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ABSTRACT

Rationale: Intermittent Hypoxia (IH) consists of bouts of hypoxic exposure
interspersed with normoxic intervals. In animals, there is some evidence that
multiple brief short duration exposures to intermittent hypoxia (SDIH) provoke
more profound changes in chemosensitivity than longer duration bouts of
intermittent hypoxia (LDIH). The purpose of this study was to test the hypothesis
that SDIH would have differential effects from LDIH on chemosensitivity during
rest and exercise in humans. :

Methods: Ten males underwent two intermittent hypoxic protocols of 7 days
duration/each. The LDIH protocol consisted of daily 60-minute exposures to
normobaric 12% O,. The SDIH protocol consisted of twelve 5-minute bouts of
normobaric 12% O,, separated by 5-minute bouts of normoxia. Measured
resting variables included the hypoxic ventilatory response (HVR), hypercapnic
ventilatory response (HCVR), CO, threshold and CO, sensitivity. Submaximal
exercise variables included minute ventilation, oxygen saturation, hyperoxic and
hypercapnic ventilatory response in both hypoxia and normoxia. Peak exercise
variables included power and oxygen consumption in hypoxia. Measurements
were made immediately prior to intermittent hypoxic training and on the first day
following IH. Resting measures were repeated 7 days following IH.

Results: For both protocols, the HVR was significantly (p< 0.05) increased after
IH. One week post IH, the HVR was not different from pre-lH. The HCVR was
increased and remained elevated at 7 days post-IH (p<0.01). The CO; sensitivity
was unchanged by either intervention. In hypoxia and hyperoxia, the CO;
threshold was significantly reduced following IH (p<0.05). The submaximal
minute ventilation, hyperoxic and hypercapnic responses in normoxia and
hypoxia were unchanged by IH. Submaximal oxygen saturation and peak power
were both increased (p<0.05), while maximal ventilation and oxygen
consumption were unaltered. There were no significant differences between the
two IH protocols for any of the above measures.

Conclusions : A 7-day IH protocol causes increases in the HVR and HCVR at
rest and a left-shift in the CO, threshold and an improvement in oxygen
saturation during submaximal hypoxic exercise. @ SDIH is no more efficacious
than LDIH at effecting these changes in respiratory control.
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CHAPTER 1: INTRODUCTION




The term Intermittent Hypoxia (IH) refers to an exposure to multiple brief
bouts of hypoxia over a period of time. This length of time can be as short as a
few minutes or as long as several weeks. IH has been shown to increase red |
cell mass', blood pressure? and cerebrovascular and sympathetic responses to
hypoxia® . IH can cause alterations in the chemoreflex control of breathing in
humans that may have potential clinical or 'ergogenic applications. There is
some evidence that it may protect the heart from ischaemia and have the
potential to improve ventilation in spinal éord transection patients®. For the
respiratory system, IH can increase an individual's ventilatory response to

t""'.  There is some evidence that IH can also increase exercise

hypoxia at res
ventilation during exercise tests at simulated altitude (4500 metres)'?. This
increased ventilation is associated with improved arterial oxygen saturation
during exercise. IH does not appear to increase exercise ventilation at sea

l13

level™. However, although no research has examined exercise ventilation at sea

level and simulated altitude following the same IH exposure.

Proposed Mechanism of Intermittent Hypoxia

Due to its invasive nature, the majority of the research into the mec;hanism
of IH has been performed in animal models. These concepts are applied to
human physiology with appropriate caution. Acute hypoxic exposure leads to a
series of alterations in neurél control of respiration; these are the short-term

‘hypoxic phrenic response, the post-hypoxia frequency decline and phrenic Long-

term Facilitation (LTF). The short-term hypoxic phrenic response is an increase




in integrated phrenic amplitude during the hypoxic exposure. This modulation
does not persist beyond the hypoxic exposure, but it can be augmented by

intermittent hypoxia through a serotonin-mediated mechanism

. Following the
hypoxic exposure, a transient decrease in phrenic motorneuron frequency occurs
that returns to baseline after several mi.nutes.14 Subsequent to the hypoxic
exposure, there is a persistent increase in phrenic motor_neuron output amplitude
lasting minutes to hours, termed the phrenic LTF™.  LTF following an acute
hypoxic exposure is a form of neural “plasticity”. Plasticity is defined as “a
persistent change in the neural control system based on prior experience”®.
With repeated exposures to hypoxia (intermittent hypoxia) this increased phrenic
motornegron output (LTF) is further augmented™. This amplification of the LTF
is believed to be a form of “metaplasticity” whereby a prior exposﬁre (to hypoxia)
modifies one’s ability to express plasticity’®.  This metaplasticity can be blocked
using the serotonin blocker methysergide?“, indicating that the mechanism is at
least partially seroto_nin-mediated. Other mechanisms may also play a role in the
generation of LTF, such as the nitric oxide pathway'®. Following intermittent
hypoxia, the augmented LTF can be induced with either hypoxia or electrical
carotid sinus nerve stimulation, indicating that this plasticity occurs (at least
partially) through central facilitation of chemoreceptdr éfferents as opposed to
occurring entirely at the carotid peripheral chemoreceptors themselves'. LTF

canh occur in response to hypoxia in carotid-denervated cats, indicating that there

may be a possible role for the direct effect of hypoxia on the CNS neurons

themselves."




Duration of Intermittent Hypoxia

Many different IH protocols have }been utilized in previous studies in
humans (see Table 1.1). Exposures have ranged from twenty minutes to two
hours in length, and have typically been repeated between 7 and 14 times. The
optimal IH intervention for increasihg hypoxic ventilatory response is unknown.
One way to better characterize the minimum duration of IH oﬁ ventilation would
~ be to measure hypoxic ventilatory response (HVR) daily during the administration
of an IH regime. When working with hypoxia and hypoxic sensitivity, one must
be careful to ensure that the measuremehts used in a study are not interventions
themselves. During a single HVR test, a subject receives a short exposure to
significant hypoxia (lasting approximately 5 minutes) where F,0, (fraction of
inspired oxygen) can reach as low as 5%. An HVR test therefore represents a
shorter but more severe hypoxic exposure than the typical bout of hypoxia used
during IH. It is possible that the brief, more profouhd exposures of an HVR test,
if repeated daily, could present an intermittent hypoxic stimulus and thefefo_re
affect ventilation during subsequent hypoxic exposures. Before incorporating

daily assessment of HVR into a study, the significance of this potential co-

intervention would need to be assessed.




Paper N Intervention Testing HVR HCVR HCVR | Modified VO;max | Exercise Haem. Comments
sb Read Ventilation
Rebreathe
Foster et 93SDIH Normobaric -VO2max, min Ve, N/A N/A N/A N/A -@A (at -@A (at sea N/A -isocapnic
al. 2006'" | 93LDIH | 12% O, Fb at various sea fevel)
10 of 12 days %max level)
SDIHALDIH .
Townsend | 128A Normobaric -HVR (pre-, Post-) -increased N/A N/A N/A N/A -increased after | N/A -exercise
et al.2005° | 113B 16.3 % O; -submaximal in both IH 4 nights of ventilation
103C A=20d X 8-10h exercise Ve (Pre-, groups hypoxia for both measured in
B=4 X (5d X 8- after 4, 10 19 IH groups normoxia
10h) nights) ‘-change in
C=Control exercise
ventilation
correlated to
change in HVR
Foster et 93SDIH Normobaric -HVR days increased in | -@A N/A | N/A N/A N/A N/A -isocapnic
al. 2005’ 93LDIH 12% O, 1,3,5,8,10,12 both groups :
-1 10 of 12 days
SDIH/LDIH
Katayama | 73A-E Nor: ric -HVR, pre-,post-, 1- | -increased -incr. N/A N/A N/A N/A N/A N/A
et al. 73A-C 12.3% O; 2-wks post- in both only
2005" 83B-E A=3hX7d -HCVR, pre-,post-, | groups, after
738-C B =3h X 14d 2-wks post- back to N 2/52 of
wil 2/52 H
Katayama | 83E Normobaric -maximal, N/A N/A N/A N/As -@A in -| submax VO, | -@Ain Hb, -trend to
et al. 73C 12.3% 02 submaximal X 2, VO2max | (efficiency?) Het, RBC, Ret | improved TT
20047 3h X 14d T performance
-pre- and post :
-haematology .
Ainslie et 128 Normobaric -HVR, HCVR pre- -increased - N/A N/A N/A N/A N/A -HVR used
al. 2003*' 4300mX8-9hX5d | test X 2, post, and by increase : PETO2
5d-post 1.6L/min/% | inslope
Sa02 -left shift
in
. : intercept
‘Hendrikse | 128 | Hypobaric -VO2max, Wingate, | N/A N/A N/A N/A A in N/A -1Hb, Het -triathletes
n and 2hX2500mX10d | Hb, Hct VO, max
Meeuwsen -2h cycling -pre-, 9d post- tanaero
2003% 65%HRR bic
-crossover power
control

Table 1.1 Summary of Selected Research on intermittent hypoxia and ventilatory contro! on humans




Paper N Intervention Testing HVR HCVR HCVR | Modified VO2max | Exercise Haem. Comments
sb Read Ventilation
Rebreathe
Mateikaet | 78 Normobaric -MRR test pre-and | N/A N/A N/A -increase N/A N/A N/A
al. 2003%® | 49 4'X 8%0, X 8 1h post- in slope
-P0O2=50 and 140 -24
threshold
Katayama | 63C Hypobaric -3k runtime, runto | N/A N/A N/A N/A -@Ain -@A (at sea -@4in Hb, -3k times,
et al. 63E (4500m) exhaustion, VO;max | level) Hct, RBC, submax VO2
2003" 80’ X 9 (over VO2max, : -| submax VO; | Ret, Epo, -1 run time to
3/52) haematology (efficiency?) Ferritin exhaustion
-pre-, post, 3/52 -trained
post- runners
Fahlman 53 No ri -repeated HVR -'steady’ N/A N/A N/A N/A N/A N/A -CV was 70%
et al. 7% -novel repeat measurements response
2002% HVR circuit following square -variable
-2X8.3%0.X 4, | 4m waveform response
alternating w/
21%02 :
Katayama | 83E Hypobaric -HVR, HCVRsb, -tHVR at N/A -non- N/A N/A - @A at any N/A -exercise at sea
et al. 64C (4500m) pre- post- rest signifi exercise level - level
2002° $0'X 7d -Ve @ 40, 70, -@AinC cant-
100%max pre-,post t
\ post- s
Katayama | 63 Hypobaric -HVR, HCVR, -tHVR post- | - @A -1 N/A -@Ain -1 Ve/VO, and N/A -maximal and
et al. (4500m) HCVRsb, max and | and 7d post- VO.max | Sa0.@ rest, submaximat
2001% -60' X 7d submax Ve, VO, post- -@A 40%, 70% of tests at 4500m
-pre-, post-, 7d -incr by 7d - max
post- ~80% post- -1 Sa0, @ max
Katayama | 1438 ric -ventilatory and CV | N/A N/A N/A N/A N/A - @A in restin N/A -enhanced
et al. (4500m) responses to ' Ve . arterial BP
20012 -60' X 7d hypoxia responsiveness
-pre-, post- fo hypoxia
Goreetal. | 63E Normobaric -VO, during N/A N/A N/A N/A N/A -} VO, during -normoxic
2001% 73C 15.48% O, maximal and submaximal exercise
-23 X 9.5h submaximat exercise
exercise

Table 1.1 (continued) Summary of Selected Research on intermittent hypoxia and ventilatory control on humans




Paper N Intervention Testing HVR HCVR HCVR | Modified VO2max | Exercise Haem. Comments
sb Read Ventilation -
Rebreathe
Mahamed | 53 Normobaric -MRR pre-,post- -1 Ve during | N/A N/A -left shiftin | N/A N/A N/A -increase in
& Duffin 2Q 20'’X10%0,X14d | each exposure resting threshold resting
2001% : hypoxia {pre- ventilation
after hypoxia), - during hypoxia
intervention right-shift and HVD
post- became more
-@Ain apparent
sensitivity
Casas et 58 Hypobaric -haematology N/A N/A NA | NA -La -1 Ve @ max -1 PCV, RBC, | <limbers
al. 12 -3-5hX4000- curve and La Hb
20007 5500Mx17d shifted to | threshold
right
Garcia et 93 H ri -HVR pre- and -1HVR, N/A N/A N/A N/A - @A in resting N/A -@A in hb, Hct
at. 2000"° (3800m) post- peaked on Ve in normoxia -tin Ret by Day
-2h X12d -haematology pre-, | Day 5 then -1 Ve in hypoxia 5
. post- }
Garcia et 43 Hypobaric -HVR pre- and -THVR, N/A N/A N/A N/A N/A N/A
al. 2000" (3800m) post- greater in iH
-2d CH vs. group
~2h X 2d
Rodriguez | 88C Hypobaric -VO2max, La N/A N/A N/A N/A -La -tVe@maxat | -1 PCV,RBC, | -@A b/ C and
et al. 29C -3-5h X 4000- threshoid, curve sea level Hb, Rct E groups
1999% 63E 5500m X 9d haematology shifted to climbers
1QE -low intensity -pre-, post- R
exercise in E -@Ain
VO2max
Katayama | 73 Hypobaric -HVR, HCVR, -tincontrol | -@Ain N/A N/A -t in NIA N/A -HVR used
et al. 63 (4500m) VO2max group either training finger Sa02
19987 -exercise:2 X 15' | -pre-, post-, 6d group group -1 resting Sa0,
@40%VO.max X | post- in control group
6
-both groups
60°X6

Table 1.1: Summary of selected research on intermittent hypoxic training and ventilatory controf in humans.

MRR= Modified Read Rebreathe; ‘= minutes; h = hours; HVR = hypoxic ventilatory response; HCVR = hypercapnic venti

latory response; HCVRsb = hypercapnic ventilatory response

(single-breath); @A = no change; Haem = haematology; Hb = Haemoglobin concentration; Hct = Haematocrit; RBC = erythrocyte count; Rct = reticulocyte count; Epo =
erythropoietin count; E = Experimental; C = Control, SDIH = Short-duration intermittent hypoxia; LDIH = Long-duration intermittent hypoxia; CH = Continuous Hypoxia; Ve = ventilation;
VO, = oxygen consumption; La = Lactate; TT = Time Trial




Hypobaric vs. Normobaric Intermittent Hypoxia

Hypoxia can be hypobaric or normobaric. In hypobaric hypoxia, the
fractional concentration of oxygen remains unchanged, while the absolute
pressure is decreased. Hypobaric hypoxia requires altitude exposure or a
hypobaric chamber. In contrast, normobaric hypoxia involves maintenance of the
ambient pressure, but decreasing the inspired oxygen concentration. Most of the
research examining the relationship between IH and ventilatory control has been
conducted using hypobaric hypoxia, although there have been a few recent.'

studies using normobaric hypoxia ! % 26 %0

. Similar changes in HVR have been
demonstrated using both protocols. No research has compared the two types of

hypoxia in the same study population.

Poikilocapnia vs. Isocapnia

IH protocols can be either poikilocapnic or isocapnic. ;I'he vast majority of
studies do not control end-tidal CO; levels, therefore, during the hypoxic bouts bf
IH; end-tidal CO, is decreased, leading to a respiratory alkalosis. Only one study
has looked at the effect of isocapnic IH on HVR? °. Foster et al. showed similar
increases in HVR 'following isocapnic IH to those observed in poikilocapnic
studies. Presumably, in isocapnic IH, _the respiratory alkalosis would be

mitigated, and any changes in respiratory control would be secondary to the

hypoxia alone.




Hypoxia Duty Cycle

Another possible variable that may be important in intermittent hypoxic
training is the duty cycle. This term refers to the duration and frequency of each
hypoxic exposure. Most published studies in humans have ‘involved | a
continuous dose of hypoxia each day over several days. This protocol is called
continuous intermittent hypoxia or long duration intermittent hypoxia (LDIH). It is
not known whether repeated shorter doses of hypoxia each day might provide a
more or less profound effect. This type of protocol is termed intermittent-
interm.ittent hypoxia or short-duration intermittent hypoxia (SDIH). Peng‘ and
Prabhakér31 examined- carotid body hypoxic response in rats following two
different prbtocols of (poikilocapnic) intermittent hypoxia. The SDIH procedure
consisted of 15 seconds of normobaric hypoxia (F0,=5%) followed by 5 min of
normoxia for 9 episodes per hour, eight hours per day for ten days. The long-
duration protocol (LDIH) consisted of 4 hours of hypobaric hypoxia (0.4
atmospheres) per day for ten days. Hypoxic response was significantly
enhanced in the SDIH animals but not in the LDIH group. Only one published
~study has compared the two protocols in humans. Foster et al. 20057, examined
chemoreceptor responses in humans exposed to either an SDIH or LDIH
protocol but were unable to demonstrate a difference between the two protocols.
The study had a few weaknesses: the hypoxic exposures were shdﬁ (only 30

minutes total daily hypoxia exposure) and occurred as ten exposures over 12

days and subjects were not their own controls. These factors may have




increased the variability in response to IH, and thus made it more difficult to

demonstrate a difference between SDIH and LDIH.

Response to Carbon Dioxide and Intermittent Hypoxia

Recently, three separate groups have studiéd the effecfs of different IH
protocols on the carbon dioxide control of breathing. Interestingly, the results
have varied significantly between the three laboratories. Duffin's group® * uses
a modified rebreathing protocol which incorporates prior hyperventilation to
reduce end-tidal carbon dioxide levels (to approximately 20mmHg) before
testing. \Mth this technique, one can assess both the CO, threshold (below
which ventilation does not respond to a rise in CO3) and the ventilatory sensitivity
to CO2. The experimental paradigm keeps the subject iso-oxic while the carbon
dioxide gradually rises és a result of rebreathing. Both hypoxic and hyperoxic
_conditions are assessed (end-expiratory oxygen pressure of 50 mmHg or 150
mmHg). The hyperoxic trial is intended to reduce the output from the peripheral
chemoreceptors**This assertion is controversial, in that Dahan et al.>* examined
the response to COs in normdxia and hyperoxia. They divided the response into
a fast and a slow component, attributing the fast component to the peripheral
chemoreceptors. This fast component was reduced but not completely
attenuated by hyperoxia. In interpreting the results, therefore, one must consider

that there may remain a small residual effect from the peripheral chemoreceptors

contributing to the hyperoxic trial.

10




By comparing a hypoxic test where the peripheral chemoreceptors ere
contributing to respiratory drive to such a hyperoxic test, the investigators can
approximate the role of the peripheral chemoreceptors. Using an IH protocol
consisting of daily isocapnic twenty-minute exposures to an F0, of 10%,
Mahamed and Duffin examined carbon dioxide response before and after each
exposure®. Following the 14-day IH intervention, the subjects demonstrated a
leftward shift in the carbon 4dioxide/ventil'ation curve. This shift represented a
lowering of the carbon dioxide threshold, but no change in carbon dioxide
sensitivity. Mateika et_ai.23 used the same paradigm to examine respiratory
response to a shorter IH protocol. Subjects completed eight four-minute bouts at
an F\0, of 8% in 'one' session. There was no ensuing change in carbon dioxide
threshold, but the sensitivity was increased. These findings are clearly different
from Duffin’s study, but the IH protocol was also dramatically different. Ainslie et
al.* #' also found an increase in CO, sensitivity following five nights of hypoxia
(4300m). There were some methedological differences between Duffin’s
protocol (modified Read rebreathing method) and Ainslie’s protocol (hyperoxic
acute hypercapnic ventilatory response), which make it difficult to make a direct
comparison. However, it is interesting that Mateika’s study used a shorter IH
protocol than Duffin’s, and Ainslie’s protocol was longer, but they both found an
increase in CO, sensitivity that Duffin did not. Perhaps the fact that Duffin's
exposure was the least hypoxic of the three may play a role. Clearly the changes

in carbon dioxide sensitivity with IH remain ambiguous. Moreover, no study has

looked at both HVR and the modified Read rebreathing method in the same
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subjects. There may be a possible interaction between changes in CO;
response and changes in HVR. For example, if carbon dioxide threshold is
lowered during an iso-oxic test (as a result of IH), ventilation would be increased
for a given oxygen concentration. When an HVR test is then performed, this
change in CO; threshold could manifest as an increased HVR. It would be
therefore be worthwhile to measure CO; response both before and after an IH
protocol using Duffin’s rebreathing method and compare it to the changes that

occur in HVR.

Respiratory Drive during Exercise

Thus far, the ventilatory parameters that have been tracked following IH
heve been resting values such as HVR and carbon dioxide response. The effect
on exercise ventilation is not well understood. Katayama has demonstrated that
IH induces an increase in ventilation during hypoxic exercise'? * (at 40% and

70% of VOypeak at altitude) but not during sea level (normoxic) exercise®.

|27 28 27 28

Conversely, other studies by Casas et al. and Rodriguez et al. 'have.
demonstrated an increase in ventilation during maximal exercise tests under
normoxic conditions following intermittent hypoxia. The IH protocols that the
subjects undertook were similar in all three studies except for the fact that
Katayama’s IH protocol was slightly shorter at seven days (instead of nine or
twelve days for the other two studies). Rodriguez’ study also had the subjects
exercising during their hypoxic exposures, unlike the others which involved

passive exposure to hypoxia. Thus, although there is much less work examining
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ventilatory response to exercise fo||owin§ IH, it appears that ventilation may be
increased during hypoxic exercise. During norrﬁoxia, there is considerable
disagreement. A study examining exercise ventilation under both normoxic and
ﬁypoxic,conditions is necessary to help resolve this issue.

The control of breathing during exercise is multifactorial, while the
relationship betweén the various inputs remains unclear. Arterial blood gases
are well-maintained during steady-state below the ventilatory threshold.
Typically, the hyperpnoea of subthreshold exercise follows three phases. At the
initial onset of exercise there is a rapid increase in ventilation within one gait
cycle. This ‘fast component’ is likely neurally controlled, either by a central or
periph.eral stimulus (or a combination of the two)*’ ®. The second phase of
exercise hyperpnoea involves a slower increase in ventilation (the slow
cpmponent), which is possibly mediated by peripheral chemoreceptors in

humans>® “°.

Even’;UaIly, ventilation reaches a steady state, which has been
classically described as a summation of the neural (fast) and.chemoreceptor
(slow) drives to exercise ventilation®'. An ihcrease in exercise ventilation
resulting frbr_n IH would putatively affect the slow component through a similar

central neural facilitation mechanism as that proposed for the upregulation of

HVR. No studies have examined chemoreceptor response during exercise in

~ humans following an IH protocol. Instead, only resting measures (such as HVR)

have been assessed.
The process of measuring hypoxic and hypercapnic ventilatory response

during exercise is much different than at rest2 .  To measure the hypoxic
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response, a subject exercises at steady state and then thé inspired gas is
switched from air to 100% oxygen fbr three breaths. The ratio of hyperoxié
ventilation to normoxic ventilation is)used to indicate the.chemoreﬂex drive to
oWgen. A similar mechanism is used to assess hypercapnic response. Instead
of oxygen, subjects are given a three-breath stimulus of hypercapnic gas while
exercising at steady state. The proposed study would assess both resting and
exercising indicators of chemoreflex drive to gain a better undersfanding of the

effect of IH on exercising ventilation.

Summéry

In summary, IH has many effects on the respiratory system that may lead
to ergogenic or clinical applications. This study aims to comprehensively assess
the resting and exercising control of ventilation while comparing two different
types of IH (SDIH and LDIH). The overall aim is to gain a better understanding of
the most effective IH protocol and how it affects oxygen and carbon dioxide

control of breathing during rest and exercise.
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RESEARCH QUESTIONS:
The proposed study attempts to address the following questions:

1) Is daily measurement of hypoxic ventilatory response a form of
intermittent hypoxia?

2) What is the effect of an intermittent hypoxia prdtocol on resting
ventilatory response to hypoxia and hypercapnia?

3) Do two types of intermittent hYpoxia protocbls (SDIH vs. LDIH) affect
the above changes differently?

4) What is the time course of the change in resting ventilatory résponse to
hypoxia as a result of intermittent hypoxia?

5) What is the relationship between changes in hypoxic ventilatory
response and changes in both carbon dioxide threshold and sensitivity
with intermittent hypoxia?

6) What is the relationship' between changes in hypercapnic ventilatory
response as measured by the traditional method as compared with the
modified Read rebreathing method?

7) Does an intermittent_ hypoxia protocol affect exercising ventilatory
response to hyperoxia and hypercapnia?

8) Does an intermittent hypoxia protocol change submaximal and

maximal exercising ventilation under normoxic conditions?

15




9) Does an intermittent hypoxia protocol change submaximal and
maximal exercising ventilation under hypoxic conditions?
10) Does an intermittent hypoxia protocol affect exercise capacity in

hypoxia?

16




HYPOTHESES:

1) Daily measurement of hypoxic ventilatory response would act as an
intermittent hypoxic stimulus, thus altering hypoxic ventilatory
reéponse.

2) An intermittent hypoxic protocol would result in a co-ordinated increase
in oxygen and carbon dioxide chemosensitivity at rest. An intermittent-
intermittent hypoxia protocol wpuld lead to Iafger changes in resting
hypoxic ventilatory response and hypercapnic response than the
continuous ihtermittent hypoxia protocol. These changeé would occur
after fewer days of intermittent hypoxia following the intermittent-
intermittent. hypoxic protocol, than after the continuous intermittent
protocol.

3) An intermittent hypoxic protocol would result in an increase in 6)wgen
and carbon dioxide chemosensitivity during exercise. These
augmented responses would lead to increased exercise ventilation
under normoxic and hypoxic oonditions, improving the arterial
saturation and performance during submaximal and maximal hypoxic

exercise.
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PURPOSE:

The purpose of the study was to compare the effects'of two different
intermittent hypoxia protocols on respiratory chemoresponse and to examine the
relationship between carbon dioxide and oxygen sensitivity during rest and

- exercise.
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CHAPTER 2: REPEATED MEASUREMENTS OF
" HYPOXIC VENTILATORY RESPONSE AS AN

INTERMITTENT HYPOXIC STIMULUS®

® A version of this chapter has been published as:
Koehle MS, Foster GE, McKenzie DC and Sheel AW (2005) Repeated measurement of hypoxic ventilatory
response as an intermittent hypoxi¢ stimulus Resp Physiol Neurobiol 145(1): 33-39.
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RESEARCH QUESTION:
1) Is daily measurement of hypoxic ventilatory response a form of intermittent -

hypoxia?

METHODS:

The study was approved by the University of British Columbia’é Clinical
Research Ethics Board. Nine male subjects were recruited. Subjects were
screened by a physician for a history of respiratory diseése, cardiovascular
disease or smoking. They were not taking any medication during the study
period. Mean subject age was 26.7 6.2 years (mean 1SD).

Subjects visited the lab on a total of six occasions over a ten-day period.
The visits took place on days 1, 6, 7, 8, 9 and 10. Subjects were asked to
refrain from caffeine and ethanol intake and moderate exercise in the six hours
prior to the laboratory tests. On the first visit, subjects were informed of the
details and protocol for the study and informed consent was obtained. Réstihg
spirometry was then perfqrmed according to the standards of the American
Thoracic Society' to exclude occult respiratory disease by using a portable
spirometer (Spirolab I, Medical International Research, Rome, ltaly). Following
spirometry, subjects underwent a resting isocapnic HVR test. This initial HVR
test acted as the baseline test to which the repeated tests would ’Iater vbe
Comparéd. On subsequent test days, subjects came to the lab and relaxed

quietly for a minimum of ten minutes before HVR testing.
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The HVR testing protocol was based on an earlier method?®. -Subjécts
breathed through a respiratory mask (Hans-Rudolph 8980, Kansas City, MO,
USA) attached to a one-way non-rebreathing valve (Hans-Rudolph 2700, Kansas
'City, MO, USA). Inspiratory flow was measured using a heated pneumotach
"~ (Hans-Rudolph HR800, Kansas City, MO, USA). Arterial O, Asaturation was
measured using pulse oximetry at the finger (Model 503, CSI Criticare Systems
Inc., Waukesha, WI, USA). End-tidal Pco, was sensed at the mouth using a CO;
sensor (Model CD-3A, Applied Electrochemistry, Pittsburgh, PA, USA). Inspired
O2 concentration was sampled upstream of the non-rebreathing mask using an
O, sensor (Model S-3-A/l, Applied Electrochemistry, Pittsburgh, PA, USA). A
13.5-litre mixing chamber was located upstream of the pneumotach. The manual
addition of varying flows of 100% N, to the mixing chamber allowed control of
Fi0.. Ventilatory and gas values (flow, tidal volume, frequency, Sa0;, Pco., Fi0,)
were displayed in real time during testing (PowerlLab, ADI Instruments, Colorado
Springs, CO, USA). Inspired volume was calculated using the integrated flow
signal and the frequency of breathing. Data were sampled at 400 Hz.

The subjects rested in a supine position and breathed room air for five
minutes in a darkened room while listening to ambient muéic to reduce external
stimuli that could affect respiration. The test period started when 100% N was
introduced into the inspired gas mixture. The flow of N2 was started at 2 litres per
‘minute and increased at a rate of one litre per minute every 30 seconds. This
pfotocol gradually lowered inspired O, concentration to approximately 5% over a

period of approximately five minutes. To maintain isocapnia, CO, was added to
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the inspired mixture using a manually controlled valve. The investigator
monitored the displayed end-tidal Pco, value and adjusted the flow of CO; added
to the inspired gas mixture, just proximal to the non-rebreathing mask. The test

was terminated once the arterial saturation fell belbw 80%.

Data and Statistical Analysis

Ventilatory data were acquired on a breath-by-breath basis. The last
minute of rest was used to calculate the resting ventilatory values. Ventilation
was then plotted against saturation. Using the trendline function, a best-fit slope -
was plotted by computer (Microsoft Excel, Redmond, WA, U.S.A.). The absolute
value of the slope was taken as the hypoxic ventilatory response. Using
statistical software (STATISTICA 6.1, Stat Soft Inc., Tulsa OK, USA), resting tidal
volume,‘ frequency, minute ventilation and HVR were analysed using repeéted
measures analysis of vériance (ANOVA) procedures, with time as the
independent variable. Linear regression was used to find a trend in hypoxic
ventilatory response over the five sequential test days. A p-value of 0.05 was

" used to determine statistical significance.

RESULTS:
Anthropometric data and spirometry are presented in Table 2.1. Mean
resting ventilatory parameters (minute ventilation, frequency, tidal volume and

end-tidal Pcoy) are included in Table 2.2. No significant differences were noted
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between the sample days for any of the resting parameters. (p-values were 0.75,

0.81, 0.94 and 0.83 for minute ventilation, frequency, tidal volume and end-tidal

Pco,, respectively). The mean intra-individual coefficient of variation for resting

end-tidal Pco, was 4%.

Mean +SD % Predicted

Age (years) 26.8 6.1
Height (gentimetres) 181.0 5.8

"~ Mass (kilograms) | 76.3 6.1
Forced Vital Capacity (FVC) 5.60 +0.97 103 +13
(litres)
Forced Expired Volume (FEV )
(litres) 4.64 +0.92 100 16
FEVIFVC (%) 82.6 4.0 99 16
Table 2.1: Anthropometric and spirometry data for all subjects Data are

expressed as means +SD.
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End-tidal Hypoxic

Da Frequency . Tidal Volume Minute Ventilation | Pco, Ventilatory

Y (breaths:min™) (litres) (fitres-min™) (mmHg) Response
(litres-min’

'%-Sa0,™)
1 12.914.3 0.92 £0.31 10.56 +2.42 416121 0.70 £0.58 .
(0.12 - 2.04)

6 13.2£3.1 0.90 £0.20 11.04 £2.00 431121 0.70 £0.40
(0.36 - 1.58)

7 13.6 £3.9 0.92 +0.22 11.60 £2.46 422 42 1 0.70 £0.59
(0.23-2.23)

8 14.2 £3.2 0.85 £0.24 11.44 +1.19 41.9 £4.0 0.68 £0.38
: (0.36 - 1.56)

9 142 £3.7 | 0.91 £0.23 12.36 +3.53 42.4 6.0 0.80 £0.72
(0.40-2.63)

10 13.6 £3.1 0.86 £0.17 11.43 £3.52 42.7 £2 1 0.66 £0.43

' , (0.33-1.71)
Mean 136136 0.89 +0.23 11.40 +2.52 423 £3.3 0.71 £0.51

Table 2.2: Resting respiratory parameters and hypoxic ventilatory response
(HVR). Values are expressed in means #SD. HVR range is shown in
parentheses. ‘

Figure 2.1 demonstrates a sample tracing from a single representativeA
HVR test. Two minutes of resting data are demonstrated. The beginning of the
test occurs once the F\0, begins to decrease from its baseline value. As the
haemoglobin saturation decreases following the F(0., the ventilation gradually

increases. In general, the increased minute ventilation was mediated through an
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increase in both frequency and tidal volume, but the contribution of tidal volume

seemed to be the larger of the two components.

| Il ’

o 60 1200 150 180, 210 2._40 270 3300 360° 390 420
'ﬁme:-

Figure 2.1: Sample data from one HVR test on one subject.
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The HVR plot derived from the sample tracing in Figuré 2.1 is shown in
Figure 2.2. The x-axis (saturation) is plotted from right-to-left (with 100%
saturation on the left) by convention to display a positive slope. Figure 2.3
demonstrates the individual HVR values for each of the subjects on each of the
test days. Inter- and intra-individual variation was present in these values, but
there was no obvious trend in HVR.- Mean HVR values (with standard
deviations) are presented in Table 2.2. There were no significant differences in
HVR between any of the test days (p=0.86). Regression failed to show any trend
in HVR over the five sequential days (p=0.97). The calculated mean coefficient

of variation for HVR for each subject was 27%.
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Figure 2.2: HVR plot using the data from Figure 2.1. The x-axis (saturation) is
plotted right-to-left by convention.

31




30

25 ;o

15 ¢

10

05+t

Hypoxic Ventilatory Response (L*min'*%S,0,™)

0.0

Day 1 Day 6 Day 7 Day 8 Day 9 Day 10
Test Day
Figure 2.3: Summary plot of all individual HVR results for all subjects.

DISCUSSION:

To determine the optimal duration and frequency of intermittent hypoxia
required to achieve the greatest change in HVR, daily measurements of HVR are
required. Similarly, to measure the changes in HVR during acclimatisation to
continuous hypoxia, daily measurements are desirable. To date, human studies
that have involved repeated measurements of HVR during IH or acclimatisation
(over days) ’ ® have not included a control group (i.e. subjects not exposed to
episodic or intermittent hypoxia, but still had their HVR measured daily).
Therefore, the independent effect of repeated measurements of HVR is

unknown. This study is the first to examine whether repeated measurement of
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HVR does in fact change HVR. The results failed to show a trend over 5 days of
repeated HVR measurements, or a difference between the five measurements
and a control measurement .taken 5 days prior. The short exposure to hypoxia
as part of HVR measurement is, therefore, likely not a co-intervention when
measured repeatedly (24 hours apart) in physiological studies of acclimatisation
and intermittent hypoxic training in humans.

This study also provides information about the repeétability‘ of HVR
measurements. HVR is a notoriously variable parameter®2. Sahn et al.’
compared intra-individual variability in HVR, and demonstrated that intra-déy
variability was much less than between-day variability. The c'oefﬁcient. of
variation (CV) was 19% for intra-day measurements and between-day variability
was 1.2-15 times greater than within-day variability. Zhang and Robbins™
examined between-day variability in HVR (measurements were at least one week
apart) and found a coefficient of variation of 26%. Other studies examining
multiple HVR measurements in the same subject have shown much more

variability,® "

with CV’s reported as high as 76%. To our knowledge, there have
been no published studies that have examined repeatedly measured HVR over
several consecutive days (in the absence of other stimuli). Previous reports of
between-day HVR variability have been at least a week apart.

The mean coefficient of variation for the présent experiment was 27%

(213), comparable to the 26% reported by Zhang and Robbins'®. Both studies

measured HVR on six occasions in each subject. Unique to our study was the

measurement of HVR over five consecutive days. Since the CV was comparable




between the two studies, it makes us more confident that repeated measurement
of HVR does not lead to an independent augmentation of HVR. Furthermore, the
- methodology used in the preseht study represents a repeatable paradigm for
assessing HVR which demonstrates a coefficient of variation that is comparable

to previously published data %",

Methodological Considerations

Arterial oxygen saturation wés measured by pulse oximetry instead of by
arterial catheterisation. Pulse oximetry has potential disadvantages that may
influence the results. This method was chosen because it is non-invasive,
portable and has a negligible complication rate as compared to arterial
catheterisation. Pulse oximetry can be influenced by poor peripheral perfusion,
as can occur during exeréise, cold and Raynaud’s phenomenon. In the present
study, all these factors were excluded. Additionally, pulse oximetry fails to
compensate for changes in pH and temperature which both affect the
'haemoglobin-oxygen dissociation curve. As subjects were at rest during the
present study, there were no changes in temperature during the course of an
HVR measurement. Changes in pH were minimised by strict control of end-tidal
Pcoz during testing.

The hypoxic exposures ih this study involved isocapnic hypoxia. Although
many intermittent hypoxic protocols utilise poikilocapnic hypoxia, there have also

been studies documenting ventilatory chahges following isocapnic intermittent
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13-16

hypoxia As HVR is most often measured using an isocapnic hypoxic

stimulus, we chose isocapnia for this study.

CONCLUSIONS

Repeated measurement of HVR does not lead to a change in HVR itself.
Therefore, repeated HVR measurement does not act és a signiﬁcanf co-
intervention in short-term acclimatisation and intermittent hypoxia studies. The
HVR method used in the present study demonstrates comparable reproducibility

to previously published data.
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CHAPTER 3: INTERMITTENT HYPOXIA AND ITS
EFFECT ON RESTING MEASURES OF

CHEMORESPONSE
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RESEARCH QUESTIONS:

1) What is the effect of an intermittent hypoxia protoco'l‘on resting
ventilatory response to hypoxia and hypercapnia?

2) Do two types of intermittent hypoxia protocols (short duration
intermittent hypoxia and a long duration intermittent hypoxia) affect the
above changeé differently? -

3) What is the time course of the change in resting ventilatory response to
hypoxia as a result of intermittent hypoxia?

4) What is the relationship between changes in hypoxic ventilatory
response and changes in both carbon dfoxide threshold and sensitivity
with intermittent hypoxia?

5) What is the relationship between changes in hypercapnic ventilatory
response as meaéured by the traditional method as compared with the

modified Read rebreathing method?

METHODS:

The study was approved by the University of British Columbia Clinical
Research Ethics Board. A non-blinded randomised crossover study design was
used. Subjects were evaluated before, ~during and following two intermittent
hypoxia protocols: a short duration intermittent hypoxia (SDIH) and a long
duration intermittent hypoxia (LDIH) protocol. The study paradigm is depicted in
Figure 3.1. Ten male subjects were recruited from the University population and

the local mountaineering and endurance sports community. The subjects were
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heaﬁhy, recreatibnally active and had not travelled to altitude in the preceding 6
months. All subjects were asked to come to the laboratory a total of 19 times,
totalling approximately 40 hours each. These visits included one orientation visit,
seven visits for short-duration intermittent hypoxic exposure, seven visits for
long-duration intermittent hypoxic exposure and four follow-up rﬁeasurement

sessions.
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On the initial visit, info_rmed consent was obtained, followed by baseline
spirometry and familiarisation with the equipment. Subjects filled out a physical
~ activity screening questionnaire’ (PAR-Q, CSEP, www.csep.ca, Canada). At
least one HVR test and two modified rebreathing tests were performed to
acquaint the subjects with the testing protocol and equipment; Subjects also
performed a normoxic maximal oxygen uptake test at this time on an
'electronically braked cycle ergometer (Lode', Groningen, NetiherlandsA)., A ramp
protocol was used with wattage starting at 0 W and increasing by 0.5 W/s until
volitional fatigue. Inspiratory flow was measured using a heated pneumotach
; (Hans-Rudolbh, Kahsas City, MO, USA). Minute ventilation was calculated using
the integrated flow signal and the frequency of breathing. Arterial oxygen
saturation was measured using pulse oximetry at the finger. Expired gases were
collected in a mixing chamber and analysed using a carbon dioxide and an
~ oxygen sensor (Applied EIéctrochemistry, Pittsburgh, PA, USA). Ventilatory and
gas values were displayed in real time during testing (PowerLab, ADI
Instruments, Colorado Springs, CO, USA). Respiratdry values were averaged
every 15s. The highest 4 consecutive values were averaged to determine

maximal values. Peak power at the end of exercise was recorded.

Hypoxic Ventilatory Response
Resting ventilatory tests were performed in a quiet environment with

~ distractions minimised. The HVR testing protocol followed the protocol used in
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- previous studies in the Iaboratcv)ry2 ¥ and is based on an earlier method used in -
other facilities®. It is described in detail in Chapter 2 of this dissertation. Briefly,
subjects breathed thr_ough a respiratory mask attached to a one—Way non-
rebreathing valve (Hans-Rudolph, Kansas City, MO, USA). Inspiratory flow was
measured using a heated pneumotach (Hans-RudoIph, Kansas City, MO, USA).
Minute ventilation was calculated using the integrated flow signal and the
frequency of breathing. Arterial oxygen saturation was measured using pulse
‘oximetry at the finger. End-tidal carbon dioxide and inspired oxygen
concentrations werelmeasured on a breath-by-breath basis using a _carbon
dioxide and an oxygen sensor (Applied Electrochemistry, Pittsburgh, PA, USA).
Ventilatory and gas values were displayed in real time during testing (PowerLab,
ADI! Instruments, Colorado Springs, CO, USA). During the entire HVR test,
subjects Iistened to quiet, ambient music through headphones. The subjects
rested in a supine position while breathing room air for five minutes. The resting
end-tidal carbon dioxide was determined from the last minute of this rest period.
The test started when 100% nitrogen was introduced into the inspired gas
mixture. The flow of nitrogen increased at rate of one Iitre'per minute every 30
seconds. This protocol gradually lowered inspired oxygen concentration from
21% to approximately 5% over a period of five minutes. To maintain isocapnia,
carbon dioxide was added to the inspired mixture using a manually controlled
valve. The test ended once the arterial saturation reached 80%. Ventilation was
then plotted against saturation, with the absolute value of the magnitude of the

- slope representing the HVR.
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Breath-by-breath ventilation was then plotted against saturation. A best-fit
slope was plotted by computer using the built-in trendline function in Microsoft

Excel (Redmond, WA, U.S.A).

Hypercapnic Ventilatory Response Test
The hypercapnic ventilatory response (HCVR) testing protocol was based
on the protocol of Katayama et al.’ This test involved no prior hyperventilation.
FollbWing thé HVR testing, subjects rested in a seated position prior to their
HCVR test for approximately 5 minutes. Wearing nose clips, subjects breathed
room air ad libitum through a three-way rebreathing valve (Hans-Rudolph,
Kansas City, MO, USA) that was connected to a rebreathing bag. This bag was
filled w.ith 7% N3, balance O.. Inspiratory flow was measured using a heated
pneumotach (Hans-Rudolph, Kansas City, MO, USA). Inspired volume was
calculated using the integrated flow signal and the frequency of breathing.
- Arterial oxygen saturation wés measured using pulse oximetry at the finger.
End-tidal cérbon dioxide and inspired oxygen concentrations were assessed on a
breath-by-breath basis using a carbon dioxide and an oxygen sensor (Applied |
Electrochemistry, Pittsbufgh, PA, USA). Ventil’atory. and gas values wefe
displayed in real time during 4testing (LabVIEW 7.0, National Instruments, Austin,
TX, USA). |
After reaching a steady-state resting ventilation, subjects exhaled

completely before they were switched over to the rebreathing bag. They took
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three large breaths to equilibrate the gas in their lungs with that in the bag.
Subjects were then asked to breathe ad libitum. The test was terminated once
PerCO2 reached 60mmHg, minute ventilation reached 100 litres per minute or in
the instance of subject discomfort. HCVR sensitivity was determined as the

slope of minute ventilation (Lemin™") plotted against end-tidal CO, (mmHg).

Modified Rebreathing Test

The. modified rebreathing testing protocol was based on the protocol of
Read® and modified . by Duffin’ & At the start of each test, subjects
hyperventilated for five minutes to redﬁce their end-tidal CO; partial pressure to
between 19 and 25 mmHg. They were coached during this rebreathing period to
maintain this desired end-tidal CO; 'Ievel. Using a rebreathing valve (Hans-
Rudolph, Kan.sas City, MO, USA), subjecfs were then switched to breathe into a
bag that was filled with a’ mixture of 42mmHg CO; and either 50mmHg or
150mmHg of oxygen (for the hypoxic and hyperoxic tests, respectively). The
rebreathing bag was maintained iso-oxic usihg a computer-controlled vaive®
(LabVIEW 7.0, National Instruments, Austin, TX, USA) while end-tidal CO, was
allowed to progressively rise. The test was performed twice, with O, pressures
maintained at either 50 mmHg (hypoxic condition) or 1560 mmHg (hyperoxic
cohditio'n). The test was terminated once PCO; reached 60mmHg, minute
ventilation reached 100 litres per minute or in the instance of subject discomfort.
Using specifically designed software™, the data from each test was used to

calculate CO- threshold and sensitivity. The model parameters are described in
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detail in Duffin et al. 2000." Briefly, the software fits a straight line to the
COqftime relationship and derives a predicted CO; for each breath based on this
model. Ventilation is then plotted against this predicted CO,, and the model then
‘ﬁts three line segments to the rebreathing data. The first segment follows the
exponential decline to basal ventilation following the cessa‘tion of
hyperventilation. The second segment begins at the first breakpoint, the slope of
which is reported as the sensitivity. If there is a second breakpoint, a third
segment is plotted beyond this point. Breakpoints and other parameters- are
adjusted in an iterative manner to optimise fit via minimisation of the sum of
squares (Levenberg—Marquardt algorithm)2. Using the techvnique, one will often
find that above the threshold, the CO./ventilation relationship can appear to
consist of two segments (Figure 3.2), the first one is more gradual and is mainly
mediated through increases in tidal volume, whereas the second slope seems to
be more frequency-mediated'!. The sensitivity calculated using this software is
for the first (lower) slope. As the second segment was not uniformly present, it

was not assessed in the present analysis.
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" Figure 3.2: Sample data from an individual modified rebreathing test
demonstrating the CO, threshold (dashed vertical line) and the two subsequent
slopes in the COy/ventilation relationship. For the purpose of this study, the first
slope was assessed to determine CO. sensitivity.

Intermittent Hypoxic Training

The final task for the subjects on their second visit day was their
intermittent hypoxic training. Normobaric hypoxic gas (12% O,, balance N,) was
provided by mask. For the LDIH protocol, subjects breathed the hypoxic gas for
60 minutes daily for seven days. This protocol was chosen because it was the
‘normobaric equivalent of that used in Katayama’'s study thét showed the
increases in exercise ventilation during hypoxia'®. For the SDIH protocol, the

subjects spent 115 minutes breathing from the mask each day. They alternated
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through 12 cycles of 5 minutes of hypoxia (simulated 4400 metres) followed by 5
minutes of _normoxié. |

Subjecté were then required to return to the Iab for 6 additional IH
sessions. These were. identical to the session on the first day. Each IH exposure

was preceded by measurement of iéocapnic HVR.

Follow-up

The first day following the final [H protocbl the subjécts returned for Post-
IH testing. This testing was exactly the same as the pre-testing. It consisted of
an isocapnic HVR test, an HCVR test and two modified rebreathing tests
(hypoxic and hyperoxic).

One week following the completion of the first round of IH, subjects
retufned to the laboratory for 7-days Post-IH testing. This session included HVR
testing, an HCVR test and two modified rebreathing tests. |

Subjects were given at least two weeks washout between each arm of the
study (range 14-94 days). Two weeks was chosen because previous studies
had shown that HVR remainéd somewhat elévated at one week after intermittent
hypoxia™, but not two weeks post-IH'. Pre- and Post- testing was the same in
both arms of the study; the >only difference was the nature of the intermittent
hypoxic training (SDIH or LDIH). The entire visit péradigm is’ demonstrated in

Figure 3.1.
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Statistic;

Each of these resting tests (HVR, HCVR, Moadified Rebreathing) were
compared at three time points (Pre-, Post- and 7 days Post-1H) using ANOVA
with repeated measures over time and IH protocol has an independent factor.
Where the null hypothesis was rejected, Tukey's HSD was calculated to
determine the significant differences. Data are presented as means (iSD).
Linear correlations were also performed between HVR and CO, threshold (Pre-,
Post- ahd Delta). Statistical analysis was performed using computer software
(SPSS Inc., Chicago, IL, U.S.A.);lan élpha of 0.05 was used to determine
statistical significance.

Using previously reported data, using a very similar intermittent hypoxic

protocol, ™

with a mean post-protocol HVR of 0.71 +0.15 Lemin"'*%Sa0,", to
detect a 25% differenée in HVR (SDIH vs. LDIH, a= 0.05'and B= 0.80) a sample

size of 9.586 was required.

RESULTS:
All ten subjects completed all parts of the study. Anthropometric data,

respiratory and exercise data are presénted in Table 3.1.
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Parameter Mean Standard Deviation
Age (years) , 26.0 6.7
Height (cm) | 177.2 8.1
Mass (kg) 72.8 - 13.9
Forced Vital Capacity - (FVC) 5.84 0.70
% Predicted FVC | 112.9 9.8
Forced Expired Volume .(1—second) 5.01 0.61
(FEV10) '

% Predicted (FEV1,) 114.2 9.1
FEVIFVC (%) 85.9 3.8
% Predicted FEV/IFVC (%) 101.5 4.0
Maximal Oxygen Consumption (Absolute) 423 0.82
(Lemin™) |

Maximal Oxygen Consumption (Relative) . 58.2 3.9
(mLekg'*min’™) _

Maximal Power (Watts) 335 67

Table 3.1: Anthropometric, Respiratory and Exercise Baseline Data. FVC =
forced vital capacity, FEV1_0 = forced expired volume in one litre.
Hypoxic Ventilatory Response

HVR results are presented in Figure 3.3. Mean baseline HVR for both
protocols was 0.47 (+0.23) Lemin"'+%Sa0,". After the 7-day IH protocols, HVR
‘'was increased by 93 (+120%) and 65% (+74%) (for LDIH and SDIH,
respectively). This difference was significant (p<0.01 and p<0.05, for LDIH and
SDIH ‘respectively). The difference between the two protocols .was not

significant. One week post-IH, HVR remained non-significantly elevated with

50




both protocols. Individual data are presented in Figures 3.4 and 3.5. When
protocol order was examined (to assess for potentiél learning effect) there was
no difference in the change in HVR between the protocol that the subjects

performed chronologically first and that which they performed second (Figure

3.6).
1.4 -
~ * - significantly different from Pre- (p< 0.05)
12 ** - sianificantlv different from Pre- (p<0.01)
4 »
1.0 | .
o)
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Figure 3.3: Mean (+SD) Hypoxic Ventilatory Response (HVR) vs. Time. The
measurement on Day 1 occurs prior to the first hypoxic exposure. The
measurement on Day 8 occurred the first day following intermittent hypoxia.
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Figure 3.4: Individual Hypoxic Ventilatory Response (HVR) vs. Time during the
LDIH Protocol. Thick black line denotes mean response. The measurement on
Day 1 occurs prior to the first hypoxic exposure. The measurement on Day 8
occurred the first day following intermittent hypoxia.
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Figure 3.5: Individual Hypoxic Ventilatory Response (HVR) vs. Time during the
SDIH Protocol. Thick black line denotes mean response. The measurement on
Day 1 occurs prior to the first hypoxic exposure. The measurement on Day 8
occurred the first day following intermittent hypoxia.
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Figure 3.6: Mean (+SD) Hypoxic Ventilatory Response (HVR) vs. Time by
Protocol Order. The measurement on Day 1 occurs prior to the first hypoxic
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exposure. The measurement on Day 8 occurred the first day following
intermittent hypoxia.

Both protocols caused non-significant increases in resting ventilation with |
the increase from LDIH (12.7 £19.9%, p=0.074), more pronounced than that
following SDIH (8.4 +15.9%, p=0.13). There was no significant difference

between the two protocols.

Modified Rebreathing

In both the hyperoxic and hypoxic modified rebreathing tests, the CO,
sensitivity was unchanged by either protocol of IH. In hypoxia, the CO; threshold
was éigniﬁcantly reduced following both protocols. LDIH reduced the threshold
by 1.60 (£0.98) mmHg, whereas following SDIH it was reduced by 1.98 (£2.60) |
mmHg. Under hyperoxic conditions, LDIH reduced the CO, threshold by 2.06
(£2.33) mmHg, and SDIH caused a reduction of 2.53 (+1.36) mmHg. There were
no significant différences between the two protbcols. At7 déys following the IH,
these threshold values were still lower than baseline (but not significantly so).

These results are displayed in Figures 3.7 and 3.8.
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Figure 3.7: Mean (+SD) Carbon dioxide Threshold in Hyperoxia vs. Time (Po, =
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Figure 3.8: Mean (+SD) Carbon dioxide Threshold in Hypoxia vs. Time (Po, = 50

mmHg).
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Hypercapnic Ventilatory Response

The Hypercapnic Ventilatory Response: _(HCVR) was significantly
increased by IH by 42.9 (+63.4)% (p<0.01). This value remained elevated by
38.1 (£70.9)% at 7 days following IH (p<0.01). When analysed by protocol,
HCVR was increased significantly by the LDIH protocol by 56.1 (+71.6)%
(p<0.01) avnd remained elgvafed by 54.4 (+94.0)% at 7 days post (p<0.01). The
changes following the SDIH protocol were smaller at 29.7 (+54.6)% and 21.9
(x34.4)%, at 1 and 7 days post IH, respectively. The increases following SDIH
~were not significant, nor were the differences between the two protocols. These

data are presented in Figure 3.9.
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Figure 3.9: Mean (+SD) Hypercapnic Ventilatory Response (HCVR) vs. Time.

Associations between Cherﬁosensitivity Measures

When HVR, measured prior to the first performed protocol was compared with
the values from the Duffin technique, no significant correlations were found for CO-
threshold (r= -0.499 and -0.625, for hypoxic and hyperoxic conditions, respectively)
or sensitivity (r= 0.137 and 0.233). Secondly, when the change in HVR was
compared with the change in CO2 threshold.by the Duffin technique, no significant
correlations were found (r= -0.058 and 0.091).

When HCVR was (:ompared with CO; sensitivity by the Duffin method (in

hyperoxia), there was no significant relationship (p=0.532).




~ DISCUSSION:

Ten male subjects, acting as their own controls, underwent two consecutive
different IH protocols in a random order.. Resting measurements of HVR, HCVR,
CO, threshold and CO, sensitivity were performed prior to, immediately following,
and one week following the IH. HVR measurements were also performed daily
during the protocol. Intermittent hypoxia increased HVR by approximately 50%
while decreasing the threshold to CO- in hypoxia and hyperoxia. HCVR was aléo
increased following IH.

All the volunteers were healthy and recreationally active. The mean relative
Vo,max was 58.2 mLekg”*min”, with a standard deviation of only 3.9. Thus in
terms of fitness, these subjects represent a rélatively homogeneous group with

above average fitness for a recreationally active cohort.

Hypoxic Ventilatory Response

The observed increases in HVR are consistent with previous work that
showed comparable changés in HVR with similar IH protocols' '®.  This is the first
study to measure the HVR daily over 7 consecutive days of IH. From these
measurements it appears that majority of the augmentation of resting HVR following
these protocols occurs in the first 4 days. The HVRs from the fourth and the eighth
days were not statistically different. This finding may indicate that shorter IH |

protocols mayvbe adequate if the goal of IH is augmentation of HVR.
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Hypercapnic Ventilatory Response

The relationship betm;en IH and augmentation of HCVR has been much less
consistent. In earlier work, Katayama et al."® showed no change in HCVR after 7
days of poikilocapnic IH (60 minutes per day), but more recently. they demonstrated
an increase after a 14 day protocol (3 hours per day)"’. Ainslie et al.’® were also able
to demonstrate an increase in the slope of HCVR following 5 nights of 8-9 hours of
poikilocapnic IH. Using isocapnic IH (with only 30 minutes per day of hypoxia),
Foster'® showed no difference in HCVR. [t appears that the studies that incorporate
longer durations of poikilocapnic hypoxia tend to affect HCVR whereas those that
maintain isocapnia or employ shorter bouts of hypoxia do not augment HCVR.
Longer and poikilocapnic expdsures may cause a more profound, prolonged

hypocapnic stimulus to increase the sensitivity to CO».

Modified Rebreathing

| Using the modified Read rebreathing tests, we were able to examine both the
CO; threshold and the COZ sensitivity. The test was performed under both hypoxic
and hyperoxic conditions. In‘theory, the hyperoxic trial attenuates the contribution
from the peripheral chemoreceptors to preferentially target the central
chemoreceptors as discussed previously. We found that CO, threshold was
reduced following both IH protocols in hypoxia and hyperoxia. In the only other
study to examine IH and CO; threshold, subjects were exposed to 14 consecutive
daily exposures to 20 minutes of isocapnic hypoxia. Mahamed and Duffin found a

decrease in threshold only under the hypoxic condition and not the hyperoxic
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hyperoxic condition, attributing this aiteration to the effects of intermittent hypoxia
on the peripheral chemoreceptor in the absence of any change in CO;. The
current study differs in that the exposures were longer and were poikilocapnic; no
study had previodsly looked at the effects of poikilocapnic IH on CO; response
by the Duffin technique. Mahamed et al.’? showed that the repeated hypoxic
hypercapnic exposures of obstructive sleepu apnoea caused an overnight
increase in sensitivity to CO; (in the hyperoxic test) but no change in threshold.
They found no changes in thé hypoxic rebreathe test. In summary, it appears
that intermittent hypoxia has variable effects on the CO; sensitivity and threshold
in hypoxi_a and hyperoxia that depend on‘ the level of CO; (poikilo-, iso- or
hypercapnic) and the duration and severity of the hypoxia. A study that
compares the CO; responses to intermittent exposures to a given dose of
hypoxia but under poikilocapnic, isocapnic and hypercapnic conditions is
required to clarify the role of CO; level on thé effect of IH on CO; response.

In the current study, sensitivity to hypercapnia was increased following IH
in the HCVR test, but not the hyperoxic modified rebreathing test. Furthermore,
there was no correlation between HCVR and CO. sensitivity by the Duffin
technique. This study is the first td compare HCVR and the Duffin technique
following the same intervention, but is not the first time that discordant results
have been obtained with the two measurements. Fuse et al.° and Mahamed et
al.”? both looked ét overnight changes in response to hypoxic hypercapnia in
patients with obstructive sleep apnoea using the HCVR and the Duffin method,

respectively. Fuse found no change in HCVR overnight, while in a later study,
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Mahamed found 'aﬁ increase in CO: sensitivity. Mahamed attributed this
discrepancy to the fact that the Duffin method measures CO. sensitivity over a
different rahge of end-tidal CO; than the HC\/R method. Because the
hyperventilation (used in Duffin’'s technique) reduces end-tidal CO, to a
subthreshold level, the slope of the CO; sensitivity was measured from a lower
point (by about 4 to 8 mmHg) than in the HCVR. This lower starting point
becomes even lower following IH. Such a difference becomes important if the
CO./ventilation relationship is not truly linear. In the tests where more than one
sensitivity slope was evident, the lower slope (starting at the threshold) is
assessed by the analysis software. As HCVR slope assessment occurs at higher
CO; levels, these two assessments may not overlap as much as one would
initially expect. Thus,'the HCVR may bé assessing response at higher partial
pressures of CO; than the Duffin technique, leading to .the different outcomes
that were observed.

This is the not the first study to compare two measurements of CO;

sensitivity and find differing results. Pandit et al.*"

compared CO; sensitivity by
the steady-state and thé Read re_breathing' methods (without prior
hyperventilation), and found that the sensitivity response was steeper in the
rebreathing method. They also found differing effects on cerebral biood flow
sensitivity to carbon dioxide between the two methods. Variations in cerebral

blood flow may play a role in the differing responses to CO, observed in the

present study. Hyperventilation reduces cerebral blood flow through its effect on
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cerebral vasodilatation. This reduced cerebral blood flow could alter the tissue
Pco., and thus the response of the central chemoreceptors.

The 5 minutes of hyperventilation in the Duffin technique may cause other
inputs to the control of breathing which \are not present in HCVR measurement.
For example, in some individuals, the 5 minutes of voluntary hyperventilatioh can
induce a short-term potentiation of ventilation®?. Furthermore, there may be
behavioural inputs to ventilation following hyperventilationi that may affect the

.23 showed that ventilation following a period of hyperventilation

result. Dattaeta
to induce hypocapnia is affected by wakefulness. Subjects that were asleep
showed a longer, more consistent apnoea following hyperventilation than while
awake. The authors concluded that other behavioural drives affect ventilation
during this period. Thus, cerebral blood flow, STP or behavioural drives to
breathing may act as further modulators of ventilation, diluting the effect of an
alteration in CO; sensitivity from IH. As the HCVR technique does not involve
.hyperventilation, it would not be subject to these other influences.

In summary, although both the HCVR and the modified rebreathing
- method each assess a form of CO, sensitivity, the results are not equivalent.

This discordance between HCVR and the modified Read rebreathing
method may also relate to the CO; levels at which the sensitivity is assessed
(higher with HCVR), or different inputs to ventilation brought about by the 5
minutes of prior hyperventilation. -One way to evaluate the role of the prior

hyperventilation would be to use a eucapnic voluntary hyperpnoea protocol,

whereby the subject increases their ventilation but by inspiring a mixed gas
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containing CO,, they do not become hypocapnic. The behavioural and STP
components of the hyperventilation would be maintained but CO; sensitivity
~ would be measured in the range of the HCVR.

The advantage of the HCVR is that it measures central
chemoresponsiveneés without the confounding effects of the 5-minute prior
rebreathe. The modified rebreathing technique is able to détermine. the- CO2
threshdld under both hypoxic and hypéroxic conditions. Thus if threshold or
peripheral.chemoresponsiveness is the most important outcome, the modified
febreathing technique is most appropriate, while if central chemoreceptor

response to CO; is the variable of interest, HCVR would be more appropriate.

SDIH vs. LDIH

There was no difference between SDIH and LDIH for any of the measured
variables. As with the other studies of IH in humans, there is a large amount of
inter- and intra-individual variation in the chemosensitivity measures?. This factor
makes it more difficult to notice subtle differences between protocols. We
therefore may not be able to rule out a small difference in efficacy between SDIH
and LDIH, but a large (and arguably physiologically significant) difference
between them is unlikely. Foster et al."”® had similar ﬁndings when comparing
SDIH and LDIH. In their study, the ‘sﬁubjects' did not act as their own controls,
increasing the potential for variation. Furthermore, the IH protocol was 5 days
on, two days off, 5 days on. This led to a somewhat irregular protocol causing a

more uneven profile of HVR augmentation. The doses of IH in the current study
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were also approximately double (in daily duration) that of Foster et al. Finally, in
the study of animals that demonstrated. the increased efficacy of SDIH over
LDIH, Peng and Prabhakar® used poikilocapnic hypoxia, unlike Foster's group
(who used isocapnic hypoxia). The current study .used poikilocapnic hypoxia,
which better replicates the animal work. These four factors should make the
current study design more. sensitive to a difference between SDIH and LDIH.
Consequently, the absence of a difference in the current study should make one
mdre confident of a lack of benefit of SDIH over LDIH in affecting resting
chemosensitivity in humans. . | . A
SDIH and LDIH differ in the number of hypoxic on-transients and off-
transients. The duration of SDIH (5-minute bouts) chosen in the present study
was chosen to mitigate the effects of hypoxic ventilatory decline (HVD) on the
stimulus to ventilation during the intermittent hypoxia. Theoretically, each bout
was short enough to end before HVD could become a significant factor.
Conversely, fhe LDIH protocol would expose the subjects to HVD each day. The
finding that SDIH was not more efficacious than LDIH lends support to the
concept that in humans, the number of transitions from hypoxia to normoxia may
not be as important as the total exposure time to hypoxia. Furthermore,
avoidance of any HVD effect may not be instrumental in stimulating

augmentation of chemoresponse following H.
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Limitations

Oxygen saturation was estimated by pulse oximetry at the finger for all
tests. The concordance between oxygen saturation at rest by pulse oximetry and
by arterial blood gas measures is reasonable at saturations above 85%.% At
saturations beiow this value, the accuracy of these devices deteriorates. The
HVR protocol used in the current study required monitoring the subjects to an
oxygen saturation of 80%. Presumably, the accuracy during the final portion of
the HVR would be reduced, increasing the error. Unfortunately, because breath-
by-breath monitoring of oxygen saturation is required, pulse oximetry is
necessary (as direct measures could not provide the breath-by-breath values in
real time). This factor has the potential to increase the variability in the HVR
measurements and reduces the power of the study.

Another potential criticism is that the washout period may have been
inadequate. Recent work from Katayama'’, suggests that if two IH protocols are
done consecutively, the HVR might increase sooner in the second than in the
first protocol (indicating a form of metaplasticity). To assess whether the length
- of the washout period was adequate, we c_:ompared the daily HVRs from the first

and second protocols (chronologically) and found no significant differences.’_ In
Katayama'’s study, the daily IH exposures were 3 times as long as in the preéent
study, which may mean that a more prolonged daily dose is required to cause
this potentiation of HVR response to IH. | |

A sample size of 10 was chdsen to detect a 25% difference between SDIH

and LDIH post-protocol. Thus, a difference between the two protocols of less
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than 25% would not have been detected. Thus there could have been a small

difference between the two protocols that was undetected by the current study.

CONCLUSIONS:

Following two different 7-day IH protocols administered to subjects in a
crossover fashion, there were increases in HVR and HCVR, along with a left shift
in the CO, threshold in both hypoxia and hyperoxia. The majority of the
augmentation in HVR occurred by the fourth day of the IH. No differences
occurred between the SDIH and LDIH protocols in terms of respiratory response
at rest. The poikilocapnic IH protocol appeared to cause more potentiation of
the central chemoreceptors (as measured by HCVR and hyperoxic rebreathing

methods) than in previous studies using shorter doses of isocapnic IH.
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CHAPTER 4: INTERMITTENT HYPOXIA AND ITS

EFFECT ON EXERCISE CHEMOSENSITIVITY
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RESEARCH QUESTIONS:

1) Does an intermittent hypoxia protocol affect exercise performance in
hypoxia?

2) Does an intermittent hypoxia protocol affect exerc)'sing ventilatory
response to hyperoxia and hypercapnia?

3) Does an intermittent hypoxia protocol change submaximal and
maximal exercising ventilation under normoxic conditions?

4) Does an intermittent hypoxia protocol change submaximal and
maximal exercising ventilation under hypoxic conditions?

5) Do two types of intermittent hypoxia protocols (short duration
intermittent hypoxia and a long duration intermittent hypoxia) affect the

above changes differently?

METHODS

This study was approved by the University .of British Columbia Research
Ethics Board. It was conducted in conjunction with the experiment described in
Chapter 3 of this dissertation. The same crossover study design, intermittent
hypoxia protocol and subjects were used for both studies. Using exercise testing,
subjects were evaluated prior to and following two intermittent hypoxia protocols:
a short duration intérmittent hypoxia (SDIH) and a long duration intermittent
hypoxia (LDIH) protocol. Ten male subjects were recruited from the University
population and the local mountaineering and endurance sports community. All

subjects were asked to come to the laboratory a total of 17 times. These visits
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included one orientation visit, seven visits for short-duration intermittent hypoxia
and éeven visits for long-duration intermittent hypoxia and two follow-ub
measurement sessions.

On the initial visit, informed consent was obtained, followed by baseline
spirometry and familiarisation with the equipment. Subjects filled out a physical
activity .screening questionnaire’ ? (PAR-Q, CSEP, Canada). All exercise testing
was pérformed on an electronically braked cycle ergometer (Lode, Groningen,
Netherlands). Subjects also performed a normoxic maximal oxygen uptake test
at this time. The initial normoxic graded exercise test was used to determine the
subsequent submaximal work rates (the protocol _for this test is previously
described in Chapter 3 of this thesis). For the submaximal exercise test, work
rates corresponding to 35% and 60% of the hormoxic maximal work rate were
used. (These values are expected to correspond to approximately 40% and 70%
-of maximallwor‘k rate breathing 15% 02; based on previous research conducted

in our laboratory.)?

Exercise Test

The exercise test consisted of three components: a normoxic submaximal
test, a hypoxic submaximal test and a hypoxic graded exercise test. The
normoxic and hypoxic cofnponenfs were separated by ten minutes of rest. Two
work rates were used for each submaximal test. Low intensity corresponded to
35% of the normoxic maximal work rate, while moderate intensity corresponded

to 60% of the normoxic maximal work rate. The exercise test protocol is depicted
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| in Figure 4.1.
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Figure 4.1: Exercise Testing Protocol — shaded area indicates hypoxic condition

The protocol used to assess the chemosensitivity during exércise was based on
method previously used in this laboratory* and others®. After a self-selected
warm-up, subjects commenced with the normoxic submaximal exercise test.
They pedalled at 35% of normoxic maximél work rate for 10 minutes. During the
final seven minutes of this exercise bout they receiVed two hyperoxic and two
hypercapnic stimuli. Each of these stimuli was séparated by approximately two
minutes (ventilation had always returned to the pre-stimulus level by
appro*imately one minute post-stimulus). Steady-state ventilation was
determined from the mean ventiiation for each 30-second period prior to each

| chemoreceptor stimulus. The hype'roxic test consisted of a}bruptly switching the
inspired gas from room air to 100% oxygen for 3 breaths before revertingr to room

air. To estimate the hyperoxic chémosensitivity during exercise, the mean
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minute ventilation during the 30 seconds prior to the stimulus was compared to

‘ 'the nadir of the three-second moving average of the breath-by-breath minute
ventilation post-stimulus. For the hypercapnic test, the inspired mixture was
switchedvto 10% carbon dioxide (21% oxygen, balance nitrogen) for one single
breath. To estimate the hypercapnic chemosensitivity during exercise the mean
minute ventilation during the 30 seconds prior to the stimulus was compared to
the peak of the three-second moving average of the breath-by-breath minute
ventilation post-stimulus. The order of the hyperoxic and hypercapnic stimuli
was randomised. The subjects were blinded to this order. Following ten minutes
and two bouts of both hyperoxia and hypercapnia the low-intensity submaximal
test was complete. Without stopping exercise, work rate was then increased to
60% of normoxic maximal work rate. Subjects then performed the same protocol
a second time. at this new work rate.

At fhe conclusion of the normoxic submaximal work rate subjects rested"
for approximately ten minutes before starting the hypoxic exercise test. The
hypoxic mixture consisted of 15% oxygen .(balance nitrogen) provided by mask at
atmospheric pressure. This oXygen concentration was chosen because it was
the lowest concentration at which subjects can consistently finish a maximal
exercise test without reaching ah arterial oxygen saturation below 70% by pulse
oximetry’. Before starting to exercise in hypoxia, subjects rested for
approximately 2 to 3.rﬁinutes while breathing the hypoxic mixture. The hypoxic
submaximal exercise test followed the same protocol as the normoxic

submaximal test. For the hypercapnic chemosensitivity test, subjects breathed
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one breath of 10% carbon dioxide with 156% oxygen and balance nitrogen in
order to maintain the F.bz vconstant while only altering the Fico.. The hyperoxic
stimulus was unchanged from normoxic exercise (at 100% O, for three breaths).
Immediately following the hypoxic su.bmaximal test, subjects transitioned
to a graded maximal oxygen uptake test (still in hypoxia). At this point, the gas
sample line was transferred from the mouthpiece (for breath-by-breath analysis)

to a mixing chamber to allow for determination of oxygen consumption.

Intermittent Hypoxia Protocol

‘The' final task for the subjects on their second visit day was their
intermittent hypoxic exposure. Normobaric hypoxic gas (12% O,, balance N2)
was provided by mask. For the LDIH protocol, subjects breathed the hypoxic
gas for 60 minutes daily for seven days. For the SDIH protocol, the subjects
spent 115 minutes breathing from the mask each day. They were exposed to 12
cycles of 5 minutes of hypoxia (simulated 4400 metres) followed by 5 minutes of
normoxia. The order of the SDIH and LDIH arms of the study was randomised
but not blinded. Subjects Were requier to return to the lab for 6 subsequent IH

sessions.

Follow-up
The first day following the final IH protocol the subjects returned for follow-

up exercise testing. This testing protocol was the same as in the pre-test.
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- Following a washout period of at least 2 weeks, subjects entered the second arm

of the study, undergoing the IH protocol that they had not already completed.

Data Analysis

All exercise variables were assessed at two time points, on the first day of
IH (Pre-IH) and on the first day following the completion of the IH protocol (Post-
IH). Variables were compared using analysis of variance with repeated
measures over time. Significance was set at p<0.05. Data are presented as

means (1SD).

RESULTS
All subjects attended all laboratory sessions and performed all tests (to the best
~ of their ability). - No subjects left the study for any reason.
Submaximal Exercise Test
Minute ventilation was unchanged during both normoxic and hypoxic

submaximal exercise following IH. These data are presented in Table 4.1.

LDIH SDIH
Condition Intensity
Pre-IH Post-IH Pre-IH Post-IH
Low 40.4 +8.5 412176 414 +8.5 414 +7.8
Normoxia _
Moderate | 68.6 +12.1 701 £110 | 7211566 | 71.6+11.4
Low 46.319.9 47387 | 488494 | 489103
Hypoxia
Moderate | 916 +194 | 894 +14.1 93.2+174 | 922 +17.3

Table 4.1: Exercise Minute Ventilation Pre- and Post-Intermittent Hypoxia (IH).
Values are expressed in Lemin™ (+SD).
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The hyper.oxic trials causéd a transient nadir in minute ventilation following
3 breaths of 100% oxygen. The decrease in minute ventilation following
hyperoxic challenge was significantly higher in moderate intensity exercise than
in low intensity exercise (p<0.01). The hyperoxic test also cause‘d‘ larger
changes in ventilation in hypoxia than in normoxia (p<0.01). The effect of the
hyperoxic tests on minute ventilation increased in magnitude following IH (p<

0.05) from 14.4 (+9.5) to 15.3 (¢9.9). Lemin!. There was no difference between

~ the two protocols. Data for each condition and protocol are presented in Table

42,
LDIH SDIH
Condition Intensity
Pre-IH Post-IH Pre-IH Post-IH
Low 7.0 +4.1 7114 .4 6.2 +4.1 6.2 +4.6
Normoxia
Moderate 10.7 £5.9 11.6 6.5 11.0 £5.1 125445
Low . 13.7 #6.5 15.2 5.9 16.2 6.5 17.316.9
Hypoxia
Moderate 245176 27.1 +10.7 | 26.1 £10.7 27.3 £7.3
Mean 14.0 8.9 14.7 £101 14.9 +10.1 15.6 9.6

Table 4.2: Mean décreases in Minute Ventilation following 3 breaths of hyperoxia
(Pre- and Post-IH). Values are expressed in % (xSD).

Results of the hypercapnic challenge Were similar to those of the
hyperoxic challenge. In contrast to the hyperoxic results, there were no
differences in the decrease in the ventilation following the hypercapnic challenge

as a result of the intermittent hypoxia (p<0.01 for both). Hypercapnia had more
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of an effect in moderate than low intensity exercise and a larger effect in hypoxia

than in normoxia (p<0.01 for both). Data for each condition and protocol are

presented in Table 4.3.

LDIH

Condition Intensity
Pre-IH Post-IH Pre-IH Post-IH
Low 8.8 4.1 12.5 17;1 8.6 +4.1 13.6 5.4

Normoxia
Moderate 10.7 £5.9 11.6 6.5 13.6+54 13.916.8
Low 12.6 £6.1 11.5 6.7 12.8 6.8 13.317.8
Hypoxia -

Moderate 17.3 5.9 16.3 6.9 13.6 £6.6 17.0£7.9
Mean 12.8 6.5 12.2 6.7 12.1 6.1 13.7 £7.2

Table 4.3: Mean increases in Minute Ventilation following 1 breath of
hypercapnia (Pre- and Post-IH). Values are expressed in % (+SD).

Pulse oximetry results were unchanged during submaximal normoxic

exercise following an IH protocol. In hypoxia, there was a significant increase

(p<0.01) in mean arterial oxygen saturation following IH (both protocols

combined). This increase was highly significant following the SDIH protocol, but

not significant following the LDIH protocol. (Figure 4.2) The difference between

the two protocols was not statistically significant.

To test the relationship between resting HVR and exercising ventilation in

hypoxia, a correlation was performed between HVR and the change in minute

ventilation between normoxic submaximal exercise and hypoxic submaximal

exercise. No relationship was evident (r=0.024 and p=0.947). |
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Figure 4.2: Mean (£SD) Oxygen Saturation (%) during Submaximal Hypoxic
Exercise vs. Intermittent Hypoxia Protocol. **-denotes statistically significant (p
<0.01) from Pre- value.

Hypoxic Graded Exercise Test

Of the 10 subjects, 8 were able to complete the exercise protocol each
time, including some portion of the hypoxic graded exercise test at the
conclusion of the hypoxic submaximal exercise test. The two subjects who were
unable to complete the entire exercise protocol stopped due to volitional
exhaustion. For tests where the subjects were unable to complete the entire
submaximal portion of the test, their highest submaximal wattage was taken as
the peak wattage for that particular exercise test. Followiﬁg IH, there were no

changes in peak wattage, peak ventilation or.peak oxygen consumption. These
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data are presented in Figure 4.3. There were no significant differences between

the two protocols.
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Figure 4.3. Mean (+SD) Peak Wattage vs. Intermittent Hypoxia Protocol.
Combined refers to the collective data for both SDIH and LDIH protocols.

Of the 8 subjects who completed the entire exercise test, there were only
complete oxygen consumption data on 5 of those subjects (due to difficulties |
switching the gas sampling from breath-by-breath to mixed gases mid-test).
Following IH, peak oxygen consumption in hypoxié was 3.7 (19.7)% higher, but
this difference was not significant (p=0.12). This increase was similar with both
protocols (displayed in Fig.ure 44). Peak ventilation was unchanged following
the LDIH protocol, but increased by 10.9 (+14.7) % after the SDIH protocol. Peak

ventilation data are presented in Figure 4.5. '
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DISCUSSION:

Ten male subjects completed two different IH protocols in a random order,
actiﬁg as their own controls. Subma*imal exercise measurements of ventilation,
saturatioh and response to hypercapnic and hyperoxic stimuli were assessed in
normoxia and hyperoxia. A modified graded exercise test in hYpoxia was also
| performed. All measurements were performed prior to and following IH.
Following IH, small increasés in arterial oxygen saturation during submaximal
exercise were observed. IH did not affect minute ventilation, peak power or
oxygen consumption dqring peak exercise. The responses to hyperoxic or
hypercapnic stimuli during submaximal exercise were not significantly altered by
IH, although the increase in response to the hyperoxic stimulus approached

significance.

Minute Ventilation During Normoxic Exercise

Submaximal minute ventilation was unchanged following IH in both the
~normoxic and hypoxic conditions. Under normoxic conditions, many previous
studies have shown no increase in submaximal exercise ventilation &9 Using a
similar IH protocol, the current study corroborates these findings. Conversely,
two studies employing longer IH protocols'™ ' found an increase in submaximal
minute ventilation during normoxic exercise following IH. The protocols involved
23 and 19 nights of 8-10 hours of hypoxic exposures that were slightly hypobaric
(Fio,= 15.48% and 16.3% with Pam ~710 mmHg). Townsend'! found that the

augmentation in ventilation was already apparent after the first four nights of IH
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exposure. In these “live-high, train-low” protocols, subjects were sleeping in
hypoxic enclosures (for 8-10 hours) as opposed to breathing from a mask while
awake for only one hour each day. Two possible explanations exist for the
difference between theée two types of studies. One possibility would be that the
longer durations of hypoxia might provide a more substantial stimulus to exercise
ventilation that was only apparent in the overnight studies. Secondly, sleepihg
during hypoxia may have a different effect on ventilation than remaining awake
during hypoxia. While alert, the subjects would have more véntilatory stimuli
and would have a higher arterial oxygen saturation for a given level of hypoxia.
Periodic breathing occurs in hypoxia'?, but would be more common in sleeping
subjects than in awake subjects. An increase in periodic breathing could also
lead to more profound hypoxaemia (and a stronger IH stimulus) in the sleeping
- subjects than if they were awake. Thus, these “live-high, train-low” studies might
provide a greater hypoxic stimulus than those of Katayama and the current study
leading comparatively larger increases in HVR". As exercise ventilation is
controlled by a larger number of factors than resting ventilation, the effect of
augmented HVR on exercising ventilation could be obscured by these other
factors. Consequently, a larger increase in HVR (by longer exposures during
sleep) may be required to cause measurable changes in submaximal exercise
ventilation. More research is needed to compare awake to sleeping IH and to

assess the effects of longer daily doses of hypoxia.
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Minute Ventilation During Hypoxic Exercise

In the one previous study to look at submaximal exercise under hypoxic
conditions, Katayama showed a }signiﬂcanf increase in submaximal exercise
ventilat»ion under hypobaric hypbxic conditions'™. In that study, subjects
exercised at 432 mmHg (approximately equivalent to an F0, of 11.9%). In
contrast, our subjects exercised in normobaria at an F0, of 15%. The exercise
type (cycle ergometer) and duration. in both studies was 10 minutes each at low
and moderate intensities, respectively. Even the exercise intensities were
comparable; in Katayama’s study, low and moderate intensity corresponded to
40 and 70% 6f hypoxic VO,peak, while in the current study, low and moderate
intensity corresponded to 35 and 60% of normoxic VO,peak. The IH protocols (60
minutes/day for 7 days) were very close, except that in the Katayama study the
exposures were hypobaric.

There are two potential explanations for the discrepancy between the two
studies: the effects of hypobaria, and the timing of the hypoxic exposures with
the onset of exercise. The differential effects of normobaric hypoxia and
hypobaric hypoxia are unclear. Two studies in humans have shown that resting
ventilation in normobaric hypoxia is higher than in an equivalent level of

15 if an equivalent augmentation of exercising ventilation

hypobaric. hypoxia
occurred in normobaric hypoxia, over hypobaric hypoxia, it could possible explain
the discrepancy. That is to say, higher baseline ventilation occurring during

normobaric hypoxic exercise could mask an effect of IH on exercise ventilation.

83




In a hypobaric chamber, to bring subjects to the desired simulated altitude
requires approximately 30 minutes; subjects therefore would have a short period
of progressive hypoxia prior to the onset of exercise. In the current (normobaric)
study, subjects breathed hypoxic gas at rest for only 2-3 minutes prior to the start
of exercise. Thus, in the two studies, subjects’ submaximal exercise ventilations
were tested at different time points during an acute exposure to hypoxia.
Hypoxic_VentiIatory Decline (HVD) refers to the decrease in the acute véntilatory
response to hypoxia that occurs within 5 to 30 minutes of exposure to hypoxia'®.
Presumably, in the normobaric hypoxic study, subjects‘ would have started
exercising prior to the onset of _HVb, while in the hypobaric study; the
- measurements would not have commenced until after this decline had already
occurred. HVD has been described only during rest, butv this attenuation of
ventilatory response could also occur during exercise. If IH acted to mitigate the
effects of HVD on exercising ventilation, its effect would only be evident if the
exercise took place following the onset of HVD (as in Katayama’s study) and not
in the present study.

In summary, |H does not appear to augment exercising ventilation in
normobaric hypoxia as it does during hypobaric hypoxia, bossibly because the
'effec\:ts of hypobaria on ventilation or the presence of an HVD phenomenon in the

hypobaric study.
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Hyperoxic Tesf

The 3-breath doses of 100% oxygen caused transient decreases in
ventilation that were more pronounced during the hypoxic condition and the
moderate exercise intensity. IH significantly enhanced these changes. The
purpose of this hyperoxic challenge test was to remove the hypoxic drive to
ventilation from the peripheral chemoreoeptors. The difference between the nadir
in post-hyperoxic stimulus ventilation and the mean pre-stimulus ventilation was
ascribed to the hypoxic drive from the peripheral chemoreceptors during
exercise. These findings could indicate that augmentation of hypoxic ventilatory
response at rest leads to a concomitant increase in the magnftude of the hypoxic
drive during exercise. The findings do not improve our understanding of the
location of the modulation in hypoxic respiratory control. Evidence indicates that
either the carotid bodies themselves, or central facilitation of chemoreceptor

afferents are modulated through a metaplastic process.'” '8

. Either mechanism
(or a combination of both) could potentially augment the chemoreceptor afferent
input to exercise ventilation. | |

One would expéct that if resting hypoxic ventilatory response played a
significant role in the control of the hyperpnoea of exercise, that those with a
higher resting HVR would have a larger augmentation in ventilation when
transitioned from normoxic to hypoxic exercise. This situation did not occur, in
"the present study. Furthermore, the lack of effect on submaximal minute

ventilation would indicate that although this hypoxic drive to breathe may have

been increased, that it's effect on total ventilation during exercise is modest.
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Work by Sheel et al.'® compared restingl HVR to maximal ventilation during a
graded exercise test. No relationship was found, indicating that resting HVR is
not ia major determinant of peak exercise yentilation.

There are two potential reasons for the unchanged minute ventilation in
the face of augmented hypoxic drive to éxerci_se. The augmented hypoxic drive
could alter the pattern of ventilation withoui changing the minute ventilation. For
example, when HVR is increased by chronic hypoxic exposure to altitude, there
is an augmentation of tidal volume? preferentially nver breathing frequency. In
the current study, although minute ventilation was unchanged, there could have
been an increased in tidal volume that was not apparent when minute ventilation
data was compared. This change would have the effect of enhancing aiveolér
ventilation without increasing minute ventilation.

Alternatively, the increased hypoxic drive to ventilation during exercise is
of too small a magnitude to increase minuie ventiiation. The size of the
ventilatory transients following hyperoxic challenge was only increased by about
6%. Considering the magnitude of other neural and humoral inputs to exercise
hyperpnoea, this altered chemoresponse could be jusf to small to lead to a
perceptible effect. Further analysis of the pattern of breathing during exercise is

warranted to understand the interaction between enhanced hypoxic drive and

minute ventilation.




Hypercapnic Test

To test the effect of IH on COz-mediated control of breathing during
exercise, subjects were given single breath doses of 10% CO; at several points
during their submaximal exercise tests. These hypercapnic bréaths caused a
transient increase in ventilation that was unaffected by IH. At rest, IH caused a
left shift in the CO; threshiold that would increase the ventilation at a given end-
tidal CO. pressure. This study is the first to modulate response to CO. during
rest, and then to test its effect‘ during exercise. There were no differences in the
effect of the hypercapnic tests following IH, suggesting that the augmentation of-
resting CO; response following IH did not lead to significant changes in CO
control of exercise ventilation.

The changes in ventilation following the hyperoxic and hypercapnic tests
were larger in moderate exercise than in low intensity exercise. The load on the
ergometer was inqependent of cadence. Because subjects were encouraged to
maintain their cadence constant throughout the exercise test, workload would
have limited the effect of mechénically sensitiye peripheral limb afferents on
exercise hyperpnoea. The modulation of exercise hyperpnoea would therefore
have been mediated by a variety of central, humoral, behavioural and factors. At
the moderate intensity, the magnitude of the hypoxic drive was increased,
indicating that its effect on exercise hyperpnoea was undiminished as compared
to low intensity exercise. These changes in ventilation were also more

pronounced in hypoxia than in normoxia. Presumably in hypoxic exercise, the
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contribution of the hypoxic drive to exercise minute ventilation would be more
important. Removing this drive with hyperoxia would then cause a larger drop in

ventilation.

Oximetry during Submaximal Exercise

Arterial oxygen.saturation was obtained using pulse oximetry, which has
limitations during exercise?, and must be interpreted cautiously. There was no
effect of IH on normoxic oxygen saturation during exercise, but IH caused a
signiﬁcant increase in saturation during hypoxic exercise. This increase in
saturation was not associated with a concomitant increase in minute ventilation,
so the reasons for this finding are unclear. Two potential explanations
(decreased oxygen consumption, and improved oxygen delivery) are presented.

Several studies’ ™ % have shown a decreased oxygen cost during
submaximal running following IH with no change in exercise minute ventilation.
- This decreased oxygen consumption for a given wbrkioad has been attributed to
improved efficiency. Potential mechanisms for enhanced efficiency include a
decreased cost of breathing, greater carbohydrate utilisation for oxidati\'/e
phosphorylation, or reduced consumption of adenosine triphosphate by the
muscle' 2. A similar increase in exercise efficiency in the present study could
explain the increased arterial oxygen saturation.

Secondly, if the pattern of ventilation had changed, such that tidal volume
was preferentially increased, improving alveqiar ventiiation, saturation would be

increased without an overall increase in minute ventilation. The increased
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hypoxic drive to ventilation could have led to a prgferential i_ncrease in tidal
volume thus reducing the physiological dead space and enhancing oxygen
saturétion. IH could also have improved arterial oxygenation with no changé in
ventilation through beneficial effects on diffusion capacity, lung
ventilation/perfusion or a decrease in shunt (although these changes foIIowihg IH
have not been studied). In summary, several possible mechan_isms could explain
all or part of the improved saturation following the SDIH protocol; a more in-depth
assessment of oxygen consumption, respiratory parameters and arterial blood

gases would be required to better characterise this finding.

Maximal Exercise Tést

When the data for both protocols was assessed, there were no significant
differences in peak wattage, peak ventilation or peak oxygen consumption during
a normoxic graded exercise test. From previous work, the effect of IH on
maximal performance is unclear. Studies that have looked at maximal exercise
perforrﬁance in normoxia following IH have failed to show a significant increase

in peak power Outputg 13 24 25

, except with concurrent exercise training®. This
study is the first to examine the effect of IH on peak exercise performance ih
hypoxia. Conceivably, IH could have improved oxygen delivery during hypoxic
exercise, either through alterations in rﬁitochondrial activity, muscle buffering

capacity or oxygen delivery, but the current study provided no indication of such

an improvement.
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Unfortunately, due to technical constraints, the sample size for peak VO,
determination was only 5. No significant changes in VO, were evident. A larger
sample size would be necessary to confidently determine the effects of IH on

peak oxygen consumption during exercise.

SDIH vs. LDIH

There were no significant differences among any of the measured
variables between the two IH protocols in the current study. We had
hypothesised that the SDIH protocol, which seemed to more profoundly augrhent
carotid sinus nerve activity in animals®’, may have had a similar effect in humans
(observable as an increase in ventilatory respdnse to hypoxia). Intermittent
hypoxia appeared to enhance the hypoxic drive to breathe during submaximal
exercise, but there was no differential benefit of SDIH over LDIH. This lack of
benefit of SDIH over LDIH pérallels the results found in the. restihg measures
discussed in Chapter 3. Although the current study had no effect on submaximal
minute ventilation, one could argue that if there had been a more profound |
augmentation of hypoxic ventilatory response as in the “live-high, train low”
prot'ocols, a difference between the two protocols might have become be evident.
Unfortunately, the protocols that seem to have some effect on exércising
ventilatory parameters (such as that of Townsend et al.'") are not conducive to
SDIH, because tents and chambers need such a long time to establish hypoxia

(30 minutes to 2 hours).
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Limitations

Due to subject fatigue and 'technical difficulties, the sample size was very
limited fdr the final part of the graded exercise test. With such a low sample size
(n = 5), a very large difference (or low variability) in the measured values would
need to be present to be detectable. A rest period before the graded exercise
test would give the subjects a short recovery period prior to attempting the
graded exercise test. The disadvantage of this modification is that the exercise
testing sessions for the subjects were already extremely long and this
modification would lengthen it by approximately 20 minutes.

With the current setup, breath-by-breath data was collected during the
submaximal éxercise bouts, and mixed gases were collected for the graded
exercise testing. Using a parallel setup, it would be possible to collect both types
of data throughout the entire test. Such a paradigm would provide valuable

information about submaximal exercise efficiency.
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CONCLUSIONS:

Following two different 7-day IH protocols administered to subjects in a
crossover fashion there was a slight increase su‘bmaximal oxygen saturation
dﬁring hypoxic exercise. There were no changes in submaximal exercise
ventilation in hypoxia or normoxia. Peak exercise ventilatory parameters and
peak power were unchanged ‘by IH. The response to hyperoxia during exercise
was augmented by IH whereas the response to hypercapnia was unchanged by
IH. No differences occurred between the SDIH and LDIH protocols in terms of
respiratory response during exercise.  Thus, although an augmentation of
response to hyperoxia occurred following IH, it was not translated into an

increase in minute ventilation during normoxic or hypoxic exercise.
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Intermittent hypoxic exposﬁres increase the ventilatory response to
hypoxia at rest. IH has the potenltial for _applied and clinical benefits, including
irhpfoving exercise performance’, réducing cardiac ischaemia? and it may have a
r'ole in improving ventilation in spinal cord transection patientsal.. Many different
protocol intensities, durations and dqty cycles have been studied, but as yet the
optimal IH protocol for augmenting HVR in humans is not yet known.

The purpose of the study was to compare the effects of two different types
of intermittent hypoxia protocols on respiratory chemoresponse and to examine
the relationship between carbon dioxide and oxygen sensitivity during rest and
exercise. Furthermore, HVR was assessed daily to follow the pattern of HVR
augmentation during the course of IH. To determine whether repeated
measurement of HVR caused a confounding co-intervention, repeatability study
was performed. This study demonstrated: 1) acceptable values for coefficient of
variation for HVR and 2) no apparent IH stimulus from daily measurements of
HVR. | Two types of intermittent hypoxia: short-duration intermittent hypoxia
(SDIH) and long duration interm‘ittent hypoxia (LDIH) were assessed in the
second phase of the project. Ten male subjects underwent two seven-day
intermittent hypoxic training protocols while being asseésed for a battery of
measurements of resting and exercise ventilatory control.

As anticipated, following the IH, HVR was augmented and CO, threshold
was decreased (in hypoxia and hyperoxia). HCVR was also increaséd by IH.

These resting alterations in chemoreflex control remained different from baseline
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at 7 days post-IH. Intermittent hypoxia had no - effect on exercise minute
ventilation, but increased the response to hyperexic challenge. Also during
submaximal exercise, there was a slight iricrease in submaximal O; saturation
(by oximetry). Peak exercise values were linchanged by intermittent hypoxia. It
was initially hypothesised that SDIH would cause more profound changes in the
measured variables than LDIH. However, the effects of SDIH and LDIH were

similar throughout, with no significant differences for any of the measurements.

Significance

This research comprehensively compares SDIH and LDIH, demonstrating
no significant differences between the two protocols. It is the first researeh to
examine HVR, HCVR and the modified Read rebreathing techniques in the same
subjects following the same intervention. . It confirms that IH both augments HVR
and lowers the CO; threshold, but that there were no correlatiqn_s between these
two parameters. It also highlights (and discusses potential mechanisms for) the
discrepancy between CO; sensitivity as measured by HCVR and by the modified
rebreathing method.

Furthermore, this work comprises the most comprehensive assessment of
_resting and exercising chemosensitivity in subjects undergoirig IH.  Previous
-work examining the relationship between resting chemosensitivity and exercise
control of breath’ing.have not employed specific chemosensitivity tests or have
focussed on peak exercise ventilation. For the IH protocols tested,

augmentation of resting hypoxic ventilatory response resulted in an increase in
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exercising chemosensitivity. This alteration did not affect the minute ventilation
or the change in exercise ventilation 'behNeen normoxia or hypoxia, indicating
that its effect on the control of breathing during exercise was modest at best.
Further analysis is required to assess the changes in respiratory pattern (such as
tidal volume and frequency of breathing) that méy potentially occur followihg H. |
An increased tidal volume during submaximal ventilation could potentially expla;n
the enhanced saturation during hypoxic exercise without an increase ih minute
ventilation.

The current experimental design with it's systematic assessment of resting
and exercising chemoresponse in a crossover controlled fashion is the most
sophisticated comparison of SDIH and LDIH on the control of breathing in
humans. The results fail to support any benefit of SDIH over LDIH on the
augmentation of chemoresponse in humans. This information lends crédence to

the concept that the normoxic-hypoxic transients thét are more plentiful in SDIH

are not instrumental to the augmentation of ventilation in humans.

Limitations & Future Research

Ventilatory measures during wakefulness have a high degree of variation.
The repeatability study demonstrated that the technique for measurement of
HVR used in the lab shows a sizeable coefficient of variation (27%), but one
which is comparable to the lowest previously reported values. Although the other
testing methods used in this research have not been assessed in terms of their

repeatability, they likely have significant coefficients of variation as well. It is
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therefore possible that changes occurred in the chemosensitivity to hypoxia or
hypercapnia that were not detected due to this variation. Larger alterations in
resting chemoreceptor control may be needed to induce detectable changes in
the ventilatory control of breathing during exercise. A similarly extensive
assessment of resting and exereising chemoresponse, but with a “live-high, train-
low” protdcol would provide valuable insight not only into the effects of IH, but
also on the contrel of breething during exercise in humans.

Potential mechanisms for the increased saturation during submaximal
~exercise following IH include an increase in alveolar ventilation or a decrease in
- oxygen consumption (improved efficiency). One could derive approximat’e
values for oxygen consumption by integrating the breath-by-breath data collected
during this study. Ultimately, a more detailed assessment of gas exchange,
using arterial blood gases and a combination of both breath-by-breath and
mixing chamber analysis during submaximal exercise would provide more
definitive answers regarding the effects of IH on exercise efficiency.

The differences between normobaric and hypobaric IH remain unclear. It
is tempting to equate the hypoxia from a reduced F,0, in normobaria with a
cconstant F\0, in hypobaria. The two conditions are not identical and may have
differential effects on ﬂuid status, barore‘ceptor tone and other physiological
processes that affect the response to hypoxia. A head-to-head trial comparing a
hypobaric IH pretocol with its normobaric equivalent, ailthough technically

challehging, would provide valuable insight into these differences.
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The importance of sleep during IH“'is also not understood. IH protocols that
involve sléeping in hypdxia"' cause greater increases in HVR than when the
subjects are awake® ®. It is unclear whether this due to the duration of the
. hypoxic exposure or the state of wakefulness. A comparison of two IH protocols
with a consistent exposure duration, and F,0,, but with subjects either awake or

asleep would provide interesting insight.

Summary

IH has many potential applied and clinical applications. A thorough
understanding of its mechanism of action and optimal dosages would be
beneficial to properly tailor IH for its intended use. From this work it appears that
a 7-day course of poikilocapnic IH causes 1) an increase in HVR that occurs
rapidly in t.he first four days of exposure, 2) a left-shift in the CO, threshold in k
both hypoxic and hyperoxic conditions, 3) é concomitant increase in the
ventilatory response to hyperoxic challenge during exercise 4) all changes are
essentially equivalent following an SDIH or an LDIH protocol. This work raises

many important questions that provide opportunity for further study.
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capable of inducing haematological changes, such as increases in the ability of the blood

“to carry oxygen. The ideal protocol is not yet known. In animals, multiple short bouts
(less than 5 minutes) each day has been shown superior to single long daily bouts. This
has not been examined in humans. Likewise the ideal length of an IHT protocol is also
unknown. This study will attempt to answer these questions.

Purpose: _
The purpose of this study is to investigate the breathing response to hypoxia over seven

daily hypoxic ventilatory response tests.

Procedures:

All subjects recruited for the study will be normal healthy male volunteers, between 18-
40 years of age. All subjects will be non-smoking, have normal pulmonary function and
free of any history or symptoms of cardiopulmonary disease including exercise-induced
asthma. Subjects will not have had any significant exposure to altitude or hypoxia in the
preceding four weeks. Each subject will undergo a standardized screening history
(Physical Activity Readiness Questionnaire; PAR-Q).

If you consent to become a subject in this study you will be asked to participate in
nineteen data collection test days. The session will take place at the Health and
Integrated Physiology Laboratory at the Osborne Centre (Unit 2, Room 202) on the
University of British Columbia campus. The study will require approximately thirty-four
(34) hours of your time. We will schedule your testing sessions to be most convenient
for you.

On the first day, your height and weight will be measured. You will then undergo a
simple, non-invasive breathing test to ensure that you do not have any obstructive lung
disease (i.e., asthma). This requires you to breathe deeply and exhale quickly through a
mouthpiece. '

You will then be required to lie comfortably on a bed in which you will breath through a
two-way valve so that expired gases and flow can be monitored. A small plastic clip will
slip onto your fingertip. This will permit us to measure the amount of oxygen in your
blood. After 10 minutes of breathing normal air, experimenters will slowly and
progressively add nitrogen gas to the air you are breathing. We will measure the amount
that your breathing (rate and depth) increases in response to this. The test will stop once
your blood oxygen saturation level reaches 80%. This experiment will simulate high
altitude exposure and will take approximately 15 minutes. This is the hypoxic ventilatory
response (HVR) test.

You will then perform a similar test where you breathe from a large bag while resting.
We will control the concentration of gases in the bag. Gradually the carbon dioxide in
the bag will accumulate, and you will breathe more and more. We will stop the test once
it has become too uncomfortable or the amount of carbon dioxide in the bag reaches a
pre-determined amount (60 mmHg). This is the hypercapnic ventilatory response test
(HCVR). ’




The next test is the maximal oxygen uptake test. This is a test where you ride a stationary
bicycle while wearing a mask to collect the gas that you breath out. The resistance on the
bicycle gets higher and higher until you can no longer continue. This test determines
aerobic fitness.

On your second visit, you will repeat the HVR test and the HCVR test. You will also
complete the multi-stage exercise test. During this test, you will be exercising on a
bicycle at two relatively low resistances. You will first exercise breathing room air, and
then secondly while breathing hypoxic air. You will finish the exercise test by
performing another maximal oxygen uptake test (while breathing the hypoxic gas).

All your pre-testing is complete. You will then start your intermittent hypoxic training
(IHT). This will last for 7 days. You will do two different protocols, and they will each
last seven days. Each day you will come to the lab, and breath a gas mixture while
relaxing, watching movies, reading or working quietly. Each time you come in you will
also do an HVR test. At the end of each 7-day IHT session we will repeat the HVR,
HCVR and multi-stage exercise test. You will do each IHT programme at least 2 weeks
apart. One week after each IHT programme, you will return to the lab and HVR and
HCVR will be re-measured. '

Risks:

There are no significant risks associated with a short exposure to simulated altitude
(approximately 20,000 feet). A physician (Dr. Koehle or Dr. Hughes) will be present at
all testing sessions, if you feel any discomfort, or have any concerns, you will be attended
to immediately. Some people find it feels a little uncomfortable when they are breathing
hypoxic air. The maximal oxygen uptake test has a small chance of adverse effects, such
as vomiting (5%), abnormal blood pressure (less than 1%), fainting (less than 1%),
disorders of the heartbeat (less than 0.1%), and very rare instances of heart attack (less
than 0.001%). All procedures used in this study have been previously performed in our
laboratory without incident.

Benefits:

By participating in the study, the subjects will enhance the understanding of the effects of
hypoxia on the control of breathing; this knowledge will be used to further our
understanding of the safety of diving in the asthmatic population. Furthermore, you will
receive a maximal oxygen uptake test (VO2max test) and two courses of intermittent

~ hypoxic training at no charge. After completion of the study, you will receive an
honorarium of one hundred dollars.

Confidentiality:

Your rights to privacy are protected by the Freedom of Information and Protection of
Privacy Act of British Columbia. This Act lays down rules for the collection, protection,
and retention of your personal information by public bodies, such as the University of
British Columbia and its affiliated teaching hospitals. - Further details about this Act are
available upon request. Your confidentiality will be respected. No information that




discloses your identity will be released or published without your specific consent to the
disclosure. However, research records and medical records identifying you may be

inspected in the presence of the Investigator or his or her designate by representatives of

the UBC Research Ethics Board for the purpose of monitoring the research. However, no /
records which identify you by name or initials will be allowed to leave the Investigators’
offices. You are encouraged to ask for an explanation or clarification of any of the

procedures or other aspects of this study before signing this consent from or at any time

during your participation in the study.

YOU MAY DECLINE TO ENTER THIS STUDY OR WITHDRAW FROM THE
EXPERIMENT AT ANY TIME. '

If you have any concerns or questions about your rights or experience as a research -
subject, you may contact the Research Subject Information Line in the UBC Office of
Research Services at (604) 822-8598.

Consent: :

In signing this form you are consenting to participate in this research project and
acknowledge receipt of a copy of this form. Signing this consent form in no way limits
your legal rights against the sponsor, investigators, or anyone else.

Signature of Participant Date

Printed Name of Participant

Signature of Witness Date
Printed Name of Witness
Signature of Investigator Date

Printed Name of Investigator
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(less than 5 minutes) each day has been shown superior to single long daily bouts. This
has not been examined in humans. Likewise the ideal length of an IHT protocol is also
unknown. This study will attempt to answer these questions.

Purpeose:
- The purpose of this study is to investigate the breathing response to hypoxia over seven
daily hypoxic ventilatory response tests.

Procedures: . :

All subjects recruited for the study will be normal healthy male volunteers, between 18-
40 years of age. All subjects will be non-smoking, have normal pulmonary function and
free of any history or symptoms of cardiopulmonary disease including exercise-induced
asthma. Subjects will not have had any significant exposure to altitude or hypoxia in the
preceding four weeks. Each subject will undergo a standardized screening history
(Physical Activity Readiness Questionnaire; PAR-Q).

If you consent to become a subject in this study you will be asked to participate in
nineteen data collection test days. The session will take place at the Health and
Integrated Physiology Laboratory at the Osborne Centre (Unit 2, Room 202) on the
University of British Columbia campus. The study will require approximately thirty-four
(34) hours of your time. We will schedule your testing sessions to be most convenient
for you.

On the first day, your height and weight will be measured. You will then undergo a
simple, non-invasive breathing test to ensure that you do not have any obstructive lung
disease (i.e., asthma). This requires you to breathe deeply and exhale quickly through a
mouthpiece.

You will then be required to lie comfortably on a bed in which you will breath through a
two-way valve so that expired gases and flow can be monitored. A small plastic clip will
slip onto your fingertip. This will permit us to measure the amount of oxygen in your
blood. After 10 minutes of breathing normal air, experimenters will slowly and
progressively add nitrogen gas to the air you are breathing. We will measure the amount
that your breathing (rate and depth) increases in response to this. The test will stop once
your blood oxygen saturation level reaches 80%. This experiment will simulate high
altitude exposure and will take approximately 15 minutes. This is the hypoxic ventilatory
response (HVR) test. '

You will then perform a similar test where you breathe from a large bag while resting.
We will control the concentration of gases in the bag. Gradually the carbon dioxide in

~ the bag will accumulate, and you will breathe more and more. We will stop the test once
it has become too uncomfortable or the amount of carbon dioxide in the bag reaches a
pre-determined amount (60 mmHg). This is the hypercapnic ventilatory response test
(HCVR).




The next test is the maximal oxygen uptake test. This is a test where you ride a stationary
bicycle while wearing a mask to collect the gas that you breath out. The resistance on the
bicycle gets higher and hlgher until you can no longer continue. This test determines
aerobic fitness.

On your second visit, you will repeat the HVR test and the HCVR test. You will also
complete the multi-stage exercise test. During this test, you will be exercising on a
bicycle at two relatively low resistances. You will first exercise breathing room air, and
then secondly while breathing hypoxic air. You will finish the exercise test by
performing another maximal oxygen uptake test (while breathing the hypoxic gas).

All your pre-testing is complete. You will then start your intermittent hypoxic training
(IHT). This will last for 7 days. You will do two different protocols, and they will each
last seven days. Each day you will come to the lab, and breath a gas mixture while
relaxing, watching movies, reading or working quietly. Each time you come in you will
also do an HVR test. At the end of each 7-day IHT session we will repeat the HVR,
HCVR and multi-stage exercise test. You will do each IHT programme at least 2 weeks
apart. One week after each IHT programme, you will return to the lab and HVR and
HCVR will be re-measured. i
Risks:

There are no significant risks associated with brief mild hypoxia exposure (approximately
20,000 feet). A physician (Dr. Koehle or Dr. Hughes) will be present at all testing
sessions, if you feel any discomfort, or have any concerns, you will be attended to
immediately. Some people find it feels a little uncomfortable when they are breathing
hypoxic air. The maximal oxygen uptake test has a small chance of adverse effects, such
as vomiting (5%), abnormal blood pressure (<1%), fainting (<1%), disorders of the
heartbeat (<0.1%), and very rare instances of heart attack (<0.001%). All procedures
used in this study have been previously performed in our laboratory without incident.

Benefits:

By participating in the study, the subjects will enhance the understanding of the effects of
hypoxia on the control of breathing; this knowledge will be used to further our
understanding of the safety of diving in the asthmatic population. Furthermore, you will
receive a maximal oxygen uptake test (VO2max test) and two courses of intermittent
hypoxic training at no charge. After completion of the study, you w111 receive an
honorarium of one hundred dollars.

Confidentiality:

Your rights to privacy are protected by the Freedom of Information and Protection of
Privacy Act of British Columbia. This Act lays down rules for the collection, protection,
and retention of your personal information by public bodies, such as the University of
British Columbia and its affiliated teaching hospitals. Further details about this Act are
available upon request. Your confidentiality will be respected. No information that

- discloses your identity will be released or published without your specific consent to the
disclosure. However, research records and medical records identifying you may be
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inspected in the presence of the Investigator or his or her designate by representatives of
the UBC Research Ethics Board for the purpose of monitoring the research. However, no
records which identify you by name or initials will be allowed to leave the Investigators’
offices. You are encouraged to ask for an explanation or clarification of any of the
procedures or other aspects of this study before signing this consent from or at any time
during your participation in the study.

YOU MAY DECLINE TO ENTER THIS STUDY OR WITHDRAW FROM THE
EXPERIMENT AT ANY TIME.

If you have any concerns or questions about your rights or experience as a research
subject, you may contact the Research Subject Information Line in the UBC Office of
Research Services at (604) 822-8598.

Consent:

~ In signing this form you are consenting to participate in this research project and
acknowledge receipt of a copy of this form. Signing this consent form in no way limits
your legal rights against the sponsor, investigators, or anyone else.

Signature of Participant Date

Printed Name of Participant

Signature of Witness Date

Printed Name of Witness

Signature of Investigator Date

Printed Name of Investigator
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=z PAR-Q & YOU

{A Questionnaire for People Aged 15 to 69)
Aequler physical ectiviyy & fun and hedhy, snd inoreasingly more gecple are starting to become mere actie svery day Being mare ative is very sefe for most
peogle. Howeves, scme peaple should check with their doctor before they siars becoming much more ghysicafly active.

B you ere planning to becams muath more physxaly ective than you are now, start by engwering the sevan questions in the box bakrw. B you ere between the
2985 of 15 and €3, the FAR-Q will tell you if you shordd check with your dodar before you start If you ere ovar 63 years of age, and you are not uzed to being
wery active, check with your doctor

Commor <ense is your best guide whan you arswer these qusstions. Fleass read ths questions carsfully 2nd answer each ane honestly. dhack YES or 0.

1. Has your doctor ever zaid that you have a beart condition and that yoo zhoald only do phyzical activity
recommended by a doctor?

2. Do you feel pain in yoor chezt when you do phyzical activity?
3. Inthe past month, have you had chest pain when you were not doing phyzical activity?
Do you toze your halance becanse of dizziness or do you ever boze constiousness?

$. Do you have a bone or joint preblem {for example, back, knee or hip) that could be made weorze by a
change in yoar phyzieal activity?

6. |z your doctor currently prezeribing drugz (for example, water pills) for your blood prezzure or heart con-
dition?

O O 0D0oo Og
O 0O OoOo0O Os

7. Do you hnew of any other reazon why you should not do phyzical artivity?

i YES to one or more questions

Tall with your docter by phane ¢r i parsan SEFOFE you start beraming much mero phyzicaly active or EEFURE you haee 2 ftness appraisal. Tell
you your doctor about the PAR-Q a8 which quasticns you arsaered YES

* You may be zble o do any activity yoo want — az lang 33 you =t slysly and buid up graduzlle Or, you may need 1o restrict your activies to
answered theze which ave safs &r you. Tk oith youwr doctor xbout tha bids of scthitins you wish 10 particoats s and Sllew histher ad\wee.

« Frd curwhich commusity prograns ar sada and bhelplul for you

DELAY BECOMING MUGH MORE ACTIVE:

= if you are noe fedling well bozauze of 2 terporzry ¥nems such s
2 i or 3 Sever — wait umid you feel etter; or

* if you are or may be pregnase — 13k e your doctor befers you
<tart bacoming mors actve.

NO to all questions

H oz ansaersd NO konsstly 1o 2l PAR-Q quastices, you cam Se remsonally mre that you an:

* gart brasming cuch mers shyzicaly active — bagin sioaly and bruild up gradudl,. This is the
oot and easiem way to go,

* tabe partn 2 fivess appraisal— this i an secellem way to detarcsizs your basik Stness 5o
that you <an plan. the best way far you to'fee activel b & diso: highly recommandad thas yoo

haye yeur Dload peessure evabated. 3 your rexding is cver 14494, ik with your docter

Eelero you s1ast bacoming mindh mare physicafy artive,

PLEASE ROTE: I your hoatth changes so-that you then snzwer YES 10
any of the above quastions, ol your ftress or hmath professonal.
Ask at:ether you should change your physical acity plane

ireed ke of he PARGE The Canadlan Socixty for Benrchie Physkogy Hetth Canaca, axd ther agents assore nefabliy for persens shocodzrisde physicd ety and i in doubt aber corgpietng
5 questigznalre, connsk your doctor pricr o pysiad authdty -

Ho change: permitied. You are encouraged te photocopy the PAR-Q but only if you uze the entire form. J

ROTE: # fie FAR-QEs being given 8 & person before ke or she partidpates by a phvysical ecthdty program ar & §toess spprakul, this sedon may be used e legad or annistrates purpeses.
Vhave read, understond and completad this questionnaire. Any questions | had were answered to &y full satisfacsion.”

RE
SEWERE ) i _ i TATE,
SIEWCIRE OF FASENT ] _ _ ] WITNESS

of GUARION ¢t parfcipents crder O aga of ruieedy)

Hote: This physical activity cleerence is valid for a maximom of 12 mouths from the date it is completed and
bexomes invalid if your condition changes so that yon would answer YES to any of the seven questions.

) ' )
“ © Conadian Sedlety by ardse Flysinbagy Suppreizd by Canada Canadn continued on ather side...
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Subject | HVR |R® |HVR |R® |HVR |R® |HVR [R* [HVR |[R? |HVR |R®* |HVR |R® |HVR |R® |HVR R’
1 024 1032 |036 | 066 | 041 043 [ 056 | 063 [036 | 077 | 041 0.51 | 0.41 061 {033 (049 | 039 | 059
2 043 | 083 (026 |065 [025 [067 |062 088 |075 |083 |035 | 069 |059 |089 |066 |084 |071 |048
3 022 (035 030 |045 | 062 064 [ 054 |058 | 041 057 (043 | 048 | 068 |059 {073 |058 | 056 | 050
4 024 (041 | 033 |[057 |028 |040 | 042 | 066 {046 {043 | 072 [ 091 |052 |074 |049 |071 | 047 | 078
5 067 |[059 084 |063 |097 [032 |082 [081 {111 082 |063 |[067 [079 |063 | 065 |[075 |082 |069
6 046 [035 046 |033 |047 |066 |041 |038 |045 [060 |061 |[061 (068 |069 | 060 [064 |058 |0.55
7 101 | 082 |122 |078 [ 220 {080 [1.75 |092 [153 | 087 | 106 [093 |106 |[094 | 114 |081 | 058 | 087
8 029 072 {025 |074 |042 064 |051 054 |030 |082 035 |055 |039 |046 |036 |055 |035 | 074
9 057 | 037 |098 |069 |087 |05 |[128 073 |113 |065 124 |063 |084 |081 | 141 |079 |087 | 084
10 056 |080 053 |079 |067 |082 |054 |086 |072 |083 |089 |080 |070 |067 |062 |090 |054 | 079
Mean 047 | 055 | 0556 | 063 | 0.71 061 | 075 (070 {072 {072 |067 (068 |066 [070 | 070 |0.71 | 059 | 0.68
sD 025 | 022 {034 |0415 |[057 |0418 |043 |047 |04t | 045 [031 |046 [ 020 [045 | 034 |0.43 | 047 | 0.14

Table 6.1: HVR results during the SDIH protocol. SD- standard deviation.
HVR values are expressed in litres'min”'%-Sa0;"




Subject | HVR [R®* |HVR |R* |HVR [R® |[HVR |R®* [HVR [R® |[HVR |R® |HVR [R* |HVR |[R® |HVR |R?
1 0261 | 0461 | 0.484 | 0.634 | 0.455 | 0508 | 0.807 | 0.545 | 0.488 | 0703 | 0778 | 0749 | 0.824 | 0592 | 0.734 | 0.661 | 0.651 | 0473
2 0414 | 0.748 | 0.298 | 0.513 | 0.408 | 0.716 | 0.485 | 0.697 | 0.477 | 0.814 | 0477 | 0.793 | 1.111 | 0.637 | 0.694 0.884 0.580 | 0.861
3 0576 | 0.774 | 0.674 | 0.615 | 0.768 | 0.785 | 0.771 | 0471 | 0.704 | 0.448 | 0.826 | 0.539 | 0.504 | 0.784 | 0.599 | 0.745 | 0.652 | 0.536
4 |0212 | 0504 | 0579 | 0.884 | 0.469 | 0,668 | 0.456 | 0.342 | 0.619 | 0.785 | 0.096 | 0.817 | 0.656 | 0.634 | 1.001 | 0.823 | 0.541 | 0.678
5 0.391 |{ 0508 | 0.846 | 0.463 | 1.036 | 0.644 | 1.065 | 0.669 | 0.577 | 0.350 | 0.719 | 0.578 | 0.722 | 0.649 | 0.936 | 0.658 | 0.778 | 0.566
6 0.327 | 0.839 | 0.796 | 0.398 | 0.417 | 0.470 | 0.561 | 0.577 | 0.740 | 0.471 | 0.520 | 0.660 | 0.835 | 0.603 | 0.696 | 0.632 | 0.650 | 0.532
7 0.875 | 0633 | 0.954 | 0.842 | 1.409 | 0.873 | 1.222 | 0.807 | 1.081 | 0.948 | 1.500 | 0.856 | 0.981 | 0.775 | 1.704 | 0.851 | 1.594 | 0.826
8 0.334 | 0.452 | 0.450 | 0.519 | 0.414 | 0.571 | 0.387 | 0.496 | 0.499 | 0.504 | 0.457 | 0.553 | 0.414 6.665 0.261 | 0623 | 0.295 | 0.628
9 0.844 | 0.883 | 0.782 | 0.737 | 0.802 | 0784 | 0.622 | 0.839 | 0.649 | 0.694 | 0.750 | 0.704 | 0.754 | 0.650 | 0814 | 0.767 | 0.500 | 0.658
10 0470 | 0.821 | 0634 | 0.803 | 0.414 | 0.750 | 1.039 | 0.751 | 0.791 | 0.796 | 0.708 | 0.928 | 0.578 | 0.854 | 0416 | 0.766 | 0.391 | 0.744
Mean 0.470 | 0.662 | 0.650 | 0.641 | 0.659 ‘| 0.677 | 0.741 | 0.619 | 0.662 | 0.651 | 0.773 | 0.718 | 0.738 | 0.684 | 0.785 | 0.741 | 0.663 | 0.650
sD 0.229 | 0470 | 0.202 | 0.169 | 0.343 | 0.130 | 0.289 | 0.160 | 0.183 | 0.196 | 0.306 | 0.134 | 0.213 | 0.088 | 0.391 | 0.094 | 0.356 | 0.129

Table 6.2: HVR results during the LDIH protocol. SD- standard deviation.
HVR values are expressed in litres'min"'%-Sa0,"
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SDIH

7 days
Subject Pre- Post- Post-
1 1.57 2.63 2.64
2 3.26 3.27 2.41
3 2.49 2.59 2.77
4 434 7.52 5.78
5 2.67 3.06 3.78
6 1.40 1.28 1.80
7 5.86 3.97 5.08
8 4.93 4.59 5.22
9| 327 4,32 3.00
10 2.07 5.23 3.68
Mean 3.19 3.85 3.62
Standard
Deviation 1.47 1.73 1.34

7 days
Subject Post-
1 2.46 2.70 1.47
2 2.18 4,79 2:70
3 2.86 .2.57 3.21
4 1.05 3.34 412
5 3.95 | 6.29 6.17
6 2.86 2.63 2.36
7 3.37 577 473
8 443 477 5.94
9 2.07 2.32 2.52
10 313 | 5.69 6.92
Mean 2.84 4.09 4,01
Standard
Deviation 0.97 1.54 1.86

1T1

Table 6.3: HCVR results during the LDIH and SDIH protocols.

HCVR values are expressed in litres-min”"%-mmHg™




(44!

SDIH Threshold Sensitivity LDIH Threshold Sensitivity
- 7 7
7 days days 7 days days
Subject Pre- Post- Post- Pre- | Post- | Post- Subject Pre- Post- Post- Pre- | Post- | Post-
1 44.12 42.20 4266 | 2.48 1.56 3.49 1] 4791 4184 | 43.02| 2.31 2.48 3.02
2 45.23 42.59 42.72 3.06 4.17 3.30 2 47.15 41.64 4335 428| 86.59 4.85
3 44.22 41.53 4716 | 2.61 1.73 2.32 3 44.46 43.05 43.05| 205 1.78 2.37
4 47.30 4243 43.15| 4.68 4.10 4.40 4 49.07 47.55 4845 | 3.84 3.29 4.86
5 45.11 41.93 4486 | 3.71 2.91 3.38 5 44.11 43.06| 4405| 3.50 4.34 4.09
6 48.92 45.78 48.89 1.72 1.64 2.31 6 46.81 46.70 4760 | 3.38 2.81 2.68
7 45.76 45.22 48.56 | 2.82 3.14 4.54 7 45.21 43.37 4598 | 4.27 2.12 2:81
8 43.44 42.24 4366 | 5.21 4.25 4.82 8 42.06 42.58 4297 | 575 3.67 3.9
9 44.26 43.13 4403 | 2.49 2.78 1.91° 9 43.75 44.02 42.33 1.98 2.16 1.94
10 49.61 45.61 46.56 | 4.29 3.43 2.69 10 49.31 45.41 46.22 | 4.15 3.07 5.10
Mean 45.80 43.27 4523 | 3.31 2.97 3.32 Mean 45.98 43.92 44.70 | 3.55 3.23 3.56
Standard Standard _
Deviation 212 1.63 2,39 112 "1.05 1.02 Deviation 243 2.01 2.18 1.18 1.41 1.14

Threshold units mmHg. Sensitivity values are expressed in litres-min”'%-mmHg™

Table 6.4: Hypoxic modified rebreathing method results during the LDIH and SDIH protocols.
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SDIH Threshold Sensitivi LDIH Threshold Sensitivit
7
7 days days 7 days 7 days
Subject Pre- Post- | Post- | Pre- | Post- | Post-~ Subject Pre- Post- | Post- Pre- | Post- | Post-
1 39.73| 3786 | 3875 4.70 5.01 4.54 1| 3986 38.32] 39.15 3.80 572 4.45
2 40.00 | 3796 4135 4.37 5.82 6.40 2] 3963| 3964]| 39.39| 1071 7.58 7.37
3 4054 | 4094 | 42.25 4.94 5.19 5.68 3| 4069 | 3848 3897 3.89 3.13 4.48
4 4416 | 38.02| 4140 5.00 4.80 5.75 4] 4315| 4098 | 40.31 443.| 412 4.44
5 37.75| 39.33| 3954 417 4.60 4:85 5| 3861 3659| 3766 6.58 4.69 4.16
6 46.58 | 4177 | 41.77 2.60 2.80 3.90 6| 4043 ] 3861 43.15 4.48 4.24 543
7 4435 40.30| 42.93 4.40 6.55 7.46 7] 4286 3993] 4273 798 6.34 5.57
8 3629 | 3785| 3764 756 | 751 6.11 8 3687 36.06) 3745 6.58 5.23 9.24
9 40.71 38.93 | 39.83 5.40 5.48 3.80 9| 3964 | 3952] 39.39 3.35 3.61 3.35
10 4382 | 41.15| 42.34 4.93 3.29 8.98 10| 4364 | 4127 4197 4.44 5.51 3.96
Mean 4139 | 3941 | 40.78 | 4.81 5.11 5.75 Mean 4054 | 38.94 | 40.02 5.62 5.02 5.25
Standard | Standard
Deviation 3.24 1.52 1.74 1.23 1.39 1.61 Deviation 2.14 1.70 2.00 2.33 1.34 1.79

Table 6.5: Hyperoxic modified rebreathing method results during the LDIH and SDIH protocols.

Threshold units mmHg. Sensitivity values are expressed in litres-min"'%-mmHg™
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Mean Minute Ventilation Pre-iH

Mean Minute Ventilation Post-lH

SDIH Normoxic Hypoxic Normoxic Hypoxic

Subject . | Low Moderate Low Moderate | Low Moderate Low Moderate
1 53.1 77.8 58.0 116.4 48.5 79.5 57.1 96.4
2 39.5 64.4 48.3 41.8 69.4 451
3 39.2 70.1 47.2 96.7 41.4 66.7 49.6 90.1
4 37.2 60.7 448 83.0 37.4 69.2 46.1 89.7
5 42.1 72.0 46.0 89.2 40.9 75.6 49.5 95.0
8 23.8 48.5 28.3 59.3 23.8 44.6 23.0 50.6
7 40.8 77.9 46.4 90.0 39.7 78.3 48.5 100.3
8 47.3 103.1 57.7 113.5 45.8 85.9 56.6 114.0
9 52.7 87.5 62.4 104.9 53.4 80.0 63.7 100.9

10 38.0 59.0 49.3 86.0 412 67.2 50.2 92.6

Mean 41.4 721 48.8 93.2 414 71.6 48.9 92.2

Standard

Deviation 8.5 15.6 9.4 174 7.8 114 10.7 17.3

Table 6.6: Submaximal minute ventilation values during exercise before and after SDIH.

litres-min*

Values are expressed in




: Mean Minute Ventilation Pre-lH " | Mean Minute Ventilation Post-IH
LDIH Normoxic Hypoxic Normoxic Hypoxic
Subject Low Moderate Low Moderate Low Moderate Low Moderate
1 54.1 78.8 60.0 : 119.5 44.5 78.8 51.9 , 98.8
2 35.1 60.7 429 443 66.9 47 1
3 36.8 59.0 38.2 83.9 41.8 65.1 45.2 90.8
4 425 70.0 51.3 106.6 36.9 64.1 47.9 81.9
5 38.7 70.2 41.5 76.2 41.1 66.6 45.8 84.4
6 22.9 426 249 52.6 2201 45.6 25.0 56.6
7 38.6 77.8 475 100.2 43.6 82.2 49.4 103.0
"8 46.9 80.5 50.8 100.5 47.5 81.2 52.1 99.3
9 48.2 80.5 54.7 95.8 49.5 77.9 57.8 96.7
10 39.9 65.8 51.4 89.3 40.4 72.8 50.8 93.1
Mean 404 68.6 46.3 91.6 41.2 - 701 47.3 89.4
Standard
Deviation 8.5 12.1 9.9 19.4 7.6 11.0 8.7 : 14.1
Table 6.7:1 Submaximal minute ventilation values during exercise before and after LDIH.  Values are expressed in
litres-min’

¢ll



SDIH

Subject Pre- Post- Delta
1 83.9 89.0 5.1
2 90.9 92.6 1.7
3 85.0 87.3 2.2
4 85.0 85.6 0.6
5 81.5 86.5 5.0
6 86.2 90.6 | 4.4
7 86.2 87.7 1.5
8 84.7 87.5 2.8
9 82.4 86.3 3.9
10 83.1 82.4 -0.6
Mean 84.9 87.6 2.7
Standard '
Deviation - 2.6 2.8 1.9

9C1

Table 6.8: Submaximal saturation values during hypoxic exercise before and after intermittent hypoxia.

expressed in %-Sa0;

LDIH
Subject Pre- Post- Delta
1 86.9 84.5 -2.4
2 90.2 90.2 . 0.0
3 84.3 86.0 1.7
4 80.4 84.8 4.4
5 86.4 87.7 1.3
6 86.8 86.9 0.1
7 87.8 86.6 -1.2 |
8 86.4 87.7 1.3
9 89.2 86.8 -2.4
10 82.8 83.6 0.8
Mean 86.1 86.5 0.4
Standard
Deviation 2.9 1.9 2.0
Values are



Pre 3bMA | Delta | Pre 3bMA | Delta | Pre 3bMA | Delta | Pre 3bMA | Deilta
Subject  Pre-SDIH
1 50.0 | 427 7.3 516 388 128 66.7| 615 52 7821 629 15.3
2 39.2 346 46 405 | 287} 11.9 625| 579 46 727 | 56.5 16.1
3 394 301 9.4 398 325 7.2 725 | 542 183 696 | 584 11.2
4 370 308 6.2 400 322 7.8 648 | 480 16.8 60.3| 473 13.0
5 4221 349 7.3 411 37.8 3.3 654 | 516 13.8 772 677 9.5
6 230 229 0.1 247 | 236 1.0 463 | 418 4.4 526 454 7.2
7 43.1 35.3 7.8 399 338 6.1 7851 644 14.0 81.1 67.0 14.1
8 371 36.6 0.6 508 429| 80 918} 78.0 139 1117 942 17.5
9 539 | 407 133 53.7 | 449 89| 852 771 8.1 902 792 11.0
10 334 335 -0.1 392 | 380 1.2 5321 499 3.3 5931 572 2.1
Mean 39.8| 34.2 56| -421 35.3 6.8 68.7| 584  10.2 753 | 63.6 11.7
SD 8.6 5.6 4.4 8.4 6.4 4.0 139 120 5.7 171 14.6 4.6
Post-SDIH .

1 5231 384 | 138 478 | 388 9.1 788 616 17.2 83.1 68.0 15.1

2 420 343 7.7 420 400 2.0 709 | 606 10.3
3 396 | 344 5.2 403 | 385 1.8 624 | 512 11.2 69.9| 59.0 10.9
4 3551 31.0 45 378 365 1.3 67.7| 518 15.8 716 | 552 16.4
5 429 | 339 8.9 4234 36.0 6.3 79.7| 664 13.3 775 684 9.1
6 226 | 202 24 226 | 202 2.4 442 329 11.3 464 | 412 52
7 413} 367 4.6 38.1 238 144 79.0] 604 18.6 830! 611 219
8 429 36.2 6.7 46.5| 430 3.5 795] 702 9.3 87.5| 80.0 75
9 626 | 455 172 4931 420 7.3 800 625 17.5 781 725 56
10 409 | 367 42 374 372 0.2 694 | 581 11.3 67.7| 573 10.4
Mean 423 | 347 7.5 404 356 4.8 71.2| 576 13.6 73.9| 625 11.3
SD 10.3 6.4 4.7 7.6 7.6 4.4 13| 104 34 122 | 113 55

Table 6.9: Hyperoxic Test ventilation values during normoxic exercise before and after SDIH. 3bMA = Three-breath
moving average. Pre = mean ventilation for the 30 seconds prior to the challenge. Values are expressed in litres:min™

Lzl



Pre 3bMA | Delta | Pre 3bMA | Delta | Pre 3bMA | Delta | Pre 3bMA | Delta
Subject Pre-LDIH
1 55.3 403 | 15.0 52.0 48.0 40 74.7 581 16.7 83.5 61.7 21.8
2 36.2 26.7 9.5 31.8 28.0 3.8 63.3 526 | 10.7 60.1 53.9 | 6.3
, 3 33.2 33.3 0.0 39.0 327 6.3 59.4 50.8 8.6 62.5 50.3 12.2
4 41.1 291 12.0 44 1 304 136 68.6 62.6 6.0 75.2 63.4 11.8
5 40.3 35.2 5.1 37.0 35.3 1.7 708 | 530 17.8 75.7 55.5 20.3
6 226 20.6 2.1 215 18.1 34 42.9 39.4 3.4 421 37.9 43
7 375 315 6.0 40.5 32.1 8.4 68.9 64.5 4.4 846 | 6438 19.9
8 491 38.2| 109 48.5 425 6.0 76.8 68.6 8.2 828 | 738 9.0
9 48.0 36.0| 120 471 39.1 8.0 79.7 68.07 117 85.2 73.0 12.2
10 41.3 34.0 7.4 41.0 3607 .50 659 | 62.1 371 667 623 45
Mean 40.5 325 8.0 40.3 34.2 6.0 67.1 58.0 9.1 71.9 59.6 12.2
SD 9.1 5.8 4.8 8.8 8.2 34 10.5 9.1 5.1 14.0 10.8 6.5
Post-LDIH
1 50.4 36.9! 134 447 37.3 74 79.4 596 19.8 80.1 58.1 21.9
2 43.4 37.7 57 416 304 112 65.3 1 56.9 8.4 70.5 51.1 19.5
3 40.7 35.5 52 42.0 40.4 16 59.3 | 56.0 3.3 675| 606 7.0
4| 334 27.8 5.5 36.0 334 26 62.4 4681 156 65.2 55.1 10.1
5 42.0 37.7 4.3 39.5 36.0 35 745 630! 115 73.1 63.8 9.3
6 22.0 17.5 45 21.2 18.7 25 427 38.9 3.8 458 | 420 3.8
7 43.0 33.0| 100 45.0 3481 101 721 64.3 7.8 83.8 74.7 9.2
8 52.1 398 | 123 47.4 40.5 6.9 76.8 67.5 9.3 83.8| 60.8 - 230
9 53.0 35.0| 18.0 49.9 44.2 5.7 74.0 66.7 7.3 79.0 73.7 5.3
10 39.6 28.8| 108 409 394 1.5 73.2 58.8 | 14.4 74.7 53.2 21.5
Mean 41.9 33.0 9.0 40.8 35.5 5.3 68.0 578 101 723 59.3 13.1
SD 9.3 6.7 4,7 8.0 71 3.5 11.0 9.0 5.3 11.3 10.0 7.5

Table 6.10: Hyperoxic Test ventilation values during normoxic exercise before and after LDIH. 3bMA = Three- breath
moving average. Pre = mean ventilation for the 30 seconds prior to the challenge. Values are expressed in litres- ‘min”!

8¢l



Pre 3bMA | Delta | Pre 3bMA | Delta | Pre 3bMA | Delta | Pre 3bMA | Delta
Subject Pre-SDIH ,
' 1 55.2 59.3 4.1 55.6 59.5 3.9 81.8 91.8 10.0 84.6 92.1 7.5
2 387 565 17.8 39.6 5574} 16.1| 616 76.2 14.6 61.0 80.0 19.0
3 37.9 434 5.5 39.7 43.8 4.1 66.5 83.2 16.7 716 828 11.2
4 34.7 453 10.7 37.0 448 7.8 576 70.5 12.9 60.1 76.0 15.9
5 40.6 53.8 13.2 447 5491 10.2 70.3 80.5 10.2 75.2 91.1 16.0
6 24.0 32.1 8.1 23.8 31.8 8.0 47.1 55.2 8.1 48.0 60.5 12.5
7 39.3 47.7 8.4 40.9 48.9 8.0 73.2 87.4 14.3 78.8 91.3 125
8 49.3 59.1 9.8 51.8 652 134 998 | 116.7 16.9| 108.9| 1226 | 136
9 50.5 53.6 3.1 52.4 61.3 8.9 80.3 97.5 17.2 944 | 124.0| 296
10 39.2 43.4 42 40.2 47.3 7.1 60.2 63.6 34| 631 72.2 9.1
Mean 409 | 494 8.5 42.6 51.3 8.8 69.8 82.3 124 74.6 89.2 14.7
SD 8.9 8.6 4.6 9.2 10.0 3.8 14.9 17.6 4.5 18.1 204 ] 6.2
Post-SDIH ,

1 449 586 | 136 48.8 58.2 9.4 77.9 91.1 13.2 782 95.0 16.8

2 421 47.8 5.7 41.1 59.8 | 187 67.8 80.1 12.3
3 42.0 47.2 52 43.5 51.6 8.1 66.3 84.1 17.8 68.2 80.2 11.9
4 38.0 5391 158 38.2 531} 149 68.4 888 | 204 69.2 93.6 24.4
5 38.0 453 7.3 40.4 47.3 6.9 67.5 83.0 155 776 86.3 8.6
6 26.8 27.9 1.1 23.0 386 | 157 42.0 48.2 6.2 46.0 50.7 47
7 41.0 53.7 | 127 38.2 545| 16.3 725 93.5 21.0 78.8 | 1086 29.8
8 459 66.4 | 206 48.0 63.0| 15.0 85.0 95.9 109 915 1057 | 141
9 53.8 641} 10.3 47.9 61.3| 134 76.2 90.0 13.8 85.8 97.3 11.5
10 40.5 45.7 5.1 46.1 51.5 5.4 62.7 69.0 6.3 68.9 72.8 3.9
Mean 41.3 51.1 9.8 41.5 539 | 124 68.6 82.4 13.7 73.8 87.8 14.0
SD 6.9 111 5.9 7.7 7.3 4.5 114 14.3 5.1 13.1 18.0 8.6

Table 6.11: Hypercapnic Test ventilation values during normoxic exercise before and after SDIH. 3bMA = Three- breath
- moving average. Pre = mean ventilation for the 30 seconds prior to the challenge. Values are expressed in litres: min”
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Pre 3bMA | Delta | Pre 3bMA | Delta | Pre 3bMA | Delta | Pre 3bMA | Delta
Subject Pre-LDIH
1 57.2 66.1 8.9 52.0 6431 123 76.2 97.7 215 81.0 93.7 12.7
2 35.8 43.6 7.8 36.6 44.0 7.4 58.0 61.8 3.8 61.5 68.1 6.6
3 346 480 | 11.4 404 518 113 56.2 66.6 104 57.9 72.6 147
4 44.0 49.9 59 407 5111 104 68.7 96.3 27.5 67.5 93.9 26.3
5 396 454 5.8 37.7 42.3 4.6 64.0 72.3 8.3 70.4 82.8 12.4
6 24.7 3481 10.1 229 271 42 41.0 50.9 9.9 446 58.1 13.5
7 39.1 416 2.5 371 559 | 18.9 75.6 88.5 12.9 82.2 97.8 15.7
8 447 51.5 6.8 450 59.3 | 14.2 79.7 86.7 7.0 82.7 94.9 12.2
9 476 58.2| 106 50.1 628 127 75.4 82.1 6.7 81.7 | 103.3 216
10 35.5 39.7 4.3 419 47.4 55 63.5 65.5 2.0 67.0 72.0 5.0
Mean 40.3 47.7 74 404 506 | 10.2 65.8 76.8 11.0 69.6 83.7 141
SD 8.8 9.2 29 8.1 1.1 4.7 11.9 15.7 7.9 12.7 15.2 6.3
Post-LDIH
1 38.1 53.1] 14.9 447 571 123 74.3 84.0 9.7 81.5 96.7 15.2
2 49 4 51.2 1.8 429 514 8.5 64.9 80.3 15.4 66.7 81.7 14.9
3 41.1 47.9 6.8 436 50.6 7.0 64.0 75.9 11.9 69.5 80.7 11.2
4 39.3 4867 7.5 39.0 46.3 7.3 65.2 80.0 14.8 63.4 84.7 213
5 43.8 49.0 52 39.1 450 58 58.4 64.3 59 60.3 67.8 7.5
6 21.8 25.7 39 22.9 26.8 3.9 46.6 62.3 15.7 47.4 57.7 10.2
7 419 548 | 129 44 .4 586 | 14.2 89.7| 116.9 27.2 83.1 114.9 31.8
8 453 559 10.5 45.0 599 149 81.5 98.1 16.6 82.7 98.8 16.1
9 450 53.7 8.7 50.3 58.3 8.0 70.8 75.7 4.9 88.0 1 101.2 13.2
10 39.7 455 5.8 414 47.9 6.5 67.3 81.3 14.0 76.2 76.7 0.5
Mean 40.5 48.3 7.8 413 50.2 8.8 68.3 81.9 13.6 71.9 86.1 14.2
SD 7.4 8.7 4.0 7.2 9.9 3.7 11.9 15.9 6.3 12.7 17.0 8.3

Table 6.12: Hypercapnic Test ventilation values during normoxic exercise before and after LDIH. 3bMA = Three-breath
moving average. Pre = mean ventilation for the 30 seconds prior to the challenge. Values are expressed in litres-min™



[€1

Pre 3bMA | Deita | Pre 3bMA | Delta | Pre 3bMA | Deita | Pre 3bMA | Delta

Subject Pre-SDIH
575! 380 195 549| 379| 17.0]| 1017 551 466 | 1041 68.3 359
477 294 182 474 | 307 167 50.9 370| 139
446 | 305 141 488| 3551 132| 104.1 729 312} 1077 77.2 305
435 243 19.2 457 26.7 18.9 78.7 50.9 27.9 89.5 55.4 34.1
4471 37.0 77| 466 | 386 8.0 82.5 59.8 | 227 89.8 70.3 19.6
289 1638 121 28.1 22.2 6.0 576 | 464 112 603 | 434 16.9
470 | 324 146 429 | 353 78 906 658]| 248 834} 665 229
5651 419] 137 590! 440| 150 86.5 86.5 00| 1238 9886 25.2
584 | 334 250 621 366 255| 1055 70.8| 346 1069 733 336
470| 259 | 211 53.8] 2298| 309 824 | 483 | 341 923 | 612 311

QWO~NOODHWN -

—

Mean 475 310 165 489 | 33.0 15.9 84.0 59.4 | 247 96.0 68.2 27.7

SD 8.6 7.4 5.0 9.6 7.2 7.9 18.4 14.8 13.5 17.7 15.3 6.9
Post-SDIH
1 58.1 439 14.2 56.8 399 16.9 98.7 66.9 31.8 99.5 74.4 25.0
2 46.3 21.3 249 426 316 11.0
3 496 26.1 236 51.3 38.2 12.1 83.8 55.5 28.3 89.5 63.9 25.6
4 45.1 23.9 21.1 46.6 27.3 19.3 87.3 63.5 23.8 946 64.0 306
5 50.1 39.8 10.3 51.8 413 10.5 97.8 78.9 19.0 99.9 79.2 20.8
6 218 15.2 6.6 23.9 18.2 5.8 51.3 34.8 16.4 55.5 379 176
7 479 33.0 14.9 492 33.0 16.2 99.1 69.4 29.7 | 1050 74.2 308
8 55.1 37.9 17.2 58.3 377 206 102.8 81.2 2161 120.0 94.1 259
9 61.9 327 292 66.4 36.9 29.5 99.7 58.2 41.5 98.2 69.0 29.2
10 51.4 33.5 17.8 494 25.2 24.3 93.0 49.0 44.0 93.1 64.2 28.9

Mean | 487 | 307| 180, 496 | 330| 166| 904| 619] 285] 950] 69.0] 261

SD| 10.8 9.0 69| 11.2 7.5 71| 159 146 95| 17.2]| 151 4.5
Table 6.13: Hyperoxic Test ventilation values during hypoxic exercise before and after SDIH. 3bMA = Three-breath

moving average. Pre = mean ventilation for the 30 seconds prior to the challenge. Values are expressed in litres-min™




ctl

Pre 3bMA | Delta | Pre 3bMA | Delta | Pre 3bMA | Delta | Pre 3bMA | Delta

Subject Pre-LDIH
57.5 38.7 18.8 59.5 47.5 12.0 97.3 76.2 212 1283 ] 106.5 21.8
43.8 27.7 16.1 422 29.7 126 73.1 46.4 26.7 72.4 48.2 242
37.9 26.8 11.2 38.8 31.1 7.7 90.7 55.5 35.2 90.0 65.7 243
490, 250 240 57.0 316| 254 1034 64.6 38.8| 1095 76.6 329
40.8 37.0 3.8 421 36.3 5.8 74.5 52.9 215 78.5 64.6 13.9
236 14.1 95| 266 204 6.2 55.4 36.5 19.0 54.0 40.5 13.5
448 37.7 7.2 51.6 33.7 17.8 90.5 79.3 11.3 ] 105.0 81.5 235
50.1 33.5 16.5 50.5 411 9.5 92.7 67.4 254 1074 81.0 26.5
559 | 37.2 18.8 57.4 336 237 92.8 64.1 28.7 99.7 80.7 18.0
50.1 328 174 51.4 41.0 10.4 89.4 64.8 247 90.1 51.8 38.3

QO WOW~NNOOOH WN -

—_—

Mean 454 | 310 143 | 477 346 | 131 86.0| 608 252 93.5 69.7 23.8

SD 9.8 1.7 62| 102 7.5 7.0 14.2 13.1 7.9 213 19.6 1.7
Post-LDIH
1 505 386 119} 521 37.3 14.8 93.5 706 229 99.5 747 248
2| 474 341 13.3| 46.2 32.2 141
3| 434 354 80| 487 31.0 17.8 88.3 508 284 99.8 588 | 41.0
4| 479 212 | 266 | 467 | 261 205 84.7 38.1 46.6 81.4 358 456
5| 460 374 85! 476 38.6 9.0 88.2 624 | 258 95.6 78.0 17.5
6 236 19.8 38 250 155 9.5 53.7 341 19.6 56.4 37.5 18.9
71 510 392 11.8 | 489 319 16.9 88.2 715 16.7 | 104.9 95.6 9.3
8| 518| 357 16.1 51.3 321 19.2 81.3 704 | 208 1001 786 | 214
9, 544 286| 259 582 405 17.7 90.6 60.1 3051 100.1 68.6 316
10{ 501 325 17.5| 506 30.7 19.9 98.1 549 432| 1040 80.8 23.2

Mean | 466 | 322| 143 | 475 316| 160| 863 | 580| 283 | 935| 676 259

SD 8.7 6.9 74 8.6 7.1 41| 128 137] 104 155 201 | 116
Table 6.14: Hyperoxic Test ventilation values during hypoxic exercise before and after LDIH. 3bMA = Three-breath

moving average. Pre = mean ventilation for the 30 seconds prior to the challenge. Values are expressed in litres-min™




eel

Pre 3bMA | Deita | Pre 3bMA | Delta | Pre 3bMA | Delta J Pre 3bMA Delta

Subject Pre-SDIH
597 | 66.3 66| 60.1 66.1 6.1] 1283 135.0 66| 1313 1458 14.4
47 1 743 272 510 737 227 78.9 97.6 18.7
465 578 113 489 64.1 16.3 834 1035 201 91.6 108.5 16.9
423 | 548 125 478} 682 204 79.3 94.3 15.0 845 976 13.1
444 523 79 483 537 54 86.5 105.1 18.6 98.1 101.0 3.0
287 376 89| 275 416 141 57.9 61.9 40 61.6 68.8 7.2
493 | 55.2 58| 463 | 548 8.5 84.7 97.7 13.0 952 101.1 5.8
583 793| 210| 579 801 2221 1233 135.7 124 | 1201 135.3 16.2
66.1 83.3 172 | 630 712 8.2 994 1210 216 107.7 134.8 27.1
457 ] 519 6.2| 507)| 587 7.9 78.9 97.3 184 90.6 98.1 7.6

OCOWOW~NOOOMAWN .-

—

Mean 488 | 613 125 ] 501 63.2 13.1 90.1 104.9 14.8 97.9 1101 12.3

SD 10.5 14.2 7.2 9.8 11.3 6.8 21.5 21.7 59 20.3 24.2 7.3
Post-SDIH
1 550| 676 12.6 58.5 76.6 18.2 94.0 118.6 246 93.4 109.6 16.2
2 448 | ©64.7 19.9 46.8 56.6 9.8
3 46.6 58.7 12.2 50.8 60.1 9.3 92.0 114.8 22.7 95.1 130.2 35.1
4 446 75.1 30.5 48.2 712 22.9 85.5 110.3 24.8 91.2 106.6 154
5 47.4 548 7.4 48.7 53.7 5.0 85.4 104.3 18.9 96.7 103.0 6.2
6 21.9 32.6 10.7 246 30.5 59 46.7 63.9 17.3 48.7 51.8 3.1
7 47.0 60.2 13.3 49.9 55.4 55 91.8 1106 189 | 105.3 124.1 18.8
8 55.5 84.0 28.5 57.2 78.4 212 1136 131.4 17.8 | 1195 140.2 20.6
9 60.8 75.3 14.6 65.6 72.5 6.9 100.7 110.7 10.0 { 105.0 124.1 19.1
10 51.4 55.8 4.4 48.7 57.0 8.3 922 95.6 34 92.3 105.9 136

Mean | 475| 629 | 154 | 499 612| 113| 891| 106.7| 176| 941! 1106 165
SD| 105| 143 85| 10.7| 143 68| 181 18.8 70| 193 254 9.1
Table 6.15: Hypercapnic Test ventilation values during hypoxic exercise before and after SDIH. 3bMA = Three-breath
moving average. Pre = mean ventilation for the 30 seconds prior to the challenge. Values are expressed in litres-min™




pel

Pre 3bMA | Delta | Pre 3bMA | Delta | Pre 3bMA Delta | Pre 3bMA Delta

Subject Pre-LDIH
60.1 855 254 629 741 112 113.0 1315 185 1394 164 .4 249
4291 550 122 | 428 | 488 6.1 65.8 83.1 17.2 70.3 83.8 135
344 5186 172 4164 522 10.6 73.0 98.3 | 252 81.8 102.7 20.9
476 | 60.9 133 | 517 695 1781 102.1 120.4 1831 1113 1221 10.8
406 | 442 36| 426| 511 8.5 68.8 99.3 30.5 83.1 89.5 6.4
243 | 388 145 250 29.1 41 49.2 66.2 16.9 51.5 69.8 18.3
48.1 66.9 18.7| 455 611 156 98.8 113.4 147 | 1064 128.3 219
516 | 698 18.2 51.1 712 201 98.8 112.7 139 103.0 125.0 220
52.8| 592 64 525 637 11.2 91.0 107.2 16.2 99.7 110.6 11.0
539 | 571 32} 500 643 14.3 854 94.9 9.5 921 107.9 15.8

QOWO~NOOHEWN -

-—

Mean 456 | 589 | 133 | 466 | 585 11.9 84.6 102.7 18.1 93.9 1104 16.5

SD 105 133 7.2 9.9 135 5.1 19.8 18.8 5.9 24.2 26.8 6.0
Post-LDIH
1 51.8| 668 50| 532! 588 56 92.6 110.7 18.1 1 109.5 122.0 125
2] 451 46.7 16| 497 | 66.3 16.6

3| 429 658 229 458| 669 211 81.5 97.3 15.8 93.6 111.2 17.7
4| 475 | 588 11.3| 495| 58.1 8.6 78.1 1006 | 225 83.6 96.9 13.4
5| 435| 5830 85| 461 514 53 73.8 89.4 156 80.1 90.4 10.3
6| 250 335 86| 263 329 6.6 58.4 63.3 4.9 57.8 68.6 10.8
7| 520 617 97| 456 669 | 213| 1126 126.0 13.5| 106.3 144.8 38.5
8 521 738 217 532]| 708 176 97.8 111.8 13.9 | 108.1 122.6 14.5
9 570 63.1 60| 617| 692 7.5 98.4 110.4 121 976 113.3 15.7
10| 518 | 688 1701 607 56.9 6.2 815 94.2 12.7 89.0 1017 12.7

Mean | 469 | 582 113) 482 | 598 11.7| 861 | 1004| 143| 91.7| 1079 162
sD 89| 116 71 90| 113 67| 16.0 17.8 48| 166 21.9 8.7
Table 6.16: Hypercapnic Test ventilation values during hypoxic exercise before and after LDIH. 3bMA = Three-breath
moving average. Pre = mean ventilation for the 30 seconds prior to the challenge. Values are expressed in litres-min™’




Subject SDIH Protocol Day 1 SDIH Protocol Day 8
Ramp Peak Peak Ramp Peak Peak
Time (s) | VO2 Ve Time (s) | VO2 Ve
1 9 3.06 | 1223 64 2921 1319
2 0 0
3 0 106.5 150 103.3
4 134 83.3 62 96.1
5 205 28741 1033 166 2.84 94.4
6 220 84.0 217 95.8
7 50 174
8 130 243 | 1414 165 265 | 166.6
9 210 3.81 131.8 330 430 | 1747
10 160 323 1117 154 328 | 117.8
Mean 111.8 3.1 110.5 148.2 3.2 122.6
Standard
Deviation 89.8 0.5 20.9 91.6 0.7 32.4

GEl

Table 6.17: Peak Ramp time, oxygen consumption VO2, and ventilation during a graded exercise test in hypoxia before
and after SDIH. Ventilation and oxygen consumption values are expressed in litres-min™’



Subject LDIH Protocol Day 1 LDIH Protocol Day 8
Ramp Peak Peak Ramp Peak Peak
Time (s) | VO2 Ve Time (S) | VO2 Ve
1 60 3261 1326 142 3.07 97.2
2 30 0| NA '
3 142 111.9 150 102.3
4 190 136.6 143 89.9
5 216 2.60 97.3 232 2.61 110.5
6 188 89.2 176 88.5
7 148 155
8 180 2861 1493 225 360| 154.8
9 244 344 116.2 310 335 1220
10 217 324 1183 241 329 | 1251
Mean 161.5 3.1/118.9 177.4 3.2]111.3
Standard
Deviation 69.0 0.3} 20.1 83.0 0.4 22.2

Table 6.18: Peak Ramp time, oxygen consumption VO2, and ventilation during a graded exercise test in hypoxia before
and after LDIH. Ventilation and oxygen consumption values are expressed in litres-min™
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