase in the activation of certain brain
centres (84). Kempton et al. (86) observed an increase in blood-oxygen-level-dependent
(BOLD) response in the dorsal fronto-parietal network (a region associated with
executive function) during the “Tower of London” cognitive test, when subjects
dehydrated by 1.1% BM through exercise. They proposed that this increased BOLD
response reflects an increase in metabolic demand, which may be increased due to
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accelerating fatigue when dehydrated. This increase in brain activity is likely interpreted
as an increased perception of effort by the subject. Indeed, along with the impaired
Stroop and symbol match performance in the present study, we observed a higher RPE,
greater subjective feelings of lightheadedness, feeling out of breath, whole body and leg
fatigue after period 3 of the DEH trial.
Additionally, Gopinathan et al. (70) conducted a dose-response study (0, 1, 2, 3,
4% BM loss) to observe changes in cognitive performance with increasing dehydration.
Subjects performed the cognitive tests prior to exercise, and after exercise once Tc had
returned to baseline from resting in a thermoneutral room. These authors observed a
progressive decline in arithmetic ability, short-term memory and visuo-motor tracking
with dehydration, but performance was similar after exercise in the well-hydrated group
compared to baseline. Since the post-exercise tests were performed at normal body
temperature, the changes in cognitive performance must be attributable to the exerciseinduced dehydration, which does not seem to impair cognitive performance when
subjects remain hydrated during exercise. Overall, it is difficult to separate the effects of
dehydration from the effects of elevated core temperature on cognitive performance, but
this issue may be of little significance for ice hockey players in the field. It is likely that
dehydration will always exacerbate the increase in Tc during practices and games. In the
present study we saw an overall reduction in core temperature, and maintenance of
cognitive function in the HYD trial, underscoring the need for hockey players to stay
hydrated with a CES during a sprint cycling protocol.
Interestingly, pure reaction time, and response time during the hidden portion of
the ImPACT Symbol Match test were impaired in the HYD trial. This is similar to work
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by Leibowitz et al. who reported an improvement in reaction time to a peripheral light
stimulus in both men and women after exercise-induced dehydration of 2.5% and 5% BM
(93). The improvement in reaction time was attributed to familiarization with the test
used, but this is unlikely in the present study because the time interval between light
stimuli was randomized in the reaction time test, and subjects were familiarized with all
tests prior to the participating in the study. Six of 8 subjects showed an improvement in
reaction time when dehydrated, and although the significant trend seems to be driven by
1 subject whose reaction time was > 2 S.D. from the mean in the HYD trial (476 vs. 262
± 32 ms), there is still a tendency for an improved reaction time in the DEH trial when
this data point is removed (206 ± 9 vs. 231 ± 15 ms, p = 0.09 DEH vs. HYD,
respectively). Similarly, response time was increased for 7 of 8 subjects during the
symbol match test. All subjects in the present study reported feeling “fuzzy” and unable
to think clearly after exercise in the DEH trial. While it seems likely that this would limit
their cognitive capacity and reaction time, it is possible that the inability to blind the
subjects to the treatment groups forced them to concentrate more than when they were
well-hydrated in the HYD trial, resulting in an improved reaction time. Szinnai et al.
(172) observed that 28 hours of fluid restriction resulted in an improved reaction time
during a serial addition task in men, and that this was associated with a greater subjective
rating of concentration than when subjects were well-hydrated (172). Unfortunately
subjects were not asked for subjective ratings of concentration, and the reaction time test
in the present study was only performed after the exercise bout so there is no way to
know if performance was increased or decreased (potentially indicating increased or
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decreased concentration) from baseline in each group. This would be an essential
element to add to a future study.
Vb) Core temperature and carbohydrate intake on visual recognition memory
While few of the measurements made during the ImPACT test were significantly
different when compared directly between groups, we observed significant correlations
between core temperature and carbohydrate intake in period 3, and design memory
performance. These effects were not evident using multivariate analyses, however all
measurements seemed to follow a similar trend that is worth mentioning here. Bandelow
et al. observed that high core temperature impaired, while high blood glucose improved
response time on a Sternberg working memory test, and spatial span on the Corsi blocktapping test (10). Collectively these test complex visuo-motor performance and working
memory. Bandelow et al. (10) did an excellent job of analyzing their data with mixed
effect models, and systematically identified core temperature and blood glucose as
determining factors in the performance of these tests, specifically that higher blood
glucose counteracted the negative effects of rising core temperature on all tests where
speed was measured. We cannot comment on whether blood glucose had the same
effects in the present study as it was similar in the two groups, and did not change over
time. Instead, total carbohydrate intake in P3 was compared to each of the design
memory variables as it immediately preceded the cognitive tests and would likely affect
brain function (142). It should also be noted that since the carbohydrate concentration in
the CES was standardized in the HYD trial (6%), these correlations also reflect the
relationship between fluid intake and design memory performance. However, Bandelow
et al. (10) proposed that glucose availability, and not fluid ingestion, may be the more
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important factor affecting cognitive performance. In the present study, CHO was
ingested in the CES at 3 intervals in the final period, and it seemed to counteract the
negative effects of higher core temperatures on visual memory recognition, similar to the
findings of Bandelow et al. (10). It is unknown how the complexity of this task compares
to the tests used in their study, but regardless, it is likely that visual memory is an element
of cognitive function that would be useful in ice hockey. Although these data are
correlative, the results are consistent across most elements of the design memory test and
support the role of hydrating with a CES on maintaining visual memory during a
simulated ice hockey game.
Vc) Physical measures
Importantly, in addition to the general improvement in cognitive performance that
we observed in the HYD trial, total work performed was greater in this trial compared to
the DEH trial. No significant differences were observed across individual sprints, but in
general the work performed per sprint was consistently higher in the HYD trial, and this
is especially evident in P3 where subjects performed an additional ~1 kJ of work in every
sprint compared to the DEH trial (Figure 6.1). The performance results in this Chapter
seem to be more definitive than the results we observed in Chapter 5. One main reason
for this could be that subjects in the DEH trial were more dehydrated at the start (-1.8%
BM) and end (-2.5% BM) of period 3. The subjects in Chapter 5 were dehydrated by -1.1
and -1.8% BM at the beginning and end of period 3, respectively, which is not associated
with significant dehydration-related impairments (> -2.0% BM). Another reason for the
distinct difference in this Chapter is that the performance decrement for subjects in the
DEH trial of the present study (-9.7%) was larger than in Chapter 5 (-7.0%), which may
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have enhanced the ability of exogenous CHO to maintain performance. Also, the rpms
were held constant during the sprints in the present study, which eliminated the
performance-obscuring effects of subjects doing no work while the ergometer flywheel
decelerated between rpm targets.
In addition to an improvement in performance in this study, Tc was similarly
improved in the HYD trial compared to Chapter 5. The main reason is likely that
subjects in the DEH trial started the protocol with a -1.1% BM impairment, while in
Chapter 5 all subjects started the protocol well-hydrated. In fact, USG was ~1.007 –
1.008 in all groups, which is considered hyperhydrated. It is very likely that the 15 hour
fluid restriction period used in the present study reduced PV in those subjects, which may
have resulted in the accelerated rise in Tc in the first period of the protocol through an
impairment in SkBF. As likely as this may be, however, it remains unknown, as we did
not obtain a baseline blood sample prior to fluid restriction.
Overall, the combination of improved cognitive function and improved work
capacity in P3 when hydrated would be beneficial for athletes like hockey players in the
later stages of games, and supports the benefit of staying well-hydrated with a CES vs.
being dehydrated prior to sprint cycling exercise. These results underscore that fatigue is
a multi-faceted problem that seems to be influenced by central and peripheral factors
(90).
One important consideration is that although we observed correlations between
core temperature and some cognitive measurements, these may not accurately reflect the
relationships between brain temperature and these same measurements, the latter of
which may be a more appropriate determinant of cognitive function. Also, it is essential
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to perform all of the cognitive tests at baseline prior to exercise, in addition to the postexercise assessments used in the present study.
Vd) Conclusion
These data suggest a benefit of staying hydrated with a CES vs. dehydrating by
2.5% BM during a sprint cycling protocol. We observed general improvements in
cognitive function, specifically cognitive flexibility and visual motor processing. We
also observed improvements in subjective feelings of effort, and work performance in
period 3 when subjects stayed hydrated with a CES. These effects seemed to be related
to a reduced core temperature in this group and the provision of carbohydrate by the CES.
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7.

CHAPTER SEVEN: DISCUSSION
The main findings of this thesis were that 1) similar to endurance exercise, our

combined performance and Tc data from Chapters 5 and 6 suggest that mild dehydration
of ~2.0% BM loss seems to be the threshold for the negative effects of dehydration
during intermittent sprint cycling. 2) Ice hockey players dehydrated by 1.3 – 1.8% BM
during practices on the ice, and 10 – 20% of players lost between 2 – 4% BM. 3) Mild
dehydration of 1.1 – 1.8% BM did not affect glycogen use, or the amount of work
performed in each period of a sprint cycling protocol vs. when subjects stayed wellhydrated by drinking water. Unfortunately we are unable to comment on glycogenolysis
with dehydration > 2.0% BM as metabolic measures were not made in Chapter 6. 4) The
ingestion of a CES vs. mild dehydration increased glycogen use and allowed subjects to
perform more work in period 3 of the sprint cycling protocol. 5) More pronounced
dehydration of 1.8 – 2.5% BM impaired complex cognitive functions, and reduced work
performed during sprint cycling compared to staying hydrated with a CES. Our attempts
to assess cycle sprinting performance suggest that the benefits of CHO ingestion are to
maintain performance, and in order for differences to be evident between groups,
dehydrated subjects need to demonstrate a decrease in performance during the protocol.

I. WHY IS GLYCOGEN USE NOT AFFECTED BY MILD DEHYDRATION (1.1
– 1.8% BM) DURING AN INTERMITTENT SPRINT CYCLING PROTOCOL?
Mild dehydration (1.1 – 1.8% BM) did not increase glycogen use, or decrease
work performed during a sprint interval cycling protocol compared to the control group
that stayed hydrated with water. This is in contrast to observations from endurance
exercise where moderate dehydration (2.9% BM loss) increased glycogen use by 16% in
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males, and mild dehydration (0.9 – 2.0% BM loss) increased glycogenolysis by 31% in
females. The main reason that dehydration does not seem to exert an effect on glycogen
use at the mild levels of dehydration observed in this thesis could be that Tc was only
moderately increased with exercise (~38.4°C), and Tc was similar in the hydrated and
dehydrated groups in Chapter 5 (Figures 5.6, 5.7). Although Tc was significantly higher
in the NF trial than in the CES trial (Figure 5.7), the difference between groups was only
±0.1 – 0.3°C and this relatively small difference did not influence glycogen breakdown.
Additionally, the increased Tc in the NF trial should have accelerated glycogen use in this
group vs. CES ingestion, but this response was overridden by an increase in performance
in period 3 in the CES trial, and as a result we observed an increased glycogen use in that
group. When Hargreaves et al. observed an increase in muscle glycogen breakdown with
dehydration, Tm and Tc were +0.6°C higher than when subjects were well-hydrated.
Similarly, Logan-Sprenger et al. reported a +0.5 – 0.7°C increase in Tc with dehydration.
In Chapter 6, Tc in the DEH trial was higher than the HYD trial (Figure 6.4), and while
this was only a 0.2 – 0.3°C difference, we cannot comment on whether glycogenolysis
was affected as we did not perform metabolic measurements in that study.
The absolute workload for these sprints was much higher (~120% VO2max) than
that used by Hargreaves et al. or Logan-Sprenger et al. (65 – 67% VO2max), and should
have increased heat generation, and resulted in a greater heat storage in the dehydrated
trials. We observed small Tc increases in both the dehydrated and fluid replacement
groups during each period, which suggests that the small breaks between sprints were not
sufficient to allow for all of the heat generated during exercise to be dissipated to the
environment. However, Tc tended to remain elevated at a level established by the
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increase in period 1, and there was no net increase in periods 2 and 3. It seems that the
majority of the heat gained during exercise must have been successfully dissipated in the
10 min breaks between periods, and this is supported by the decreases in Tc (~ -0.3 –
0.4°C) in the breaks between periods.
With dehydration in endurance exercise, Tc seems to increase disproportionately
because of a reduced ability to dissipate heat to the environment, also referred to as an
increase in thermal strain, when dehydrated. This occurs because of a decreased plasma
volume, limiting the body’s ability to supply blood to both the working muscle, and to
the periphery to dissipate heat. Sweat rate does not seem to be impaired by dehydration
in this thesis or in endurance exercise (95), indicating that the limitation lies in delivery
of heat to the periphery and not in dissipation of heat to the environment with
dehydration. It is possible that the decreased performance in the dehydrated trials in this
thesis somewhat reduced heat generation during exercise, which may have contributed to
a similarity in thermal strain between groups. However, the work in this thesis seems to
suggest that the structured rest/work periods during sprint interval exercise may largely
eliminate the conflict for blood flow, and allows the body to alternate the shunting of
blood between the muscle and the skin, rather than attempting to do this concurrently, as
is the case with endurance exercise. Of course, we have no data to support this
hypothesis, as blood flow measurements were not made in these studies. However, the
notion that thermal strain is not increased by dehydration during sprint interval exercise is
supported by the similar increases in Tc in all trials (∆Tc), the similar percent changes in
plasma volume during exercise in all groups, and the similar sweat rates in the hydrated
and dehydrated groups in all studies.
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II. CARBOHYDRATE INGESTION AFFECTS MUSCLE GLYCOGEN
BREAKDOWN AND INCREASES PERFORMANCE DURING SPRINT
INTERVAL CYCLING.
In Chapter 5, the CHO ingested from a CES increased glycogen use in period 3
vs. mild dehydration, but had no effect on glycogen use in periods 1 and 2. This is likely
due to the increased performance in period 3 for subjects in the CES trial, either as a
result of providing the muscle with exogenous fuel, or through central effects of the
CHO, which is reflected by the improved RPE in period 3 in the CES group. It is
unknown what effects, if any, CES ingestion had on muscle glycogen use in Chapter 6 vs.
moderate dehydration. As in Chapter 5, Tc was higher in period 3 in the DEH group, and
this was expected to increase glycogenolysis in this group relative to HYD. However, as
in Chapter 5 the influence of an increased Tc in the CES vs. NF group may have been
overridden by an increase in performance resulting in increased glycogen use with CES
ingestion. Subjects in the HYD trial in Chapter 6 reported a lower RPE, and performed
more work in period 3, which suggests an increase in glycogenolysis with CES ingestion
vs. moderate dehydration.
Somewhat surprisingly, in Chapter 5, CHO ingestion did not affect glycogen use
in the first 2 periods of a sprint cycling protocol vs. dehydration. In the first 2 periods
there were no differences in Tc, blood glucose or work performed, yet the CES group
ingested a total of ~25g of CHO over regular intervals in each of the first 2 periods,
which should have provided the muscle with exogenous fuel and could have allowed for
a decrease in glycogen use. The studies that look at glycogen sparing with CHO
ingestion are controversial, with some reporting a benefit of CHO ingestion on glycogen
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use (78, 117, 175, 176, 185), and some reporting no benefit during exercise (36, 52, 108).
Of these studies, those that use cycling as their exercise paradigm tend to demonstrate
muscle glycogen sparing with CHO ingestion during high intensity (80-100% VO2max),
intermittent exercise (78, 185). It is possible that glycogen sparing is only evident in
cycling with high-intensity intermittent exercise, and may be due to increased glycogen
resynthesis in the breaks between sprints (87, 117), rather than substitution of
endogenous CHO oxidation by exogenous sources. It is reasonable to expect that CHO
intake, regardless of exercise intensity or training status, would provide substrate to the
muscle through the circulation, and provide exogenous CHO for oxidation in the muscle.
Both trained and untrained athletes oxidized exogenous CHO during mild and moderate
intensity exercise (177). If glycogen sparing were driven by CHO provision, it should be
observed whenever CHO is ingested during exercise regardless of exercise intensity or
training status. These results suggest that glycogen sparing is sensitive to the mode and
frequency of work bouts during exercise. Glycogen sparing may also be influenced by an
athlete’s training status, as a study by Fielding et al. (52) reported no reduction in
glycogen use with CHO ingestion despite using the same protocol as a prior study that
reported positive results (78). The difference between these studies is that the former
involved recreational athletes (49.7 mL·kg-1), while the latter used trained cyclists (61.5
mL·kg-1). The training status of the subjects used in Chapter 5 is similar to those from
the study by Fielding, which could account for the absence of an effect of CHO ingestion
on muscle glycogen use. There does not seem to be a consensus on whether CHO
provision spares muscle glycogen, or whether it is specific to a certain training status or
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exercise paradigm, and more work needs to be done in this area to address the
controversy.
These previous studies in favour of glycogen sparing with CHO ingestion either
reported glycogen sparing overall, or during the last 3 hours of a 4 hour protocol. It is
possible that any potential sparing effect in this thesis was obscured by the increased
performance in the CES trial in period 3 compared to when subjects were dehydrated.
Alternatively the subjects in Chapter 5 ingested more fluid in periods 1 and 2 (P1; 0.5
mL, P2; 0.4 L), than in period 3 (P3; 0.2 L) in the CES trial, which would have provided
24-30 g of CHO in each of the first two 30 min periods, and only 12 g in period 3. It is
possible that there is a threshold above which the benefits of CHO ingestion on glycogen
use and performance during sprint interval cycling become significant. CHO intake in
period 3 may not have been adequate to significantly affect glycogen breakdown in
Chapter 5. It is unknown whether increasing CHO intake to, or beyond, 30 g in one
period will provide a greater benefit for performance or glycogen use in hockey players.
The muscle can take up and use 60-90 g of exogenous CHO per hour of endurance
exercise, which suggests it may theoretically be possible. However, gastrointestinal
distress would become more of an issue with increased fluid intake during this type of
exercise, and may actually decrease performance.

III. IS IT DEHYDRATION OR CARBOHYDRATE INTAKE THAT IS
RESPONSIBLE FOR THE DIFFERENCES IN COGNITIVE FUNCTION
DURING SPRINT CYCLING?
The two main factors influencing cognitive function during exercise are a
dehydration-induced increase in Tb and increased CHO ingestion; dehydration resulting
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from fluid restriction does not seem to cause any impairments (172). These factors have
opposing effects, with increases in Tb impairing normal cognitive function, and CHO
ingestion improving cognitive function. Based on the results in this thesis, we cannot say
with certainty whether it is dehydration (increasing Tb) or CHO intake that is the main
factor influencing our cognitive findings with sprint interval cycling. The effects of Tb
on cognitive function could be determined by simply having subjects perform a battery of
cognitive test before and after resting heat exposure. To isolate Tb specifically, the head
itself could be heated by wrapping it in a hot towel or a heated helmet. Tympanic
temperature could verify increases in temperature, and subjects could ingest water to
prevent net fluid losses although it seems unlikely that head heating would cause
significant dehydration. These results could then be compared to whole body heating
with and without fluid replacement to determine the contribution of head and body
temperature increases to changes in cognitive function, with and without dehydration.
The effects of CHO ingestion on cognitive function could easily be determined by
performing a similar battery of tests before and after CHO ingestion at rest. Subjects
could be given solid or liquid CHO with a flavoured water placebo. Increasing the
amount of CHO ingested could determine if there was a proportional increase in
cognitive function, or if and where a plateau occurred. The subjects could also be told
that the placebo trial included CHO, or that the CHO trial was a placebo, in order to
eliminate the possibility that a placebo effect contributed to the changes in cognitive
function. Finally, a combined study could be performed to determine to what extent
CHO ingestion affected cognitive function at multiple, increasing Tb’s.
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While we did not measure Tb in the present thesis, Tc in the subjects who were
dehydrated by 2.5% BM after exercise was +0.2°C vs. the HYD trial, and this suggests
that Tb should have been increased in this group compared to control subjects who drank
a CES. However, if we assume the Tc response is indicative of changes in Tb, then there
may only be a small elevation (+0.2°C) in Tb when dehydrated, and it is unknown if this
small difference would have a noticeable effect on perception of effort or cognitive
function. Furthermore, since the cognitive testing protocol was performed immediately
after exercise, but lasted 30-40 min, it is likely that Tb was significantly reduced from
exercise values for some of the cognitive tests (Modified Stroop, ImPACT). In the break
prior to period 3, we observed parallel Tc decreases of ~0.3°C Tc in both HYD and DEH
groups. It is likely that Tc, and also Tb, would have returned to baseline by the end of the
cognitive testing (~1.2°C in ~40 min, assuming a constant rate of heat loss similar to that
observed in the break prior to period 3). The effects of a reduced Tc on cognitive
performance are debatable, however, as Gopinathan et al. (70) demonstrated proportional
decreases in cognitive performance with dehydration, and their battery of cognitive tests
was performed once Tc had returned to baseline from resting in a thermoneutral room
after exercise.
Tb reportedly increases because of a decrease in brain blood flow, which in turn is
due to a corresponding decrease in plasma volume when dehydrated. The reduced blood
flow effectively insulates the brain, causing Tb to increase. We did not measure brain
blood flow in the present thesis, and large, similar decreases in PV (-13-18%) were
observed in all groups. Plasma volume tended to decrease during work periods, and
recovered slightly in the breaks between periods, but the % changes were similar after
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exercise (-12 and -15%) in the dehydrated and CES ingestion groups. If the change in
PV is a main factor influencing brain blood flow, our data suggest that blood flow to the
brain would have been similar in all groups, supporting a similar Tb.
The decrease in PV from baseline in the DEH group in Chapter 6 may be larger
than the calculated -12%, because fluid was withheld from these subjects for 15 hours
prior to exercise. We did not obtain blood samples prior to the 15 hour fluid restriction,
and cannot say whether PV decreased during that time, however Shirreffs et al. observed
a 2.4% decrease in plasma volume after 13 hours of fluid restriction (162). If PV
decreased to a similar extent with our fluid restriction protocol, then this would have
narrowed the gap between ∆PV% (~ -14 vs. -15% at the end of P3, DEH vs. HYD) in
Chapter 6, strengthening the argument that Tb was similar in the two groups.
The decreases in cognitive function with dehydration may also be associated with
increases in plasma osmolality, since the increased permeability of the BBB allows the
hypothalamus to detect these changes directly. Plasma osmolality increased during the
work periods in both hydrated and dehydrated groups, and tended to recover slightly in
the breaks between periods. However, there was no difference in plasma osmolality
between groups, so it is unlikely that this contributed to the differences in cognitive
performance observed in this thesis.
Thus, it is unlikely that cognitive function was impaired by dehydration, as all
factors that would have exerted negative effects on cognition were similar in the
dehydrated and CES ingestion groups. Rather, it seems most likely that the increased
CHO ingestion in the well-hydrated group improved, or possibly delayed the exerciseinduced decreases in cognitive function that were observed with dehydration.
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IV. HOW IMPORTANT IS PROPER HYDRATION AND CHO INTAKE IN
MAINTAINING SPRINT CYCLING PERFORMANCE?
Overall this thesis shows that hockey players are only at risk of becoming mildly
dehydrated during practices in the field. Contrary to some popular belief that sweat
losses are not large in cold-weather sports such as ice hockey, this thesis shows that sweat
losses can be as large as those observed in warm-weather sports. If the cycle-based
protocol used in the lab experiments is representative of the physical demands of ice
hockey, though, then the effects of mild dehydration on ice hockey performance may not
be physiologically significant. Muscle and whole body physiological variables such as
glycogen use, performance, Tc and HR are similar between dehydrated and water
ingestion groups. Perception of effort is greater when dehydrated and this hints at the
possibility that cognition could be altered by dehydration, but this does not reduce the
subject’s ability to perform physical work. However, as subjects became more
dehydrated during this protocol (>2%BM loss), we began to see separation where Tc,
work performance and RPE were all impaired compared to when the subjects stayed
well-hydrated during exercise. Unfortunately, there is no way to know from the data in
this thesis whether skeletal muscle metabolism is also affected > 2% BM loss, and this
should be investigated further.
Carbohydrate ingestion during repeated sprinting seems to be beneficial for sprint
cycling performance, as subjects performed an additional 6.9 kJ (4.6%) of work over the
10 sprints in period 3 of the protocol vs. dehydration in Chapter 5, and an additional 6.3
kJ (3.4%) in period 3 in Chapter 6. This difference could be indicative of central
improvements that may be important in improving perceived exertion, complex cognitive
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functions such as working memory and visuo-spatial processing, and motivation to
compete in the field compared to when athletes are dehydrated. It remains to be
determined whether ice hockey performance in the field is similarly affected by
dehydration and CHO intake.

V. LIMITATIONS AND FUTURE DIRECTIONS
Whether the protocol used in the lab is reflective of the demands of ice hockey is
debatable. There are a number of factors that could limit the comparability of the
protocol used in lab with competitive ice hockey play. The cycling protocol uses almost
exclusively leg muscles, while ice hockey can require a significant upper body
contribution as well. Thus there may be less active muscle mass in the present protocol
than in ice hockey, which could translate into less metabolic heat generation and limit the
potential Tc increase when dehydrated. Also, the protective equipment worn in ice
hockey is made of dense foam and plastic, and likely is a greater barrier for heat transfer
to the environment compared to the nylon-cotton pants used in the present protocol.
While heat losses from the head may have been similarly limited in the present thesis by
having subjects wear a hockey helmet or toque, the absence of protective equipment or
insulation on the torso likely allowed for a significant amount of heat to be dissipated
from this part of the body compared to players in full ice hockey equipment. With added
insulation, the breaks between sprints might not allow for sufficient heat loss, and
dehydration may exacerbate the increase in Tc during exercise resulting in measurable
differences in glycogen use and performance between groups. It remains to be seen
whether 1) the lab-based protocol is physiologically similar to the demands of ice hockey,
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and 2) whether dehydration affects Tc increases, glycogen use and performance in an onice, competitive hockey game.
Another limitation of this thesis is the reliance on Tc to explain our observations
when dehydrated. “Core” body temperature in this thesis is measured in the intestine
with an ingestible, telemetry-based pill, but can also be measured in the esophagus (Tes)
and rectum (Tr). While high temperature is related to metabolic, cognitive and whole
body performance decrements with dehydration, the temperature of the esophagus,
rectum or intestines likely has less significance during exercise that muscle or brain
temperature. Brain temperature may be most important if exercise is dictated based on
the integration of peripheral signals from the rest of the body.
The question of how dehydration affects performance is really a question of how
performance itself is regulated, and how fatigue develops. Does dehydration simply
accentuate the signals that already exist to promote fatigue? Fatigue is a complex,
integrative phenomenon that takes into account signals from the muscle (ADP, H+,
glycogen), vasculature (plasma osmolality, baroreceptor feedback), central circulation
(heart rate, contractility) and central nervous system (rate of change of work and
temperature development, core and skin temperatures, pH and osmolality of CSF,
previous experience performing similar exercise tasks, perceptual cues based on the
surrounding environment and ambient temperature). It is not likely that any one factor is
responsible for the development of fatigue, but if this is the case, dehydration may exert a
mild influence on a number of these afferent signals returning to the brain, which could
modulate exercise intensity and effort.
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