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ABSTRACT

Human cerebrovascular responses in the middle cerebral artery (MCA),
posterior cerebral artery (PCA), and basilar artery (BA) were assessed in two
studies. In the first study, an index of cerebrovascular conductance (ICVC) in the
MCA was decreased (P<0.05) in poikilocapnic, hyperthermic humans, while
ICVC was maintained in the PCA and BA. Eucapnia during hyperthermia
returned ICVC in the MCA, PCA, and BA to resting ICVC values. In the second
study the effects of volitional hyperventilation on cerebral blood velocity (CBV)
and ICVC responses in normothermic humans were assessed in the same three
cerebral vessels. Results indicated that, unlike in hyperthermia, responses were
uniform with CBV and ICVC decreases (P<0.05) in normothermic poikilocapnia in
all three cerebral vessels with no differences (P>0.05) from normothermic resting
values when PerCO, was restored to eucapnic partial pressures. In conclusion,
evidence suggests there are regional differences of cerebrovascular responses

in hyperthermic, but not normothermic humans.

Keywords: Cerebral blood velocity; control of breathing; eucapnia; hyperthermia;

hyperventilation; poikilocapnia; transcranial Doppler; thermal hyperpnea
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LIST OF DEFINITIONS

Cerebral Autoregulation’ — Adjustment of cerebral arteriolar calibre, or
cerebrovascular resistance, to match cerebral blood flow to metabolic needs.

See dynamic and static cerebral autoregulation as well.

Cerebral Blood Velocity — The mathematical average of the velocities of red
blood cells inside a blood vessel in the cerebrum.

Cerebrovascular Conductance' — The reciprocal of cerebrovascular resistance
and proportional to the fourth power of vessel radius; C = Q /MAP.

Cerebrovascular Reactivity' — Highly sensitive distribution of CBF in response

to changes in arterial PO, and PCOs..

Cerebral Perfusion Pressure' — The net pressure difference between
intracranial pressure and blood pressure at Circle of Willis, which results in blood

flow in the brain.

Cerebrovascular Resistance’ — The degree to which the cerebral arterioles

impede the flow of blood; R = MAP/Q.

Chemosensitivity — The sensitivity of a physiological response to chemical a
stimulus such as cerebral blood velocity responding to carbon dioxide partial

pressures.

Core Temperature? — The mean temperature of the thermal core.
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% Mercer J, and Werner J. Jon J Physiol 51(2): 245-280, 2001.
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Dynamic Autoregulation’ — The rapid regulation of cerebral blood flow to

changes in arterial blood pressure that occur in a few seconds.

Eccrine Sweating or Thermal Sweating? — Response of eccrine sweat glands

to a thermal stimulus.
Eucapnia — Resting arterial partial pressure of carbon dioxide.

Hypocapnia — A reduced arterial partial pressure of carbon dioxide with respect

to eucapnia.

Hypercapnia — An elevated arterial partial pressure of carbon dioxide with

respect to eucapnia.

Hyperthermia® — A core temperature that is elevated above its resting value for

individuals in a normal active state.

Hyperventilation — An increase in pulmonary ventilation rate that reduces P,CO

below normal.

Respiratory Control Centre — Autonomic nuclei located in the reticular

formations of the medulla oblongata and pons that control respiration.

Static Autoregulation® — The slow regulation of cerebral blood flow to gradual or

progressive changes in cerebral perfusion pressure.

Thermal Hyperpnea — An increase in tidal volume and frequency of breathing
occurring during severe heat stress, which is caused by a large increase in core

temperature.

! Ainslie PN, and Duffin J. Am J Physiol Regul Integr Comp Physiol 296: R1473-1495, 2009.
% Mercer J, and Werner J. Jon J Physiol 51(2): 245-280, 2001.
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Thermal Tachypnea2 — A rapid respiratory frequency accompanied by an
increase in respiratory minute volume, and commonly, a decrease in tidal volume

to allow heat dissipation.

Transcranial Doppler’ — An ultrasound device that allows for the measurement

of lumenal flow velocities of red blood cells using the Doppler shift principle.

! Ainslie PN, and Duffin J. Am J Physiol Regul Integr Comp Physiol 296: R1473-1495, 2009.
% Mercer J, and Werner J. Jon J Physiol 51(2): 245-280, 2001.
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CHAPTER ONE: LITERATURE REVIEW

1.1 Overview

Changes in vasomotor tone occur in the brain and allow for variance in
cerebral blood flow (CBF). The cerebral vasculature is highly responsive to
partial pressures of carbon dioxide (PCO>) in the brain, and as a result CBF
changes ~3.8% per mm Hg PCO; within the range of arterial partial pressures of
carbon dioxide (P,CO;) of 35-55 mm Hg (41). This phenomenon is referred to as
cerebrovascular CO; reactivity, or simply, CO; reactivity. The transient calibre of
cerebral arterioles is critical to the maintenance of central pH as it allows for

clearing or conservation of cerebrovascular COs.

In normal breathing, the end-tidal partial pressure of CO, (Pe1CO») is
known to slightly underestimate P,CO, at rest by less than 1 mm Hg (5). During
hypocapnia PerCO. is equivalent to P,CO; at rest (1, 35). The P,CO,, however,
can be overestimated during hypercapnia, and exercise (1, 79). Based on this
information PerCOs is best used as an indicator of P,CO- in normal breathing at

rest, or during hypocapnic breathing, which can occur during hyperthermia.

During hyperthermia in humans, significant decreases (13, 21, 35) in
PetrCO, are elicited by elevations in expired pulmonary ventilation rate ( VE).
During passive hyperthermia these drops in PetCO2 can be greater than 5 mm

Hg (105), and drop to values as low as 18.9 mm Hg (57, 104). This hypocapnia



appears to result in cerebral vasoconstriction, eliciting decreases in cerebral
blood velocity (CBV), which is an index of CBF (1) obtained using transcranial
Doppler ultrasonography (TCD). Furthermore, respiratory drive is partly
dependent on concentrations of PCO, and/or [H'] in the brainstem. The elevation
in Ve despite a drop in PerCO; during hyperthermia is contrary to the view that
lower PerCO» will elicit a weaker respiratory drive. Therefore, it appears (9) that
either there is/are an additional respiratory drive(s), or an increase in
chemosensitivity of pulmonary ventilation due to elevations in body temperature.
It remains to be discovered where this additional drive originates, or if the
hyperventilation during hyperthermia is due to increased chemosensitivity (105).
If it comes from a resultant increase in chemosensitivity, then CBF/CBV might be
expected to remain constant or increase in the brainstem during a hyperthermic

condition.

In hyperthermia (13, 35, 36, 73) CBV is decreased in the middle cerebral
artery (MCA). Furthermore, large decreases in PetCO; reduce the drive to
breathe, but this does not occur during hyperthermia when there is
hyperventilation (13, 35, 36, 73). This suggests that the PCO; in the brain is not
wholly responsible for changes in Ve and CBV during exercise or passively
induced hyperthermia (13, 36, 73). Since the respiratory control centres (RCC)
located in the brainstem are the main central nervous system loci responsible for
respiratory drive, then changes in MCA CBV would appear to be of lesser
consequence than perfusion changes in the medulla oblongata and pons with

respect to control of breathing.



It is therefore important — during hyperthermia in humans — to determine
the changes in CBV and cerebral perfusion in the basilar artery (BA), which
supplies blood to the midbrain, pons, and upper lateral medulla oblongata. The
BA vascularizes the pons and, therefore, the pontine respiratory centres
including the pneumotaxic respiratory centre and apneustic respiratory centre,
which provide impulses to the ventral and dorsal respiratory groups of the upper
medulla oblongata (42, 60, 61, 63). Furthermore, the BA vascularizes tissues
adjacent to the 4™ ventricle, which include chemosensitive tissues (42, 60, 61,
63). The posterior cerebral artery (PCA) can also be investigated, it is supplied
primarily by the BA, and provides vascularization of the choroid body of the 4™
ventricle, which produces the CSF near the brainstem and central

chemoreceptors (42, 60, 61, 63).

For studies of cerebral perfusion, the quotient of CBV and mean arterial
blood pressure (MAP) is often employed to give an index of cerebrovascular
conductance (ICVC). This is to account for changes in perfusion pressure arising

from variations in blood pressure (13).

The goal of the first study in this thesis was to measure ICVC in resting
volunteers in the MCA, PCA, and BA during poikilocapnic normothermic rest,
poikilocapnic hyperthermia, and eucapnic hyperthermia. Furthermore, a second
study investigated CBV and ICVC in resting volunteers in the MCA, PCA, and BA
during normothermic poikilocapnic rest, poikilocapnic normothermic
hyperventilation, and eucapnic normothermic hyperventilation. This was done to

determine if temperature is responsible for regional variations in CBV and ICVC



evident during hyperthermia. This literature review culminates in a rationale that
allows for the statement of the experimental hypotheses for Study 1 and Study 2.
The outcomes of these studies contribute to the explanation of unresolved

mechanisms of breathing control in hyperthermic humans.

1.2 Literature Review

This literature review begins with an overview on measurements of
respiratory drive, and is followed by a description of what is known about
breathing in hyperthermia. Next, there is an exploration of the literature as it
pertains to hypocapnia and hypercapnia, especially as a result of hyperthermia
and how it relates to CBV and cerebrovascular conductance. Furthermore, there
is a review of peripheral vascular and thermoregulatory responses to
hyperthermia including eccrine sweating, cutaneous vasodilation, and selective
brain cooling as well as a description of the effects of these homeostatic
responses on CBV. This literature review also contains three sections on
cerebral hemodynamics along with an integration of the previous sections to
discuss the limitations of the existing literature, thus creating the foundation for a

statement of the rationale of the two studies in this thesis.

1.2.1 Indices of Resting Respiratory Drive and Timing

Breathing patterns in humans are a result of the integration of several
different inputs including a central pattern generator in the medulla oblongata,
and peripheral inputs such as temperature, which give information to feedforward

and feedback systems that allow for normal control of breathing (29). There are



different indices of respiratory drive and timing in humans that are employed (11,
66) including: expiratory time (Te, S), peak expiratory flow rate (PEFR, L/min),
mean inspiratory flow rate (Tidal Volume (V7)/Inspiratory time (T;) or V1/T;, (L/s)

and airway occlusion pressure (Po.1, mm HQ).

For humans of different body sizes, it is apparent that the ratio of inspiratory
and expiratory time with respect to total breath time is the same (10). The
primary method of decreasing breathing frequency is the prolongation of
expiration duration, which delays the onset of inspiration (11, 66). Mean
inspiratory flow rate is equal to the tidal volume divided by inspiration time and is
an index of inspiratory drive that can be obtained from breath-by-breath
measures of pulmonary ventilation (11, 66). Another index of respiratory drive is
airway occlusion pressure. While the airway is occluded for 0.1 s the pressure
produced from the inspiratory effort is used as an index of inspiratory drive (11,
66). Furthermore, the inspiratory duty cycle, Ti/Ttor, is used as an index of
inspiratory timing as it relates to the duration of the inspiratory phase with respect

to the entire ventilatory cycle (66).

The above indices are useful measures of inspiratory flow and absolute
breathing pattern assessments at rest (11, 66). In studies examining active
expiration, these indices cannot act as accurate indicators of total respiratory
drive as they only examine the inspiratory portion of the respiratory cycle (11,

66). Therefore, studies using these indices must be cognizant of this limitation.



1.2.2 Hyperthermic Breathing: Panting and Non-Panting Responses

Hyperthermia occurs when Tcoge is raised to temperatures above resting
by ~1°C (7, 65). Hyperthermia in humans has been shown to increase V. This
is known as thermal hyperpnea, and it is similar to a second phase
thermoregulatory panting response (43, 105, 106). Thermal hyperpnea is also
known as hyperthermia-induced hyperventilation (36, 38). The onset of this
response is generally considered to be evident at a Tcore of ~38°C in resting

humans (21).

Some mammals such as dogs, sheep, and cats display a biphasic
thermoregulatory panting response to hyperthermia. Thermal tachypnea, also
known as first phase panting, is where breathing frequency is elevated, often
200-300 breaths/min or greater, with a concurrent decrease in tidal volume (V7).
During thermal tachypnea there is an elevated functional residual capacity (59,
84, 86), and this breathing pattern does not alter PetCO,. Thermal tachypnea
generally occurs after increases in surface or skin temperature of the body.
Panting animals switch from thermal tachypnea to second phase thermal
hyperpnea, which reduces Pe1COg, after increases in Tcore (87). These
mammals have an enhanced respiratory drive during hyperthermia and many of
them have no thermoregulatory eccrine sweating (8, 9, 33). In thermal
hyperpnea, or second phase panting, breathing frequency is elevated and Vy is
normal or slightly elevated (87). This increase in Vg, that produces a decrease
in PerCOg, translates to reductions in P,CO, (105). Humans, in the absense of

heat stress, could start to become apnoeic at low PetCO; values, which can drop



below 20 mm Hg (9, 39, 57). However, they are able to maintain rhythmic
breathing when hyperthermic with these low Pg7CO; values (9, 39, 57). This
suggests that a supplementary respiratory drive exists that is able to sustain
breathing at very low P,CO; concentrations, and it may come from the preoptic
anterior hypothalamus (8). Another possibility is that hyperthermia increases

chemosensitivity (30).

Humans and rats as well as many other animals, including the horse, do
not use the ventilatory system as a primary heat loss mechanism. Non-panting
increases in Ve during hyperthermia are nonetheless observed in both rats and
humans (8, 21, 105, 106). Rats also display a continuation of respiratory drive at
apnoeic P,CO3 values during hyperthermia. There is, therefore, evidence of a
secondary respiratory drive during hyperthermia (8). In the rat, when the
hypothalamus was isolated from the RCC in the brainstem, there was an
elimination of the additional respiratory drive present during hyperthermia (8).
This is a clear indication that the hypothalamus provides an additional drive to
breathing during hyperthermia. It appears that the same may be possible for the
human RCC in response to hyperthermia. This, however, has never been

directly demonstrated in humans.

During normothermia the central chemoreceptors in the brainstem elicit
increases in Vg in response to increases in PCO» (2, 72). If the hypothalamus is
important in modulating respiratory drive during hyperthermia, and that
respiratory drive is dependent on P,CO,, it is not clear how decreases in CBV

(13, 35, 36) are coupled with increased respiratory drive if the brainstem is less



perfused and receives less PCO, and/or [H*]. The PCO; and/or [H'] in the
brainstem, however, is determined by a balance of the rate of production and

removal of CO..

During hyperthermia, the increased respiratory drive decreases PCO; in the
brain yet there is still an increase in Ve even though there is an apparent
decrease in CBV. Therefore, hyperthermia appears to decrease CBV via
vasoconstriction of the cerebral arterioles as a result of decreased PCO, and/or
[H'] in the cerebral spinal fluid (CSF). This assumes that all cerebral vessels
respond in the same way as the MCA to increases in temperature and P,CO,. It
has yet to be resolved during hyperthermia what changes occur to CBV in other
cerebral blood vessels besides the MCA, though one study has examined the

PCA in hyperthermic conditions (71).

1.2.3 Hypercapnia and Hypocapnia

To resolve how breathing is controlled in hyperthermic humans, changes
in P,CO2 must be considered. Hypercapnia is a physiological state by which the
blood, and tissues have an elevated PCO,. The cerebral vessels are very
sensitive to partial pressures of CO,. Elevated concentrations of CO; in the
cerebral blood cause dilation of arterioles, while decreases in blood PCO, during
hypocapnia cause constriction of the cerebral arterioles (1, 78, 100). Cerebral
perfusion is affected by changes in CO, because the cerebral perfusion pressure
(CPP) is affected by constriction of the cerebral arterioles. Furthermore, CPP is
equivalent to the difference between intracranial pressure (ICP), and MAP in the

Circle of Willis (34). For a constant MAP, constriction of the cerebral arterioles



results in reduced CBF and, in effect, decreases ICP by decreasing cerebral
blood volume (12, 97). A decrease in ICP would increase cerebral perfusion

pressure by increasing the difference between MAP and ICP.

During normothermia with hypercapnia, hyperventilation is evident
because of increased input from both peripheral and central chemoreceptors to
the RCC in the brainstem (24, 79). In steady-state conditions, if there is an
increase in CSF PCO, and/or [H'], this will stimulate the central chemoreceptors.
In acute hypercapnia, the peripheral chemoreceptors act first to increase
ventilatory drive (103). Hypercapnia could potentially impair cerebral
autoregulation (CA), as the cerebral vasculature is more sensitive to hypercapnia
than to hypocapnia (1). Therefore, hypercapnic induced elevations in MAP
caused by catecholamine release, tachycardia and hyperventilation (93, 96) may
further increase CBF and inhibit a true interpretation of cerebrovascular
responses. Hyperthermic hyperventilation causes hypocapnia, or decreases in

P.CO,/PerCO; (105).

Decreases in P,CO; reduce CBF by ~3.8%/mm Hg within the P,CO2
range of 35-55 mm Hg (1). Furthermore, diastolic CBV is decreased during
hypocapnia due to increases in cerebrovascular resistance from arteriolar
vasoconstriction (55, 74). It could also stand to reason that induction of eucapnia
can result in increases in diastolic blood flow that could be due to either an
increase in arteriolar calibre, which would reduce cerebrovascular resistance, or
an increase in heart rate (44). It is therefore important, for experiments with

TCD, to strictly control P,CO2 by regulating PetCO> (1) so that it does not act as



a confounding influence when studying the cerebrovascular and respiratory

responses to hyperthermia. This is possible with an end-tidal forcing system (56).

1.2.4 Eccrine Sweating

Heat loss to the environment from the human body can be accomplished
via radiation, convection, conduction, and evaporation. The major physiological
mechanism for heat loss in humans is evaporative heat loss from sweat. During
hyperthermia, physiological responses include an increase in the secretion of
sweat onto the surface of the skin by eccrine sweat glands. The eccrine sweat
glands are cholinergic glands innervated by the sympathetic nervous system
(83). During bouts of hyperthermia, increased sympathetic cholinergic activity is
evident and this releases acetylcholine that acts on muscarinic-3 receptors,
which stimulate secretion from eccrine sweat glands (91). The eccrine sweat
glands serve two functions: to secrete sweat to the surface of the skin in
response to the release of acetylcholine and to reabsorb sodium before secretion
to produce sweat that is hypotonic with respect to body fluids. The secretion of
sweat to the skin surface functions as a mechanism for heat loss to the
environment via the high heat of vaporization of water; water is the primary
component of human sweat (91). The sweat that is secreted also contains ions
and compounds such as sodium, potassium, lactate, urea, ammonia, amino
acids, protein macromolecules, polysaccharides, and histamines (15, 40, 76, 91).
These all act to increase the boiling point of water and the amount of heat it will
dissipate (68, 95). The duct of the eccrine sweat gland is composed of a

secretory coil and a duct (91). The distribution of these glands on the surface of
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the skin is highly variable depending on the location on the body (98, 102). The
forehead has the largest concentration of eccrine sweat glands, followed by the

arms, the back, and finally the legs (110).

Heat loss from the human head can reach values of 200-250 W via
convection and, primarily, from the evaporation of sweat (84). This can account
for between two fifths and one half of the total heat exchange of the body during
heat stress (84). This illustrates the notion that the head is a powerful heat sink

capable of assuaging increases in body temperature (84).

1.2.5 Cutaneous Vasodilation

Thermoregulatory control of skin blood flow in humans is under
sympathetic neural control, and includes the noradrenergic vasoconstrictor
system and a sympathetic active vasodilator system (25). With whole body
warming, first there is a release of noradrenergic vasoconstriction, followed by
active cutaneous vasodilation (ACV) that is partially controlled by the sympathetic
cholinergic system along with unknown co-transmitters (53, 54). During
hyperthermia, ACV increases blood flow to the skin and compliments evaporative
heat loss from eccrine sweating (52). Skin blood flow is approximately 250
mL/min in normothermia, and dissipates heat at approximately 80-90 kcal/h,
which is about equal to the heat generated by basal metabolic processes (49).
Thermoregulatory vasodilation can increase skin blood flow to between 6 and 8
L/min (99). Control of ACV during heat stress by the thermoregulatory centres of
the hypothalamus is affected by changes in body core and skin temperature (70).

Core temperature is the more potent modulator of cutaneous blood flow (111).
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Changes in skin temperature influence cutaneous sympathetic vasomotor tone,
but also influence ACV (80). The skin blood flow of the hand displays a different
response than forearm skin to whole body heating (88). The increase in blood
flow in the hand, and other acral surfaces, is a one-phased response, while the
forearm displays a two-phased response (88). The first phase of the response in
the forearm is thought to be due to a withdrawal of sympathetic vasoconstrictor
tone. The second phase response, in the forearm and other non-acral surfaces,
is thought to be due to ACV (88). These phasic response differences indicate
that these limb components may be under different mechanisms of

thermoregulatory control (88).

During dynamic exercise in hyperthermia, an increase in skin temperature
will increase cutaneous blood flow (80). Conversely, the same changes in skin
temperature in normothermia only acted to decreased noradrenergic
vasoconstriction, and did not increase ACV (80). However, ACV appears to
increase proportionately with core temperature for a given skin temperature (19).
This increased cutaneous blood flow serves to increase convective heat transfer

from the core to the skin (25).

Furthermore, these increases in cutaneous blood flow require an increase
in cardiac output (Q) so as to continue to supply oxygen to organs such as the
heart, and the brain (50). Centrally, the heart must increase Q to sustain the
increased cutaneous blood flow (50) and this accomplished by proportionate

increases in heart rate as a result of elevated sympathetic drive (69). However, it

appears as though during heat stress, the heart is not fully capable of supplying
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the necessary Q and there is a decrease in MAP that can potentially lead to

syncope due to decreases in cerebrovascular blood conduction (50, 73).

1.2.6 Cerebral Blood Flow and Autoregulation

Cerebral blood flow estimates can be accomplished with CBV
measurements from large cerebral vessels recorded with TCD ultrasonography.
Using a waveform envelope, the mean CBYV is calculated by the TCD, which
gives an index of CBF. This relationship is valid as long as the diameter of the
vessel in question remains constant (26). Although cerebral arterioles are highly

transient in calibre (1), they are not directly assessed by TCD ultrasonography.

Cerebral autoregulation refers to the adjustment of cerebral arteriolar
calibre to maintain values of CBF that are sufficient to accommodate metabolic
need (1). Cerebral autoregulation has two response components: static CA and
dynamic CA. Static CA maintains CBF during slow changes in cerebral perfusion
pressure (78). Dynamic CA is an immediate regulation of CBF to rapid changes
in arterial blood pressure (BP), such as that which occurs within 30 — 60 s in
skeletal muscle (51, 112). Itis believed that the underlying mechanisms by
which CA is controlled differ between static and dynamic CA (32) and that the
cerebral circulation may be regulated more effectively under dynamic than static
CA (112). The range of BP in which CBF is maintained varies between
individuals, but it is generally believed that CBF is constant between cerebral

perfusion pressures of 50-150 mm Hg (58). Cerebral blood flow can also be

affected by cerebral metabolism, systemic factors such as Q, and sympathetic
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nerve activity (1). The relative impact of these factors is minor and can be
controlled (1). The effects of sympathetic nerve activity are controversial, though
any potential effect seems to be masked by autoregulation, CO; reactivity, and
changes in Q (1, 101). Furthermore, despite Q being significantly increased
during hyperthermia, MAP falls due to the profound peripheral vasodilation,

which elicits a decrease in CBV (35).

It is not evident then, how or why there are maintained decreases in CBV
in the MCA when Peg1COs is restored during eucapnic hyperthermia (13, 35, 73).
The time constant for the CBV response to changes in PetCO; has been shown
to be ~7 s (82). Therefore, CA should be effective unless there is an increase in
metabolic demand or changes in P,CO2 (1). However, it is assumed that there
should be no change in P,CO3 during eucapnic hyperthermia (1). Another
possibility could be that there is a dilation of the major vessels (82, 108), which
would give an apparent reduction in flow velocity measurements obtained using

TCD from vessels such as the MCA, PCA, and BA.

1.2.7 Cerebral Blood Velocity and Conductance in Hyperthermia

For observed increases in core temperature of ~ 1°C and poikilocapnic
breathing, MCA CBYV is decreased by ~25% from normothermic rest (13, 35, 36,
73). When PerCO; is clamped at eucapnic partial pressures, CBV in the MCA is
still significantly reduced (13, 35, 36, 46, 73). This would suggest that there is an
effect of temperature that decreases conduction in this cerebral vessel (13, 35,
36, 73). Itis assumed that the PCA and BA respond in a similar way as the MCA

to most stimuli including CO,, and O, (75, 77); however one recent study showed
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evidence of regional differences in hypocapnic reactivity between cerebral
arteries (109). Though the MCA has been well investigated in hyperthermia, the
PCA has yet to be extensively assessed in these conditions (71). Only one study
has examined the MCA and PCA in eucapnic hyperthermia, and increases in
CBV were found in both these vessels (71). These results for the MCA CBV
differ from those found in previous studies during eucapnic hyperthermia (13, 35,
36, 73). Finally, there is an apparent lack of investigation of the BA in

hyperthermic conditions.

It is possible that increases in temperature result in increased CO-
production by the cellular metabolic processes, i.e. the Q10 effect (92). As well, it
is unclear if the CO, production from the RCC due to increased ventilatory drive
in hyperthermia results an increased flow in the BA. The increase in CO, may
also be negligible due to the small mass of the RCC; although, the whole body
would be affected by the Q10 effect. However, during hyperthermia, the
resultant hyperpnea could more than nullify the marginal increase in CO,

production caused by the Q10 effect (21).

One of the major assumptions of TCD is that there is no constriction or
dilation of the major cerebral arteries in response to various stimuli such as Oz
and CO; (94). A dilation of the MCA (108), for example, could account for the
additional decreases in CBV during hyperthermia that have been documented
(13, 35, 36, 73). It has also been observed that hydration level does not
significantly affect CBV in the MCA during hyperthermia (35, 37). One thing that

could affect CBV during hyperthermia is that there may be an increase in ICP,
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though this was documented in comatose brain injury patients with fever (89).
Though some studies argue against this relationship (28, 47), an increase in ICP
during hyperthermia for a constant MAP could, nevertheless, result in a
decreased CPP and therefore CBV, due to a reduced ICP - arterial pressure
gradient (1). It remains to be determined how ICP changes in healthy

hyperthermic relative to healthy normothermic humans.

It is unclear as to how changes in MAP and total peripheral resistance in
hyperthermia influence CBYV in the cerebral circulation. It is for this reason that
ICVC is calculated (13), as it is a quotient of CBV and MAP. The circulatory
system evidently plays a major role in thermoregulation, functioning peripherally
to dissipate heat during bouts of hyperthermia to protect vital tissues from

overheating.

1.2.8 Selective Brain Cooling: Vascular and Respiratory Mechanisms

The circulatory system is especially important for cranial thermoregulation
where selective brain cooling (SBC) is thought to occur. This SBC is the
maintenance brain temperature below that of core temperature in the thorax
during hyperthermia (16). The mechanisms of SBC may act as another possible

influence on CBF during hyperthermia.

There are three groups of veins that are pertinent to SBC during
hyperthermia in humans, they are: the emissary veins, the facial veins, and the
ophthalmic veins. The direction of flow in these veins is related to skin and brain

temperatures. The emissary veins are primarily constricted during hypothermia,
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but dilated during hyperthermia (17). This dilation allows blood draining from the
scalp to flow through the cranium and into the brain during hyperthermia.
Therefore, increases in temperature cause an increase in flow in the emissary
veins, which provide a passage for cooled blood from the scalp to pass into the
intra-cranial cavity (17). Cooled blood from the scalp contributes to SBC in
humans via this venous drainage. The facial veins also allow cooled blood from
the face to flow inwards during hyperthermia, such as during running when there
is increased heat loss via convection from the face (17, 22). The flow of blood in
the facial veins is also increased in hyperthermia, with cooled blood from the
surface of the face flowing back towards the cranium (18). The flow of blood in
this artery is generally directed from brain to face, but in hyperthermia the
direction is reversed and flow is increased (23). The ophthalmic veins are
interesting because they are also able to change the direction of blood flow;
during hyperthermia blood courses inwards to cool the brain, and in hypothermia
they flow outwards to heat extracranial structures (17, 22, 23). These responses
to hyperthermia in the extra-cranial vessels highlight the variety of the vascular

adaptations to hyperthermia.

In addition to the circulatory mechanisms mentioned above by which SBC
is achieved, there are also contributions of pulmonary ventilation to SBC in
hyperthermic humans. When humans become hyperthermic they demonstrate a
thermal hyperpnea, or hyperthermic hyperventilation (105). Hyperthermic
hyperventilation results in cooling of the upper airway via evaporative heat loss.

This heat loss within the upper airway cools the blood in the internal carotid
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artery flowing towards the brain (20, 105). Heat loss during hyperthermia can
also be accomplished through the upper airway as a result of dilatation of the
nasal mucosa. During hyperthermia there is a three-fold increase in mucosal
blood flow that, when coupled with elevated rates of respiratory heat exchange,

contributes to SBC in humans during passively-induced hyperthermia (107).

Selective brain cooling has been shown to be effective in humans for
maintaining brain temperature below Tcore (16, 20, 108). It is not clear, however,
if and how SBC affects CBV in major vessels such as the MCA, PCA, and BA.
Existing literature (13, 35, 36, 73) suggests that hyperthermia results in
decreases in MCA CBV. However, one study (71) has shown that eucapnic
hyperthermia results in increases in CBV in the MCA and PCA. It is thought that
MCA CBYV is indicative of CBF changes in other cerebral vessels (1, 108), but

this assumption has yet to be validated in the BA during hyperthermia.

1.2.9 Mean Arterial Pressure During Hyperthermia

During hyperthermia, increases in heart rate, drops in stroke volume and a
fall in total peripheral resistance (35), result in decreases in MAP in humans (27,
35, 45). These views are not universal, and in some studies of hyperthermia (13,
36), however, MAP stays the same or rises for the similar increases in Tcore. It
is not clear why the MAP response to hyperthermia is varied from study to study.
During exercise, however, MAP is regulated as a result of a resetting, or
increase, of the baroreflex set-point (81, 85). This allows for the baroreflex to

operate at the prevalent MAP during exercise (81, 85). In hyperthermia, the
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baroreflex set-point is functional, however peripheral autoregulation is apparently

impaired (27), which might explain why there is a drop in MAP.

During normothermic hyperventilation, MAP either increases or remains
constant (41, 55), though one review indicates a fall in MAP in most
hyperventilation studies (14). These differing results are curious. The respiratory
muscles are more active during hyperventilation and this would cause an
increase in venous return (67). This, combined with the peripheral
vasoconstriction that occurs due to the drop in PerCO» (3, 48) should lead to an
increase in central blood volume and MAP. Furthermore, pulmonary reflexes
initiate sympathetic and parasympathetic activity during pulmonary ventilation (4).
A decrease in lung volume results in sympathetic peripheral vasoconstriction,
while inflation results in a withdrawal of sympathetic activity (4). During inflation
of the lung there is a reduction of arterial baroreflex sensitivity and activity (6). If
the lungs were ventilated during hyperventilation at a higher breathing frequency,
but a lower tidal volume, then there would be less stretching of the lungs. This
could contribute to the sympathetic peripheral vasoconstriction and increased
cardiac output that would result in an increase in MAP that is sometimes

observed (41, 55).

According to Ainslie and Duffin (1), a complete study of cerebrovascular
responses should include an assessment of cerebrovascular conductance
(CVC). This is the inverse of cerebrovascular resistance (1), and can be
assessed by calculating the quotient of CBV and MAP (13) to give ICVC, an

important indicator of cerebrovascular perfusion that accounts for changes in
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CBV due to changes in MAP. The ICVC does not entirely reflect cerebrovascular
conductance because it is the quotient of CBF and CPP (1). Furthermore, CPP
is composed of MAP minus the sum of ICP and sagittal sinus pressure (1).
Under normal conditions, ICP and sagittal sinus pressure are negligible (31).
Therefore, ICVC is a good indicator of cerebrovascular conductance. In
hyperthermia, aside from the cerebrovascular responses in the MCA (13, 35, 36,
73) and one study of hyperthermic responses in the PCA (71), there is an

absence of knowledge regarding the BA, and a complete study is warranted.

1.3 Rationale

The existing information regarding hyperthermia and its effects on CBF in
cerebral vessels other than the MCA remains incomplete (13, 35, 36, 73),
although there is one such study in the PCA (71). An investigation of the effects
of hyperthermia, while controlling PetCO,, on the ICVC in the BA has yet to be
assessed in humans. The BA provides blood for the brainstem, including the
midbrain, pons, pontine respiratory centres, and the upper lateral medulla
oblongata (60, 61, 90). Knowing how ICVC in the brainstem changes will help
resolve the mechanisms by which respiratory control, pulmonary ventilation, and
cerebral vasculature respond to hyperthermia and hyperventilation. Changes to
Ve are modulated from the broad collection of neurons of the pons and lateral
medulla oblongata that compose the RCC (60, 61). The apparent paradox is that
pulmonary ventilation increases despite assumed decreases in perfusion of the
RCC in the brainstem during hypocapnia (1, 108). During hyperthermia there are

increases in core temperature that could potentially increase local CO-
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production at the cellular level, which could lead to the increased Ve that is
observed (13, 35, 36, 105). Itis therefore important to understand the effects of
hyperventilation on ICVC in the MCA, PCA, and BA in hyperthermia and on CBV
and ICVC normothermia in order to understand the effects of hyperthermia and

hyperventilation on the control of breathing.

Understanding the effects of hyperthermia and hyperventilation in the BA
and PCA would be a valuable addition to the existing literature (13, 35, 36, 71,
73) so as to help understand the nature of the perfusion to the brainstem and
RCC during hyperthermia. Autonomic drives including that for human pulmonary
ventilation originate in the pons and lateral medulla oblongata (62), and it is
therefore essential to understand the blood supply to these structures during
hyperthermia and hyperventilation in order to aid in the understanding of the

mechanisms by which increases in body temperature elicit thermal hyperpnea.

A study of ICVC in hyperthermia is needed so as to properly assess the
existence, or non-existence, of regional differences in cerebrovascular responses
to heat stress. The respiratory control centre is located in the pons and medulla
oblongata of the brainstem and is sensitive to PCO, and/or [H'] in the CSF (79).
The apparent paradox is that there is an assumed decrease in cerebral perfusion
and a known hypocapnia, which should elicit a decrease in Ve. The opposite is
observed (13, 35, 73, 105); humans hyperventilate during hyperthermia. Many
possibilities have been discussed as to how increased ventilatory drive is elicited
in hyperthermic humans. Knowing what is occurring with respect to blood flow

and conductance near the brainstem is an important contribution to the
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understanding of how pulmonary ventilation is controlled in hyperthermic

humans.

My previous work in my undergraduate thesis (64) allowed me to develop
the skills and knowledge to complete my master’s studies. My undergraduate
thesis included a study that was conducted to learn the challenging TCD
methodology and to assess if there were regional differences in cerebral blood
velocity in normothermic and hyperthermic humans. Six male volunteers were
measured for MCAv, PCAv and BAv at rest during normothermia and during
eucapnic hyperthermia. The study revealed regional differences in CBV at these
3 sites, with no effect of eucapnic hyperthermia on these outcome measures.
However, the study in my undergraduate thesis did not examine ICVC or MAP,
nor was there a hyperthermic poilkilocapnic condition. A measure of ICVC is
needed to adequately assess the perfusion of the cerebral vessels being

observed in hyperthermia and it is included in the following studies of this thesis.
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1.4 Hypotheses

Study 1: Thermal Hyperpnea and Temperature-Dependent Regional

Differences in Cerebrovascular Responses in Humans

1. The ICVC in the MCA will be maintained during poikilocapnic and

eucapnic hyperthermia.

2. During hyperthermia ICVC in the PCA and BA will not change or will

increase.

Study 2: Effects of Poikilocapnic and Eucapnic Voluntary Hyperventilation

on Cerebrovascular Responses in Normothermic Humans

1. During normothermia CBV and ICVC in the MCA, PCA, and BA will

decrease during voluntary hyperventilation and hypocapnia.

2. During normothermia, while controlling PerCO, at a eucapnic partial
pressure and maintaining voluntary hyperventilation, CBV and ICVC in the

MCA, PCA, and BA will return to normal resting values.
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1.5 Testable Questions
Study 1: Thermal Hyperpnea and Temperature-Dependent Regional

Differences in Cerebrovascular Responses in Humans

1. Does passive poikilocapnic hyperthermia result in maintenance of MCA
cerebral conductance? Is this MCA ICVC restored to resting values during

eucapnic hyperthermia?

2. Does passive poikilocapnic and eucapnic hyperthermia result in changes

in PCA and BA ICVC that are parallel to changes in the MCA?

Study 2: Effects of Poikilocapnic and Eucapnic Voluntary Hyperventilation

on Cerebrovascular Responses in Normothermic Humans

1. Does normothermic voluntary hyperventilation decrease CBV and ICVC in

the MCA, PCA, and BA?

2. Does normothermic voluntary hyperventilation with eucapnic PerCO;
result in a full restoration of CBV and ICVC in the MCA, PCA, and BA to

normothermic resting values?
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2.1 Introduction

Our previous research illustrated regional differences in cerebral blood
velocities irrespective of changes in body temperature (15). This led us to believe
that we had not adequately assessed cerebral perfusion. Consequently, in the
current study we assessed mean arterial blood pressure (MAP) to index cerebral
perfusion pressure as well as cerebral blood velocity (CBV) to give an index of
cerebral blood flow (CBF). The quotient of CBV and MAP (Eqn. 2.2) was used

as an index of cerebrovascular conductance (ICVC).

Hyperthermia increases pulmonary ventilation (VE) in humans (2, 3, 6-8)
causing a decrease in end-tidal partial pressure of carbon dioxide (Pe7CO;). This
thermal hyperpnea or hyperthermia-induced hyperventilation in resting humans
(25) and associated hypocapnia appear to result in a global cerebral arteriolar
vasoconstriction. As well, there appears to be reductions in both CBV and ICVC
in the middle cerebral artery (MCA) during hyperthermia (2, 6, 7). Brothers et al.
(2), for the MCA, showed a ~30% decrease in ICVC in poikilocapnic
hyperthermia and a ~14% decrease of ICVC in eucapnic hyperthermia.
Furthermore, Fan et al. (6) showed, for the MCA, an ~8% increase in
cerebrovascular resistance at a ~1.0°C hyperthermia, and a ~25% increase in
cerebrovascular resistance at a ~2.0°C hyperthermia. Fuijii et al. (7) showed a
reduction of MCA ICVC for a 0.4°C increase in Tes. They concluded that cerebral
CO; reactivity was unaffected by increases in body temperature, though there

was an unexplained ~20% decrease in eucapnic MCA CBV even though MAP
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was constant (7). Interestingly, Fan et al. (6) showed no change in the MCA

cerebrovascular resistance sensitivity to Pe1CO» during passive hyperthermia.

It remains to be established if the basilar artery (BA) responds similarly to
the MCA during hyperthermia (2, 6, 7, 22). However, one study has observed an
increase in MCA and posterior cerebral artery (PCA) CBV during eucapnic
hyperthermia (18). According to the existing model for the control of resting
pulmonary ventilation (20), respiratory drive is largely dependent on the partial
pressure of carbon dioxide (PCO,) or [H'] sensed by both the central and
peripheral chemoreceptors (1, 17, 20). If PCO, and/or [H"] values drop, it follows
that there should be a reduction in V. Very low PerCO; values can elicit
reductions in CBF that can lead to syncope (4, 21). Itis unclear what is driving
the persisting increase in pulmonary ventilation in poikilocapnic hyperthermia (2,

6-8, 22, 25).

During hyperthermia, returning PerCO, to eucapnic partial pressures only
partially restores MCA CBYV to a normothermic rate (2, 7, 22). Thermal
hyperpnea continues during apparently reduced cerebrovascular perfusion (2, 6,
22). The BA supplies blood to the midbrain, pons, and upper lateral medulla
oblongata. Respiratory centres in the pons, including the apneustic and
pneumotaxic have a blood supply from the pontine arteries that branch directly
from the BA (13, 14). Furthermore, the PCA vascularizes the body of the 4™
ventricle, which has chemosensitive tissues located at its floor (13, 14). Blood

flow in the BA and PCA need to be assessed to help resolve the mechanism of
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the control of breathing in hyperthermia. This study was conducted to measure

ICVC in the MCA as well as caudally in the PCA and BA.

Mean arterial pressure (MAP) decreases in hyperthermia (6) but some
studies show no change (2, 7). Since MAP can decline in hyperthermia (6, 12),
ICVC was employed to assess cerebrovascular perfusion changes that might be

explained by changes in MAP during these conditions.

The goal of this study was to assess the effects of passive hyperthermia
on ICVC in resting volunteers during poikilocapnia and eucapnia. It was
hypothesized that ICVC in the PCA and BA would not respond in the same way
to passively induced hyperthermia as ICVC in the MCA (2, 6, 22). With a
projected decrease in MAP during hyperthermia (6, 12), and a reduced MCA
CBV (2, 6, 7, 22), it was hypothesized that ICVCyca would remain constant.
Furthermore, to account for thermal hyperpnea, it was hypothesized ICVC would

be maintained or increased in the PCA and BA.

2.2 Methods

2.2.1 Participants
Power calculations were performed to determine the sample sizes
required to detect a significant difference in both middle cerebral artery mean

blood velocity (MCAv) and VE. During resting hyperthermia, when core
temperature is increased by 1°C (9), there is a decrease in MCAv from 69 + 10

cm/s to 60 + 14 cm/s (mean + SD). Hyperthermia has also been shown to elicit

increases in Vg from 9.5 = 1.1 L/min in resting normothermia to 26.7 + 21.0
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L/min in resting hyperthermia (3, 7). Power calculations from data presented by
Fan et al. (6) for MCAv show that a sample size of 7 volunteers is required to

detect a significant difference at a 3 = 0.90 and an o = 0.05. With the same

parameters, based on the Ve data (3, 7), a sample size of 8 volunteers is

required to detect significant differences in this variable at a = 0.05.

This study was conducted with 8 male participants. Each participant was
college aged, was a non-smoker and had no acute or chronic pulmonary
deficiencies (Table 2.1). Each potential volunteer, prior to accepting to
participate in the study, was given a walk-through of the laboratory so as to
explain potential risks and protocols of the study. Following an introduction to the
laboratory and a 24-hour reflection period, each study participant was asked to fill
out a Physical Activity Readiness Questionnaire (PAR-Q), a Laboratory for
Exercise and Environmental Physiology Confidential Health Screen
Questionnaire, and an informed consent form. Each participant was asked to
abstain from alcohol, caffeine, and exercise in the 24 h prior to data collection.
They were also asked to abstain from consuming a large meal 3-4 h prior. Each
volunteer was asked to drink a litre of water in the morning and water was made

available ab libitum to the volunteers over the duration of each trial.

2.2.2 Instrumentation

2.2.2.1 Ventilatory/Metabolic Variables

The volunteer wore a nose clip and mouthpiece during measurement of
pulmonary ventilation and its components. The mouthpiece was connected to a

two-way flow sensor measuring pulmonary ventilation and a two-way non-
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rebreathing valve (NRB 2700, Hans Rudolph Inc., Kansas City, MO, USA). The
two-way flow sensor was calibrated using a 3 L standardized volume syringe
(Sensormedics, Yorba Linda, CA, USA). The sample line for oxygen and carbon
dioxide gas partial pressure measurements was also connected to this plexiglass
housing of the two-way flow sensor. The sample line removed a volume of ~500
mLemin™" during breath-by-breath measurement of respiratory gases by a
Sensormedics Vmax 229¢ metabolic cart (Sensormedics, Yorba Linda, CA,
USA). The CO; partial pressure was assessed with non-dispersive infrared
spectroscopy and O partial pressure was quantified with a paramagnetic sensor.
Both sensors were calibrated prior to each trial using air and two gases of known
concentrations (20.93% Oz and 0.05% CO- with balance N»; 26% O2 with

balance Nz; 4% CO, and 16% O with balance Ny).

The inspired air, during clamping of end-tidal gases, was composed of a
mixture of compressed air, CO, and Nz. A LabVIEW software program (National
Instruments, Austin, TX, USA, Version 7.1) and end-tidal forcing system (11)
controlled the opening time of electronic solenoid valves attached to the three
gas cylinders. Based on the measured values from the expired air of the breath
immediately preceding it, LabVIEW altered the time each valve is open so as to
stabilize end tidal concentrations of various gases. In this way, it was assured
that PerCO, and end-tidal partial pressure of O, (Pe1O2) remained constant at the
desired values over the course of the prescribed thermoregulatory stresses. The

breathing apparatus was also connected to a humidifier via 250 cm of 3.8 cm
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diameter corrugated Collins tubing. The humidifier-moistened air was delivered to

the participant from the cylinders of compressed gas.
2.2.2.2 Cardiovascular Variables

Heart rate (HR) and mean arterial pressure (MAP) were recorded using a
beat-by-beat Finopres blood pressure monitor (Model 1, Amsterdam,
Netherlands). Using a waveform envelope, the mean CBV is calculated by the
TCD, and cerebrovascular mean blood velocities in the MCA (MCAv), PCA
(PCAv), and BA (BAv) were collected using three Spencer transcranial Doppler
(TCD) probes (Model PMD 150, Seattle, WA, USA). Haemoglobin oxygen
saturation and HR will also be monitors using a MasimoSET radical signal
extraction pulse oximeter (Model RDS1, Irvine, CA, USA). A urinometer was

used to measure the specific gravity of urine obtained pre and post hyperthermia.
2.2.2.3 Body Temperatures

Skin temperature and core temperature (Tcore) were continuously
recorded throughout each test. Core temperatures were measured in the rectum
and esophagus, while skin temperatures were averaged over 6 surface locations
and expressed as their un-weighted mean value ( T sk). These 6 locations
included forehead (Trn), chest (Tch), scapula (Tsc), forearm (Tga), front thigh
(TeT), and back calf (Tsc). Esophageal temperatures (Tes) were sampled with a
pediatric sized nasopharyngeal esophageal temperature thermocouple (9 FR,
Mallinckrodt Medical Inc., St. Louis, MO, USA) placed at the T8/T9 level. The
depth (L) was found with Mekjavic and Rempel’s standing height equation (16).

L =0.228 « (standing height (cm)) - 0.194 . ..., (2.1)
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Rectal temperatures (Trg) were sampled from a sheathed thermocouple
inserted 15 cm into the rectum (12 FR, Mallinckrodt Medical Inc., St. Louis, MO,
USA). Skin temperatures were recorded by T-type, copper/constantan
thermocouples (Omega Engineering Inc., Stanford, CT, USA) secured on the
right side of the participant’s body with waterproof, hypoallergenic tape.
Calibrations of esophageal, rectal, and skin thermocouple probes were
completed in a regulated temperature water bath (VWR International, Model
1196 West Chester, Pennsylvania, USA) over the range of expected
physiological values. Reference temperatures were recorded using a Fisher
Scientific platinum thermometer (Traceable Calibration Control Company, Pt-

100Q, Friendswood, TX, USA).

2.2.2.4 Climate Chamber

Desired climatic conditions were obtained within a 5.08 m by 3.75 m by
2.49 m high whole-body walk-in climatic chamber (Tenney Engineering Inc.,
Union, NJ, USA).
2.2.2.5 Data Acquisition

Ventilatory data were sampled and recorded on a breath-by-breath basis
with a metabolic cart. The flow signal from the metabolic cart for each breath
was used to trigger LabVIEW to sample and record all temperature and

physiological measurements (National Instruments, Austin, TX, USA, Version

7.1).
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2.2.3 Protocol

Each volunteer was asked to participate in a study that consists of three
different measurement periods (Fig. 2.1). Each experimental trial began with the
collection of a urine sample and instrumentation of the volunteer for monitoring of
cardiorespiratory responses, CBV, beat-by-beat blood pressure, and body
temperatures. Next there was a 10 min monitoring of resting data at room
temperature during poikilocapnic normothermic breathing. This was followed by
a resting poikilocapnic normothermia data collection period (NT-REST),
poikilocapnic body-warming period, poikilocapnic hyperthermia (HT-PC), and

eucapnic hyperthermia data collection (HT-EC), sequentially.

Each volunteer was then seated in the climate chamber at 50°C/25%RH
while wearing a rain suit, and Tcore Was elevated to 1°C above resting
temperature or to at least 38 °C. PgrCO2 was controlled at eucapnic partial
pressures during the eucapnic hyperthermic core temperature condition with the
ETF (11). Oxygen consumption, Vg, Tes, Tre, and T sk were collected by the data

acquisition system across all conditions.

The MAP and HR were continuously collected on a beat-by-beat basis
with a Finopres blood pressure monitor. During these experimental conditions
outcome variables included MCAv, PCAv, and BAv. These variables were
monitored using transcranial Doppler sonography via the temporal and foraminal
insonation windows. During steady state conditions, the MCAv and PCAv were
collected simultaneously over 5 min and then collection of BAv was conducted in

the following 5 min. Cerebral blood vessel validation was performed for the MCA
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by comparing NT-REST velocities to typical values, looking for the aortic valve
notch in the waveform, and ipsilateral occlusion of the internal carotid artery to
decrease CBV. The PCA was validated by comparing NT-REST velocities to
typical velocities after finding the bifurcation for the PCA, ipsilateral occlusion of
the internal carotid artery, and removal of visual stimulation to decrease CBV.
The BA was obtained by not deviating the Doppler probe from the central sagittal
plane and a comparison of NT-REST velocities to typical velocities. After

completion of the hyperthermic trial another urine sample was collected.

2.2.4 Statistical Analyses

Data on MCAv, PCAv, BAv, Vg, MAP, Tcore, T sk, PerOz, and PerCO;
were averaged individually during each of the steady state NT-REST, HT-PC,
and HT-EC periods. Then the same was done for all participants, and standard
deviations were reported. A one-way ANOVA (Levels: NT-REST, HT-PC, HT-
EC) was conducted across all conditions for each outcome variable. A paired
two-tailed t-test was performed between the average of the means of NT-REST,
HT-PC, and HT-EC if there was a main effect in the one-way ANOVA. The level

of significance was set at an a = 0.05.

The blood pressure and CBV data were used to calculate (Eq. 2.2) an
index of cerebrovascular conductance (ICVC) (19). Equation 2.2, as employed by
Brothers et al. (2), was used to calculate ICVC below where ICVC is the index of
cerebrovascular conductance, CBV is cerebral blood velocity, and MAP is mean

arterial pressure.
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ICVC = CBVIMARP. ... e (2.2)

The coefficient of variation was calculated for MCAv, PCAv, and BAv in

NT-REST.
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2.3 Results

Passively induced hyperthermia significantly increased Tes (P<0.001) from
36.7 £ 0.3 °C in NT-REST to 37.9 £ 0.1 °C in HT-PC, and 38.1 £ 0.2 °C in HT-EC
(Fig. 2.2A). Similarly, T sk increased (P<0.001) from 32.8 + 0.8 °C in NT-REST
t0 39.0 £ 0.7 °C in HT-PC and 39.7 °C in HT-EC (Fig. 2.2B). Urine specific
gravity was not significantly different (P=0.50) and remained at ~1.013 during the

course of the hyperthermic trial.

During NT-REST, Ve (Fig. 2.3A) was 11.3 + 2.3 L/min and showed a trend

to increase to 20.4 = 11.5 L/min during HT-PC (P=0.06). During HT-EC, however,

Ve (Fig. 2.3A) significantly increased (P<0.05) to 32.1 + 13.6 L/min with respect
to both NT-REST and HT-PC. The NT-REST PegrCO, (Fig. 2.3B) was 40.7 £+ 4.5
mm Hg and in HT-PC it was decreased (P<0.05) to 30.8 + 8.4 mm Hg, while in
HT-EC PerCO2 was clamped (P=0.43) at 41.8 £ 3.2 mm Hg. Across all

conditions, PetO, remained at ~107 mm Hg.

Mean arterial blood pressure (Table 2.1) decreased (P<0.05) from 106.6 +
7.2 mm Hg in NT-REST to 87.5 + 7.0 mm Hg in HT-PC and 89.8 + 5.6 in HT-EC.
As well, MAP between HT-PC and HT-EC was not significantly different

(P>0.05).

There was a significant decrease (P<0.001) in MCAv during HT-PC to
71.3 £ 7.2 % of NT-REST. During HT-EC MCAVv was significantly increased
(P<0.05) with respect to HT-PC to 87.1 £ 9.2 % of NT-REST, but still significantly

decreased (P<0.05) with respect to NT-REST (Fig. 2.4A). There were no
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significant changes in PCAv with respect to the NT-REST values or between HT-
PC and HT-EC. The BAv, however, significantly decreased (P<0.05) during HT-
PC t0 82.0 £ 10.2 % of NT-REST. During HT-EC, BAv showed a trend (P=0.07)
to be significantly decreased to 87.6 £ 9.3 % of NT-REST, but was significantly

increased (P=0.05) from HT-PC.

The ICVCwca (Fig. 2.5A) was significantly decreased (P<0.05) during HT-
PC to 87.1 £ 10.3 % of NT-REST. During HT-EC, ICVCyca significantly returned
to values that were not significantly different (P>0.05) than NT-REST, but were
significantly increased (P<0.05) with respect to HT-PC. There were no significant
differences (P>0.05) from NT-REST or between HT-PC and HT-EC for ICVCpca

and ICVCga.

The coefficient of variation during NT-REST for MCAv was 18.4%, and for
BAv was 16.2%. Whereas, for PCAv during NT-REST with one outlier removed
that was approximately 6 SD above the mean, the coefficient of variation was

20.3%.
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2.4 Discussion

Significant regional differences in CBV and ICVC responses were
observed during passively induced hyperthermia. The ICVCyca was only
decreased during HT-PC, while ICVCpca and ICVCga did not display any changes
from NT-REST during HT-PC or HT-EC (Fig. 2.5). The MCAv and BAv
decreased relative to NT-REST during poikilocapnic passive hyperthermia and
partially recovered during eucapnic passive hyperthermia, but PCAv was not
significantly different from NT-REST during both hyperthermic conditions (Fig
2.4). These results indicate that CBV and ICVC exhibit different responses to
passively induced hyperthermia, and emphasize the need to include estimates of

perfusion pressure when assessing cerebral perfusion (15).

There are a few mechanisms that could elicit such responses. One
possibility that could explain the decrease in CBV in the MCA and BA is that
there is a constriction of the cerebral arterioles due to the decreased PCO,
downstream of the MCA and BA, which would result in an increased resistance
to CBV in the poikilocapnic condition. When PerCO; was restored in HT-EC,
CBYV in the MCA and BA recovered partially towards but still remained or tended
to remain lower than the NT-REST values. This decrease in CBV in the MCA and
BA when PerCO3 is restored could be due to a persistent hypotension and
decrease in perfusion pressure between the internal carotid and cerebral
arterioles downstream of the MCA as well as between the vertebral arteries and
the cerebral arterioles downstream from the BA as a result of the passively

induced hyperthermia. The MAP decreased during hyperthermia, which resulted
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in a further decrease in the driving force for CBV on the opposite side of the
major vessels as arterioles. Interestingly, the decrease in BAv during HT-PC
was not as pronounced as that of MCAv. This could be due to a relatively
greater physiological demand for blood due to the activity of the RCC, and other

homeostatic nuclei of the brainstem.

Furthermore, the concomitant decrease in CBV and MAP results in an
overall maintenance of ICVC in the PCA and BA, whereas there was a decrease
of ICVCpca during HT-PC (Fig. 2.5A). The increase in MCAv between HT-PC
and HT-EC would indicate an increase in the conductance in the MCA between

those two conditions.

Anatomically, there are differences between the MCA, PCA, and BA with
respect to their function to supply different structures of the brain with blood. The
internal carotid artery directly feeds the MCA, while the vertebral arteries supply
the BA. The BA, however, supplies the PCA with blood, while the PCA also
receives some blood from the internal carotid artery via the Circle of Willis. It
could be that this maintains PCAv, through a combination of upstream and
downstream modulations, because it can receive blood from two sources that
could maintain blood flow through the vessel by sustaining the input pressure
while there is an increase in output resistance due to the downstream
hypocapnia-induced vasoconstriction of the arterioles. Much like a shunt, the
PCA would receive the extra blood that is not able to pass through the MCA or

BA due to the increased resistance downstream of those vessels.
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These results are comparable to those of other studies (2, 6, 7, 10, 22)
that have only examined the response of the MCA in actively or passively
induced hyperthermia. Collectively, these studies demonstrate that in
poikilocapnic hyperthermia MCAwv is significantly reduced and restoring the partial
pressure of CO, to eucapnic values results in an incomplete recovery relative to
normothermic cerebral blood velocities (2, 6, 7, 10, 22). One study (18),
however, found that CBV was increased in both the MCA and PCA during
eucapnic hyperthermia. The results of this study are consistent with
investigations into the behaviour of the BA during decreased periods of PetCO;
(23, 24), though the drop in BAv during HT-PC was not a great as that in the
MCA (Fig 2.4A&C). Overall, the results of this study support that there are
regional differences in cerebrovascular responses to passively induced

hyperthermia in the brain.
Limitations

The Tgs increased by a small amount from HT-PC to HT-EC. This latter
limitation is not of concern since the PetCO, was maintained between HT-PC
and HT-EC. Furthermore, it is assumed that major vessel diameters are

unchanged.

There was some concern that the lack of randomization of the eucapnic
and poikilocapnic conditions would confound the results. For this reason, a pilot
study of the effect of time of hyperthermia was conducted. There were no
evident differences in the results between the poikilocapnic conditions for

hyperthermia, as shown in Appendix 5.1.
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Future Directions

In the future, studies during hyperthermia that utilize transcranial Doppler
ultrasonography should also include an investigation of the vertebral arteries and
BA in addition to the more frequent assessments of the MCA. The exact
mechanism by which regional differences in cerebrovascular responses occur is
still unclear, and further research into the phenomenon is warranted. Of
particular concern as well, is the differences in the MAP responses to
hyperthermia that exist in the literature (2, 5-7, 9, 10, 22). Some studies showed
a decrease (5, 6, 9) in MAP, while others observed a maintenance or an increase

2, 7).

Furthermore, the opportunity to collect diastolic, systolic, and peak blood
velocity data from the Doppler system would present an attractive addition to the
existing literature. The investigation on the effects of hyperthermia on diastolic,
systolic, and peak blood velocity would seem to be of particular interest
especially with our use of an ETF. This could be an area of potential

investigation in the future.
Conclusions

This study has effectively demonstrated and confirmed that there are
regional differences in cerebrovascular responses during passively induced
hyperthermia. As hypothesized, it was evident that ICVC in the PCA and BA did
not respond in the same way to passively induced hyperthermia as ICVC in the
MCA. As well, the responses of ICVC in the PCA and BA appear to be

equivalent in nature, while the conductance in the MCA showed evidence of a
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different response. These results are consistent with the hypothesis that
cerebrovascular conductance of blood in caudal cerebral blood vessels is

maintained during hyperthermia.
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2.6 Tables

Table 2.1: Participants’ (n=8) individual sex, age, height, and weight as well as corresponding
group means and standard deviations for each given physical characteristic.

Participant Sex Age (y) Height (m)  Weight (kg)

1 M 27 1.85 81

2 M 24 1.83 85

3 M 23 1.83 86

4 M 20 1.88 100

5 M 21 1.76 79

6 M 22 1.90 90

7 M 23 1.75 74

8 M 20 1.69 73
Mean 23 1.81 84
SD 2 0.07 9
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Table 2.2: Participants’ (n=8) mean arterial pressure (MAP, mm Hg) responses in normothermic
rest (NT-REST), hyperthermic poikilocapnia (HT-PC), and hyperthermic eucapnia
(HT-EC). + =P <0.001,*=P <0.05, NS =P >0.05.

Participant MAP MAP MAP
NT-REST HT-PC HT-EC
1 102.3 91.7 90.2
2 102.5 84.2 87.4
3 101.8 93.0 89.3
4 111.1 85.5 87.2
5 106.7 82.5 82.6
6 96.6 86.0 88.5
7 117.8 77.2 90.7
8 114.1 99.5 88.5
Mean 106.6 87.5 89.8
S.D. 7.2 7.0 5.6
L * ['] NS__|
| + |
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2.7 Figures

Figure 2.1: Study 1 Protocol; experimental trial conditions with ambient temperature (Taws),
esophageal temperature (Tgs), and the end-tidal partial pressure of carbon dioxide
(PerCO3; mm Hg). Time periods are provided when cerebrovascular responses were
assessed including normothermic rest (NT-REST), hyperthermic poikilocapnia (HT-

PC), and hyperthermic eucapnia (HT-EC).
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Figure 2.2: Mean values of esophageal temperature (Tgs; A) and mean skin temperature (T g;
B) for all participants (n=8) in normothermic rest (NT-REST), hyperthermic
poikilocapnic (HT-PC) and hyperthermic eucapnic (HT-EC).

1 =P <0.001, *=P < 0.05. For all figures, error bars indicate 1 SD.
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Figure 2.3: Mean values of pulmonary ventilation (V g; A), end-tidal partial pressure of carbon
dioxide (PerCOgy; B), and end-tidal partial pressure of oxygen (PgrOy; C) for all
participants (n=8) in normothermic rest (NT-REST) along with hyperthermic
poikilocapnic (HT-PC) and hyperthermic eucapnic (HT-EC).

*=P <0.05 NS=P>0.05.
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Figure 2.4: Mean percentage values of normothermic rest (NT-REST) cerebral blood velocities
in the middle cerebral artery (MCAVv; A), posterior cerebral artery (PCAv; B), and
basilar artery (BAv; C) for all participants (n=8) during hyperthermic poikilocapnia
(HT-PC) and hyperthermic eucapnia (HT-EC).

1 =P <0.001, *=P <0.05, NS=P>0.05.
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Figure 2.5: Indices of cerebrovascular conductance (ICVC, cmes™smm Hg'1) expressed as a
percentage of normothermic rest (NT-REST) in the middle cerebral artery (MCA; A),
posterior cerebral artery (PCA; B), and basilar artery (BA; C) for all participants (n=8)
during hyperthermic poikilocapnia (HT-PC) and hyperthermic eucapnia (HT-EC).
*=P<0.05NS=P>0.05.
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3.1 Introduction

Hyperventilation during hyperthermia (5, 7, 9, 10, 12) in humans causes a
decrease in end-tidal partial pressure of carbon dioxide (PetCO,). This
hypocapnia results in cerebral arteriolar vasoconstriction (3, 4, 14, 23), which
decreases cerebral blood velocity (CBV) and the index of cerebrovascular
conductance (ICVC) in humans (1). It is not known how cerebrovascular
responses during hypocapnic hyperventilation in normothermia compare to those

that occur as a result of thermal hyperpnea in humans.

During normothermia, involuntary respiratory drive is largely dependent on
the partial pressures of carbon dioxide (PCO.) or [H™] in the cerebrospinal fluid
sensed by the central and peripheral chemoreceptors (24). In mammals, as
PCO; and/or [H'] values drop there is a proportional drop in the drive to breathe
(8, 24). The drop in PerCO, during voluntary hyperventilation should elicit a drop
in CBV in the middle cerebral artery (MCA), posterior cerebral artery (PCA), and

basilar artery (BA). It remains to be established how voluntary increases in

resting pulmonary ventilation rate (V) during poikilocapnic and eucapnic

normothermia affect CBV and ICVC in the MCA, PCA, and BA.

Human CBV, during thermal hyperpnea, appears to decrease in the
middle cerebral artery (MCA) in poikilocapnic and eucapnic hyperthermia (5, 9,
10, 19), however, one study has shown an increase in MCA and PCA CBV in
eucapnic hyperthermia (17). These studies, however, have not assessed the BA
and the PCA has only been examined once in these conditions (17). These

studies have also not compared normothermic relative to hyperthermic
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cerebrovascualar responses during similar rates of pulmonary ventilation in
poikilocapnia and eucapnia. It is therefore imperative to determine the changes in
CBV in the basilar artery (BA), which supplies blood to posterior cerebral tissues
including the midbrain, pons, and upper lateral medulla oblongata, to help
resolve the mechanism of the control of breathing and the role of hyperventilation

on cerebrovascular responses in these regions of the brain.

The goal of this study was to assess CBV and ICVC in resting volunteers
in the MCA, PCA, and BA in poikilocapnic normothermic rest (NT-REST),

poikilocapnic normothermic voluntary hyperventilation (NT-PC), and eucapnic

normothermic voluntary hyperventilation (NT-EC). The voluntary Ve was set at
the rate seen in Study 1. It was hypothesized that a decrease CBV and ICVC in
the MCA, PCA, and BA will be observed in poikilocapnic normothermic
hyperventilation. A second hypothesis was that there would be a complete
restoration of CBV and ICVC observed in the MCA, PCA, and BA during

eucapnic normothermic hyperventilation.

3.2 Methods
3.2.1 Participants

Power calculations were performed to determine the sample sizes
required to detect a significant difference in both middle cerebral artery mean
blood velocity (MCAv) and Ve in normothermic humans. Hyperthermic ventilatory

and cerebrovascular data were used because Vg was matched in this study to

hyperthermic values. During resting hyperthermia, when core temperature is
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increased by 1°C (9), there is a decrease in MCAv from 69 £ 10 cm/s to 60 + 14
cm/s (mean £ SD). Hyperthermia has also been shown to elicit increases in Ve
from 9.5 + 1.1 L/min in resting normothermia to 26.7 + 21.0 L/min in resting
hyperthermia (7, 10). Power calculations from data presented by Fan et al. (9) for
MCAv show that a sample size of 7 volunteers will be required to detect a

significant difference at a R = 0.90 and an o = 0.05. With the same parameters,

based on the Vg data (7, 10), a sample size of 8 volunteers will be required to

detect significant differences in this variable at a = 0.05.

This study was conducted with the same 8 male participants as study 1.
Each participant was a college-aged non-smoker with no acute or chronic
pulmonary deficiencies (Table 3.1). Each potential volunteer, prior to accepting
to participate in the study, was given a walk-through of the laboratory so as to
explain potential risks and protocols of the study. Following an introduction to the
laboratory and a 24-hour reflection period, each study participant was asked to fill
out a Physical Activity Readiness Questionnaire (PAR-Q), a Laboratory for
Exercise and Environmental Physiology Confidential Health Screen
Questionnaire, and an informed consent form. Each participant was asked to
abstain from alcohol, caffeine, and exercise in the 24 h prior to data collection.
Each volunteer was asked to abstain from consuming a large meal 3-4 h prior to

the experimental trial.
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3.2.2 Instrumentation
3.2.2.1 Ventilatory/Metabolic Variables

Each volunteer wore a nose clip and mouthpiece during measurement of
pulmonary ventilation and its components. The mouthpiece was connected to a
two-way flow sensor measuring pulmonary ventilation and a two-way non-
rebreathing valve (NRB 2700, Hans Rudolph Inc., Kansas City, MO, USA). The
two-way flow sensor was calibrated using a 3 L standardized volume syringe
(Sensormedics, Yorba Linda, CA, USA). The sample line for oxygen and carbon
dioxide gas partial pressure measurements were also connected to the
plexiglass housing of the two-way flow sensor. The sample line removed a
volume of ~500 mLemin during breath-by-breath measurement of respiratory
gases by a Sensormedics Vmax 229c metabolic cart (Sensormedics, Yorba
Linda, CA, USA). CO; partial pressure will be assessed with non-dispersive
infrared spectroscopy and O partial pressure was quantified with a
paramagnetic sensor. Both sensors will be calibrated prior to each trial using air
and two gases of known concentrations (20.93% O, and 0.05% CO. with balance

N2; 26% O with balance N3; 4% CO2 and 16% O, with balance Ny).

The inspired air, during clamping of end-tidal gases, was composed of a
mixture of compressed air, CO, and N2. A LabVIEW software program (National
Instruments, Austin, TX, USA, Version 7.1) and end-tidal forcing system (15)
controlled the opening time of electronic solenoid valves attached to the three
gas cylinders. Based on the measured values from the expired air of the breath

immediately preceding it, LabVIEW altered the time each valve is open so as to
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stabilize end tidal concentrations of various gases. In this way, it was assured
that PerCO, and end-tidal partial pressure of O, (Pe1O2) remained constant at the
desired values over the course of the prescribed ventilatory stresses. The
breathing apparatus was also connected to a humidifier via 250 cm of 3.8 cm
diameter corrugated Collins tubing. The humidifier-moistened air was delivered to

the participant from the cylinders of compressed gas.
3.2.2.2 Cardiovascular Variables

Heart rate (HR) and mean arterial pressure (MAP) were recorded using a
beat-by-beat Finopres blood pressure monitor (Model 1, Amsterdam,
Netherlands). Using a waveform envelope, the mean CBV is calculated by the
TCD, and cerebrovascular mean blood velocities in the MCA (MCAv), PCA
(PCAv), and BA (BAv) were collected using a Spencer transcranial Doppler
(TCD) (Model PMD 150, Seattle, WA, USA). Haemoglobin oxygen saturation and
HR was monitored using a MasimoSET radical signal extraction pulse oximeter

(Model RDSH1, Irvine, CA, USA).
3.2.2.3 Body Temperatures

Skin temperature and core temperature (Tcore) were continuously
recorded throughout each test. Core temperatures were measured in the rectum
and esophagus, while skin temperatures were averaged over 6 surface locations
and expressed as their un-weighted mean value ( T sk). These 6 locations
included forehead (Trn), chest (Tch), scapula (Tsc), forearm (Tga), front thigh
(TeT), and back calf (Tsc). Esophageal temperatures (Tes) were sampled with a

pediatric sized nasopharyngeal esophageal temperature thermocouple (9 FR,
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Mallinckrodt Medical Inc., St. Louis, MO, USA) placed at the T8/T9 level. This
depth (L) was found using Mekjavic and Rempel’s equation (Eqn. 2.1) for

standing height (16).

Rectal temperatures (Trg) were sampled from a sheathed thermocouple
inserted 15 cm into the rectum (12 FR, Mallinckrodt Medical Inc., St. Louis, MO,
USA). Skin temperatures were recorded by T-type, copper/constantan
thermocouples (Omega Engineering Inc., Stanford, CT, USA) secured on the
right side of the participant’s body with waterproof, hypoallergenic tape.
Calibrations of esophageal, rectal, and skin thermocouple probes were
completed in a regulated temperature water bath (VWR International, Model
1196 West Chester, Pennsylvania, USA) over the range of expected values.
Reference temperatures were measured using a Fisher Scientific platinum
thermometer (Traceable Calibration Control Company, Pt-10022, Friendswood,

TX, USA).
3.2.2.4 Data Acquisition

Ventilatory data were sampled and recorded on a breath-by-breath basis
with a metabolic cart. The flow signal from the metabolic cart for each breath
was used to trigger LabVIEW to sample and record all temperature and
physiological measurements (National Instruments, Austin, TX, USA, Version

7.1).
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3.2.3 Protocol

Each volunteer was asked to participate in a study that consists of three
different measurement periods (Fig. 3.1). Each experimental trial began with
instrumentation of the volunteer for monitoring of cardiorespiratory responses,
CBV, beat-by-beat blood pressure, and body temperatures. Next there was a

collection of 10 min of resting data at room temperature during NT-REST.

This was followed by a poikilocapnic hyperventilation (NT-PC), and a
eucapnic hyperventilation (NT-EC), sequentially. Volunteers were asked to
hyperventilate at their mean Ve from eucapnic hyperthermia in study 1 by
watching the tracing of their current pulmonary ventilation and PerCO2 on a
monitor of the metabolic cart. Each participant was given a target value for each
of Ve and PgrCO,, and, to change the values, they were coached to change their

tidal volume or breathing frequency accordingly.

Each volunteer was seated in the laboratory at ~24°C/~25% RH. PgrCO;
will be controlled at eucapnic partial pressures during the eucapnic
hyperventilation condition with the ETF (15). Oxygen consumption, Vg, Tes, Tre,
and T sk were collected by the data acquisition system across all conditions. MAP
and HR were continuously collected on a beat-by-beat basis with a Finopres
blood pressure monitor. During these experimental conditions outcome variables
included MCAv, PCAv, and BAv. These variables were monitored using
transcranial Doppler sonography via the temporal and foraminal insonation
windows. The MCAv and PCAv were collected simultaneously over 5 min and

then collection of BAv was conducted in the following 5 min.
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Cerebral blood vessel validation was performed for the MCA by comparing
NT-REST velocities to typical velocities, looking for the aortic valve notch in the
waveform, and using ipsilateral occlusion of the internal carotid artery to
decrease CBV. The PCA was validated by comparing NT-REST velocities to
typical velocities after finding the bifurcation for the PCA, ipsilateral occlusion of
the internal carotid, and removal of visual stimulation to reduce CBV. The BA
was obtained by not deviating the Doppler probe from the central sagittal plane

and a comparison of NT-REST velocities to typical velocities.

3.2.4 Statistical Analyses

Data on MCAv, PCAv, BAv, Vg, MAP, Tcore, T sk, PerOz, and PerCO;
were averaged individually in each of NT-REST, NT-PC, and NT-EC, then for all
participants, and standard deviations of the means were reported for each
condition. A one-way ANOVA (Levels: NT-REST, NT-PC, and NT-EC) was
conducted across all conditions for each outcome variable. A paired two-tailed t-
test was employed to compare data collected between each of NT-REST, NT-
PC, and NT-EC when significant main effects were found with the one-way

ANOVA. The level of significance was set at an a = 0.05.

The MAP and CBV data were used to calculate an index of
cerebrovascular conductance (ICVC) (18). Equation 2.2, as employed by
Brothers et al. (5), was used to calculate ICVC.

A coefficient of variation was calculated for MCAv, PCAv, and BAv in NT-

REST.
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3.3 Results

Voluntary hyperventilation did not alter Tes (P>0.05) from ~37.0 °C during
NT-REST (Fig. 3.2A). Similarly, T sk was unchanged (P>0.05) from ~33.1 °C in
NT-REST during voluntary hyperventilation (Fig. 3.2B). During NT-REST, Ve
(Fig. 3.3A) was 10.0 = 0.9 L/min and significantly increased to 24.0 £ 8.9 L/min
during NT-PC (P<0.05). During NT-EC, Ve significantly increased (P<0.001) to
23.1 £ 6.7 L/min, but was not significantly different (P>0.05) from NT-PC. The
NT-REST PerCO; (Fig. 3.3B) was 40.6 + 2.1 mm Hg and in HT-PC it was
decreased (P<0.001) to 29.9 + 5.6 mm Hg, while in HT-EC PgrCO, was clamped
(P<0.001) at 40.5 + 1.6 mm Hg. During NT-REST, PerO, was 101.0 £ 2.7 mm
Hg and significantly increased (P<0.001) to 120.5 £ 6.6 mm Hg in NT-PC.
During NT-EC Pe1O2 was 113.9 £ 8.3 mm Hg, which is significantly decreased
(P<0.05) with respect to NT-PC, but significantly increased (P<0.05) with respect

to NT-REST.

Mean arterial blood pressure (Table 2.1) decreased (P<0.05) from 106.6 +
7.2 mm Hg in NT-REST to 87.5 + 7.0 mm Hg in HT-PC and 89.8 + 5.6 in HT-EC.

As well, MAP in HT-PC and HT-EC was not significantly different (P>0.05).

There was a significant decrease (P<0.05) in MCAv during NT-PC to 77.1
1+ 10.6 % of NT-REST. During NT-EC MCAv was significantly increased
(P<0.001) with respect to NT-PC to 102.2 + 5.9 % of NT-REST, and was not

significantly different (P>0.05) with respect to NT-REST (Fig. 4A).
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During NT-PC, PCAv was significantly decreased (P<0.001) to 82.8 + 11.7
% of NT-REST, then PCAv significantly increased (P<0.05) to 101.5 + 6.8 % of
NT-REST in NT-EC, which was not significantly different (P>0.05) than NT-REST

values.

The BAv significantly decreased (P<0.001) during NT-PC to 80.3 £ 5.5 %
of NT-REST. During NT-EC, BAv was significantly (P<0.001) increased from NT-
PC to 101.1 £ 7.4 % of NT-REST, which was not significantly different (P>0.05)

from NT-REST values.

The ICVCuca Was significantly decreased (P<0.001) during NT-PC to 74.1
+ 10.0 % of NT-REST. During NT-EC, ICVCyca returned to 96.6 + 8.2 % of NT-
REST, which was not significantly different (P>0.05) with respect to NT-REST,

and was significantly increased (P<0.001) with respect to HT-PC.

The ICVCpca Was significantly decreased (P<0.001) during NT-PC to 79.5
+ 9.8 % of NT-REST. During NT-EC, ICVCpca returned to 96.0 + 9.5 % of NT-
REST, which was not significantly different (P>0.05) with respect to NT-REST,

and was significantly increased (P<0.001) with respect to HT-PC.

The ICVCga was significantly decreased (P<0.001) during NT-PC to 77.2 +
4.6 % of NT-REST. During NT-EC, ICVCga returned to 95.8 £ 12.0 % of NT-
REST, which was not significantly different (P>0.05) with respect to NT-REST,

and was significantly increased (P<0.05) with respect to HT-PC.

The coefficient of variation during NT-REST for MCAv was 14.1%, PCAv

was 16.4% and BAv was 7.5%.
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3.4 Discussion

The main findings of this study were that there were no significant
differences in cerebrovascular responses between cerebral vessels during
voluntary hyperventilation, and that the regional differences of the CBV
responses found in study 1 are not elicited during volitional normothermic
hyperventilation. Firstly, MCAv, PCAv, and BAv exhibited similar responses to
normothermic poikilocapnic and normothermic eucapnic voluntary
hyperventilation. Secondly, the ICVCyca, ICVCpca, ICVCga did not exhibit stark
differences in their responses to normothermic poikilocapnic and normothermic

eucapnic voluntary hyperventilation.

These results indicate that CBV and ICVC exhibit the same responses to
voluntary normothermic hyperventilation at the rate evident during hyperthermia
(Study 1). The principal mechanism that could explain the decrease in CBV in
the MCA, PCA, and BA in NT-PC is that there is a constriction of the cerebral
arterioles downstream of the vessels as a result of the decreased P,CO,, which
would result in an increased resistance to CBV. This is most likely a result of the
decreased P,CO; due to the decreased PetCO2in NT-PC and when PegrCO;
was restored in NT-EC, CBV in the MCA, PCA, and BA completely recovered
(Fig 3.5). The same responses were also observed in ICVC values of the MCA,
PCA, and BA. That being said, MAP increased during voluntary hyperventilation,
which would have resulted in an increase in the driving force for CBV on the

opposite side of the major vessels as the arterioles.
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It could be that, if these results were to be compared with study 1, that
there is a decrease in sensitivity of cerebral blood vessels to CO2 during
hyperthermia. These results are comparable to those of other studies (1, 2, 20,
21) that have examined various forms of hyperventilation, though we are not
aware of any that attempted to mimic thermal hyperpnea. The results are also
consistent with investigations into the behaviour of the BA (Fig 3.4A&C) being
consistent with the behaviour of the MCA during periods of decreased PerCO,

(20, 21).

This study has helped to characterize cerebrovascular responses in the
MCA, PCA, and BA in similar conditions to hyperthermia save for the increase in
core temperature. Furthermore, the response of MAP to hyperventilation is poorly
understood with some observations showing an increase or maintenance (11,
13), while another group reports a decrease (6). The MAP assessment in this

study was used along with CBV to calculate ICVC.
Limitations

The TCD only measures CBV, which is an index of CBF. Furthermore, it
is assumed that major vessel diameters are unchanged and evidence supports
that large cerebral blood vessels do not dilate or constrict during PCO;
manipulations (22). There was some concern that the lack of randomization of
the eucapnic and poikilocapnic conditions would confound the results. Hence, a
study of the effect of time of hyperventilation was conducted. There were no
evident differences in the results between the poikilocapnic conditions for

hyperventilation, as shown in Appendix 5.2.

82



Future Directions

In the future, studies during normothermic hyperventilation that utilize
transcranial Doppler ultrasonography should also include an investigation of the
PCA and BA in addition to the commonplace assessments of the MCA. The
exact mechanism by which regional differences in cerebrovascular responses
occur during hyperthermia is still unclear, although body temperature appears to
be central to this mechanism. As well, the variety of MAP responses to
hyperventilation that exist in the literature are of particular concern (6, 11, 13).
An investigation leading to a more complete understanding of the effects of

voluntary hyperventilation on MAP are warranted.

Furthermore, collection of diastolic, systolic, and peak blood velocity data
from the TCD would be a valuable study when using the ETF. The effects of
eucapnic PerCO, clamping with the ETF and diastolic velocity, for example,
would represent an interesting study of increased CO, on CBV. This could be an

area of potential investigation in the future.
Conclusions

This study has demonstrated that there are similar regional differences in
cerebrovascular responses during voluntary hyperventilation in normothermia at
a Ve similar to that seen in hyperthermia. It was hypothesized that CBV and
ICVC in the MCA, PCA, and BA would respond in the same way to voluntary
hyperventilation. The results of this study suggest that the % changes in CBV
were similar in the MCA, PCA, and BA during normothermic voluntary

hyperventilation in poikilocapnic and eucapnic conditions. The responses of
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ICVC in the MCA, PCA, and BA also appear to be equivalent in nature in these
conditions. These results are consistent with the hypothesis that ICVC would be
maintained during normothermic eucapnic voluntary hyperventilation in major

vessels of the brain.
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3.6 Tables

Table 3.1: Participants’ (n=8) individual sex, age, height, and weight as well as corresponding
group means and standard deviations for each given physical characteristic.

Participant Sex Age (y) Height (m)  Weight (kg)

1 M 27 1.85 81

2 M 24 1.83 85

3 M 23 1.83 86

4 M 20 1.88 100

5 M 21 1.76 79

6 M 22 1.90 90

7 M 23 1.75 74

8 M 20 1.69 73
Mean 23 1.81 84
SD 2 0.07 9

89



Table 3.2: Participants’ (n=8) mean arterial pressure (MAP, mm Hg) responses in normothermic
rest (NT-REST), normothermic poikilocapnia (NT-PC), and normothermic eucapnia
(NT-EC). + =P <0.001,*=P <0.05 NS=P>0.05.

Participant MAP MAP MAP
NT-REST NT-PC NT-EC
1 99.9 102.6 107.6
2 104.9 109.6 115.6
3 106.7 111.1 1171
4 102.4 100.6 104.9
5 107.0 112.7 107.1
6 105.0 109.4 118.7
7 119.4 121.4 116.3
8 107.6 116.5 116.6
Mean 106.6 110.5 113.0
S.D. 5.8 6.8 5.5

L || |

+ NS
| * |
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3.7 Figures

Figure 3.1: Study 2 Protocol; experimental trial conditions with ambient temperature (Taws),
esophageal temperature (Tgs), and the end-tidal partial pressure of carbon dioxide
(PerCOy). Time periods are provided when cerebrovascular responses were
assessed including normothermic rest (NT-REST), normothermic poikilocapnia (NT-
PC), and normothermic eucapnia (NT-EC).
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Figure 3.2: Mean values of esophageal temperature (Tgs; A) and mean skin temperature ('T' SK;
B) for all participants (n=8) in normothermic rest (NT-REST), normothermic
poikilocapnic (NT-PC) and normothermic eucapnic (NT-EC). NS =P > 0.05. For all

figures, error bars indicate 1 SD.
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Figure 3.3: Mean values of pulmonary ventilation (Vg; A), end-tidal partial pressure of carbon
dioxide (PerCOgy; B), and end-tidal partial pressure of oxygen (PgrOy; C) for all
participants (n=8) during normothermic rest (NT-REST), normothermic poikilocapnia
(NT-PC) and normothermic eucapnia (NT-EC).

+=P<0.001,*=P <0.05 NS =P>0.05.
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Figure 3.4: Mean percentage values of normothermic rest (NT-REST) of the middle cerebral
artery mean blood velocity (MCAv; A), posterior cerebral artery mean blood velocity
(PCAv; B), and basilar artery mean blood velocity (BAv; C) for all participants (n=8)
during normothermic poikilocapnia (NT-PC) and normothermic eucapnia (NT-EC).
1 =P <0.001, NS =P > 0.05.
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Figure 3.5: Indices of cerebrovascular conductance (ICVC, cmes 'smm Hg'1) expressed as a
percentage of normothermic rest (NT-REST) in the middle cerebral artery (MCA; A),
posterior cerebral artery (PCA; B), and basilar artery (BA; C) for all participants (n=8)
during normothermic poikilocapnia (NT-PC) and hyperthermic eucapnia (NT-EC).

1 =P <0.001, *=P <0.05, NS=P>0.05.
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CHAPTER FOUR: RESPONSES TO RESEARCH
HYPOTHESES AND TESTABLE QUESTIONS

4.1 Responses to Hypotheses

Study 1: Thermal Hyperpnea and Temperature-Dependent Regional

Differences in Cerebrovascular Responses in Humans

H1: The ICVC in the MCA will be maintained during poikilocapnic and

eucapnic hyperthermia.

A1: The ICVC in the MCA was maintained during eucapnic hyperthermia, but

not in poikilocapnic hyperthermia.

H2: During hyperthermia ICVC in the BA and PCA will not change or will

increase.

A2: During hyperthermia ICVC in the BA and PCA did not change.
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Study 2: Effects of Poikilocapnic and Eucapnic Voluntary Hyperventilation

on Cerebrovascular Responses in Normothermic Humans

H1: During normothermia CBV and ICVC in the MCA, PCA, and BA will

decrease during voluntary hyperventilation and hypocapnia.

A1: During normothermia CBV and ICVC in the MCA, PCA, and BA

decreased during voluntary hyperventilation and hypocapnia.

H2: During normothermia, while controlling Pe1CO» at a eucapnic partial
pressure and maintaining voluntary hyperventilation, CBV and ICVC in the

MCA, PCA, and BA will return to normal resting values.

A2: During normothermia, while controlling Pe1CO» at a eucapnic partial
pressure and maintaining voluntary hyperventilation, CBV and ICVC in the

MCA, PCA, and BA returned to normal resting values.
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4.2 Responses to Testable Questions

Study 1: Thermal Hyperpnea and Temperature-Dependent Regional

Differences in Cerebrovascular Responses in Humans

Q1: Does passive poikilocapnic hyperthermia result in maintenance of MCA
cerebral conductance? Is this MCA ICVC restored to resting values during

eucapnic hyperthermia?

A1: Passive poikilocapnic hyperthermia results in a decrease of cerebral

conductance, while ICVC in the MCA is restored in eucapnic hyperthermia.

Q2: Does passive poikilocapnic and eucapnic hyperthermia result in changes

in PCA and BA ICVC that are parallel to changes in the MCA ICVC?

A2: Passive poikilocapnic and eucapnic hyperthermia does not result in

changes in PCA and BA ICVC that are parallel to changes in MCA ICVC.
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Study 2: Effects of Poikilocapnic and Eucapnic Voluntary Hyperventilation

on Cerebrovascular Responses in Normothermic Humans

Q1: Does normothermic voluntary hyperventilation decrease CBV and ICVC

in the MCA, PCA, and BA?

A1: Normothermic voluntary hyperventilation decreased CBV and ICVC in the

MCA, PCA, and BA.

Q2: Does normothermic voluntary hyperventilation with eucapnic Pe7CO.
result in a full restoration of CBV and ICVC in the MCA, PCA, and BA to

normothermic resting values?

A2: Normothermic voluntary hyperventilation with eucapnic Pe7CO, restored

CBV and ICVC in the MCA, PCA, and BA to normothermic resting values.
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6.1 Effect of Time on Cerebrovascular Responses During
Thermal Hyperpnea in Hyperthermic Humans

Introduction

There was a concern that there was an effect of time on cerebrovascular
responses in hyperthermia, and that ordering of the PerCO, conditions might
confound the results of the hyperthermia study contained in this thesis. It was for
this reason that a pilot study was performed to ascertain whether or not there
was any preliminary evidence of an effect of condition timing on the
cerebrovascular responses to hyperthermia. It was hypothesized that there
would be no effect of time or ordering on cerebrovascular responses during

hyperthermia.

Methods

Participants

This study was complete on three participants that participated in the previous

study. For further information please refer to Chapter 2, Section 2.1.
Instrumentation

Please refer to Chapter 2, Section 2.2.

Protocol

Please refer to Chapter 2, Section 2.3. As well, an extra hyperthermic

poikilocapnic period (HT-PC2) was added at the end of the study, after HT-EC.

114



Statistical Analysis

Please refer to Chapter 2, Section 2.4 for more information. Paired student’s
t-tests were performed between the data sets in the two poikilocapnic periods.

The level of significance was set at an a of 0.05.

Results

There were no significant differences (P>0.05) between the first and
second hyperthermic poikilocapnic conditions (HT-PC1 & HT-PC2) for each
variable including: esophageal temperature (Tgs; Fig. 5.2.1A), mean skin
temperature (T sk; Fig. 5.2.1B), expiratory ventilation (VE; Fig. 5.2.2A), end-tidal
partial pressure of carbon dioxide (Percoz; Fig. 5.2.2B), end-tidal partial pressure
of oxygen (PetOg; Fig. 5.2.2C), mean arterial pressure (MAP; Fig 5.2.3), middle
cerebral artery mean blood velocity (MCAy, Fig. 5.2.4A), posterior cerebral artery
mean blood velocity (PCAy, Fig. 5.2.4B), basilar artery mean blood velocity (BAy,
Fig. 5.2.4C), index of cerebrovascular conductance in the MCA (ICVCyca, Fig.
5.2.5A), index of cerebrovascular conductance in the PCA (ICVCpca, Fig.
5.2.5B), and index of cerebrovascular conductance in the BA (ICVCga, Fig.

5.2.5C).

Conclusions

There is no effect of ordering of PerCO, stages and time of hyperthermia

on the cerebrovascular responses.
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Figures

Figure 5.1.1: Mean values of esophageal temperature (Tes, A) and mean skin temperature

('T' sk: B) for all participants (n=3) in normothermic rest (NT-REST), hyperthermic
poikilocapnic 1 (HT-PC1), hyperthermic eucapnic (HT-EC), and hyperthermic
poikilocapnia 2 (HT-PC2). NS =P > 0.05. For all figures, error bars indicate 1 SD.
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Figure 5.1.2: Mean values of pulmonary ventilation (V g, A) end-tidal partial pressure of carbon
dioxide (PerCOy; B), and end-tidal partial pressure of oxygen (PerOy; C) for all
participants (n=3) during normothermic rest (NT-REST), hyperthermic
poikilocapnia 1 (HT-PC1), hyperthermic eucapnia (HT-EC), and hyperthermic
poikilocapnia 2 (HT-PC2). NS =P > 0.05.
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Figure 5.1.3: Mean values of mean arterial pressure (MAP) for all participants (n=3) during
normothermic rest (NT-REST), hyperthermic poikilocapnia 1 (HT-PC1),
hyperthermic eucapnia (HT-EC), and hyperthermic poikilocapnia 2 (HT-PC2).
NS =P > 0.05.
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Figure 5.1.4: Mean percentage values of normothermic rest (NT-REST) cerebral blood velocities
in the middle cerebral artery (MCAv; A), posterior cerebral artery (PCAv; B), and
basilar artery (BAv; C) for all participants (n=3) during hyperthermic poikilocapnia 1
(HT-PC1), hyperthermic eucapnia (HT-EC), and hyperthermic poikilocapnia 2 (HT-
PC2). NS =P > 0.05.
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Figure 5.1.5: Indices of cerebrovascular conductance (ICVC, cmes™'smm Hg'1) expressed as a
percentage of normothermic rest (NT-REST) in the middle cerebral artery (MCA,;
A), posterior cerebral artery (PCA; B), and basilar artery (BA; C) for all participants
(n=3) during hyperthermic poikilocapnia 1 (HT-PC1), hyperthermic eucapnia (HT-
EC), and hyperthermic poikilocapnia 2 (HT-PC2). NS =P > 0.05.
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6.2 Effect of Time on Cerebrovascular Responses During
Volitional Hyperventilation in Normothermic Humans

Introduction

There was a concern that there was an effect of time on cerebrovascular
responses in normothermic volitional hyperventilation, and that ordering of
PerCO, stages might confound the results of the hyperventilation study contained
in this thesis. It was for this reason that a pilot study was performed to ascertain
whether or not there was any preliminary evidence of an effect of condition timing
or ordering on the cerebrovascular responses to hyperventilation. It was
hypothesized that there would be no effect of time or ordering of PerCO,

conditions on volitional hyperventilation in normothermic humans.

Methods

Participants

This study was complete on three participants that participated in the previous

study. For further information please refer to Chapter 3, Section 3.1.
Instrumentation

Please refer to Chapter 3, Section 3.2.

Protocol

Please refer to Chapter 3, Section 3.3. As well, an extra hyperthermic

poikilocapnic period (NT-PC2) was added at the end of the study, after NT-EC.
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Statistical Analysis

Please refer to Chapter 3, Section 3.4 for more information. Paired student’s t-
tests were performed between the data sets in the two poikilocapnic periods. The

level of significance was set at an a of 0.05.

Results

There were no significant differences (P>0.05) between the first and
second normothermic poikilocapnic conditions (NT-PC1 & NT-PC2) for each
variable including: esophageal temperature (Tgs; Fig. 5.2.1A), mean skin
temperature (T sk; Fig. 5.2.1B), expiratory ventilation (VE; Fig. 5.2.2A), end-tidal
partial pressure of carbon dioxide (Percoz; Fig. 5.2.2B), end-tidal partial pressure
of oxygen (PetOg; Fig. 5.2.2C), mean arterial pressure (MAP; Fig 5.2.3), middle
cerebral artery mean blood velocity (MCAy, Fig. 5.2.4A), posterior cerebral artery
mean blood velocity (PCAy, Fig. 5.2.4B), basilar artery mean blood velocity (BAy,
Fig. 5.2.4C), index of cerebrovascular conductance in the MCA (ICVCyca, Fig.
5.2.5A), index of cerebrovascular conductance in the PCA (ICVCpca, Fig.
5.2.5B), and index of cerebrovascular conductance in the BA (ICVCga, Fig.

5.2.5C).

Conclusions

There is no effect of ordering of Pe7CO, stages and time of volitional

hyperventilation on the cerebrovascular responses.
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Figures

Figure 5.2.1: Mean values of esophageal temperature (Tgs, A) and mean skin temperature
(T sk: B) for all participants (n=3) in normothermic rest (NT-REST), normothermic
poikilocapnic 1 (NT-PC1), normothermic eucapnic (NT-EC), and normothermic
poikilocapnia 2 (NT-PC2). NS =P > 0.05. For all figures, error bars indicate 1 SD.
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Figure 5.2.2: Mean values of pulmonary ventilation (V g, A) end-tidal partial pressure of carbon
dioxide (PerCOgy; B), and end-tidal partial pressure of oxygen (PgrO;; C) for all
participants (n=3) during normothermic rest (NT-REST), normothermic
poikilocapnia 1 (NT-PC1), normothermic eucapnia (NT-EC), and normothermic

poikilocapnia 2 (NT-PC2). NS = P > 0.05.
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Figure 5.2.3: Mean values of mean arterial pressure (MAP) for all participants (n=3) during
normothermic rest (NT-REST), normothermic poikilocapnia 1 (NT-PC1),
normothermic eucapnia (NT-EC), and normothermic poikilocapnia 2 (NT-PC2).
NS =P > 0.05.

NS

140 A I '

MAP (mm Hg)
O B N W
o o o o

O
o
1

00}
o
I

NT-REST NT-PC1 NT-EC NT-PC2

125



Figure 5.2.4: Mean percentage values of normothermic rest (NT-REST) cerebral blood velocities
in the middle cerebral artery (MCAv; A), posterior cerebral artery (PCAv; B), and
basilar artery (BAv; C) for all participants (n=3) during normothermic poikilocapnia
1 (NT-PC1), normothermic eucapnia (NT-EC), and normothermic poikilocapnia 2
(NT-PC2). NS = P > 0.05.
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Figure 5.2.5: Indices of cerebrovascular conductance (ICVC, cmes 'smm Hg'1) expressed as a
percentage of normothermic rest (NT-REST) in the middle cerebral artery (MCA;
A), posterior cerebral artery (PCA; B), and basilar artery (BA; C) for all participants
(n=3) during normothermic poikilocapnia 1 (NT-PC1), normothermic eucapnia (NT-
EC), and normothermic poikilocapnia 2 (NT-PC2). NS = P > 0.05.

120 H A NS

% of ICVC,,c,, NT-REST
(o)
o

120 - B NS

% of ICVC, s, NT-REST
(o)
o

120 1 ¢ NS

% of ICVC,,, NT-REST
(o)
o

NT-PC1 NT-EC NT-PC2

127



	EthicsStatement_2012_noPnumber.pdf
	Ethics Statement


