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Abstract

Patients with COPD exhibit limited exercise endurance time compared to healthy age-matched individuals. Oxygen sup-
plementation is often applied to improve endurance time during pulmonary rehabilitation in patients with COPD and thus a
comprehensive understanding of the mechanisms leading to improved endurance is desirable. This review analyses data from
two studies by our research group investigating the effect of oxygen supplementation on cerebrovascular, systemic, respiratory
and locomotor muscle oxygen availability on the same cohort of individuals with advanced COPD, and the mechanisms asso-
ciated with improved endurance time in hyperoxia, which was essentially doubled (at the same power output). In hyperoxia
at isotime (the time at which patients became exhausted in normoxia) exercise was associated with greater respiratory and
locomotor muscle (but not frontal cortex) oxygen delivery (despite lower cardiac output), lower lactate concentration and
less tachypnoea. Frontal cortex oxygen saturation was higher, and respiratory drive lower. Hence, improved endurance in
hyperoxia appears to be facilitated by several factors: increased oxygen availability to the respiratory and locomotor muscles,
less metabolic acidosis, and lower respiratory drive. At exhaustion in both normoxia and hyperoxia, only cardiac output
and breathing pattern were not different between conditions. However, minute ventilation in hyperoxia exceeded the critical
level of ventilatory constraints (Vg/MVV >75-80%). Lactate remained lower and respiratory and locomotor muscle oxygen
delivery greater in hyperoxia, suggesting greater muscle oxygen availability improving muscle function. Taken together,
these findings suggest that central haemodynamic and ventilatory limitations and not contracting muscle conditions dictate
endurance time in COPD during exercise in hyperoxia.
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Introduction

Patients with Chronic Obstructive Pulmonary Disease
(COPD) exhibit limited endurance time compared to healthy
age-matched individuals [1]. This is due to a combination
of factors—yventilatory constraints, arterial hypoxemia from
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ventilation/perfusion inequality, reduced systemic oxygen
delivery and peripheral muscle dysfunction [1]. During
exercise, as ventilatory demand increases, patients with
COPD exhibit limited ventilatory capacity due to expira-
tory flow limitation and dynamic hyperinflation, leading to
a mismatch between ventilatory capacity and demand, which
intensifies dyspnoea [1, 2]. Moreover, oxygen delivery to
the respiratory and locomotor muscles becomes insuffi-
cient because of the limited increase in cardiac output and
the arterial hypoxemia, which can worsen with increasing
exercise intensity [1, 3]. In addition to the limited oxygen
availability to the working muscles, locomotor muscle fibre
abnormalities accelerate the onset of muscle fatigue leading
to increased peripheral muscle discomfort. Oxygen supple-
mentation is known to enhance exercise endurance time at
a fixed power output in patients with COPD [4-8] and is
often applied to prolong endurance time during pulmonary
rehabilitation. Studies in COPD investigating endurance
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time and physiological variables during exercise at a fixed
power output during hyperoxia compared to normoxia show
reduced ventilatory drive and metabolic load, and improved
dynamic ventilatory mechanics, which together result in a
delay in the attainment of critical ventilatory constraints and
the attendant intolerable respiratory discomfort [6—8]. In the
study by Somfay and colleagues improvements in endurance
time were dose-dependent according to different fractions
of inspired oxygen (FIO,), thereby showing optimal effects
of hyperoxia at 0.5 FIO, without any further improvements
at 0.75 and 1.0 FIO, [6]. Effects of hyperoxia on endur-
ance time from relevant studies [4-8] are provided in Fig. 1.
However, these studies principally [6—8] focused on venti-
latory variables leading to conclusions primarily about the
magnitude of improvement in ventilatory mechanics during
exercise in hyperoxia compared to normoxia. In the present
report of our studies we have taken the unique and broad set
of central hemodynamic, ventilatory and cerebrovascular,
respiratory and locomotor muscle oxygen delivery meas-
urements to reason through why endurance is elevated by
hyperoxia and in the end what terminates exercise endurance
as factor(s) common to normoxia and hyperoxia. To this
end, the current review paper analyses findings from experi-
ments investigating the effect of oxygen supplementation on
cerebrovascular, systemic (i.e., whole body), respiratory and
locomotor muscle oxygen availability on the same individu-
als with advanced COPD (Table 1) exercising to the limit of
tolerance in normoxia and normobaric hyperoxia (1.0 FIO,).
Data presented here have been extracted from our group's
studies [4, 5]. To this end the current review paper analyses
findings from experiments investigating the effect of oxygen
supplementation on cerebrovascular, systemic (i.e., whole
body), respiratory and locomotor muscle oxygen availabil-
ity on the same individuals with advanced COPD (Table 1)
exercising to the limit of tolerance in normoxia and normo-
baric hyperoxia (100% oxygen). Data presented here have
been extracted from our group's studies [4, 5].

The focus of this article is on two issues: The first is “iso-
time” (which is the time at which patients became exhausted

Fig. 1 Percentage improvement
in submaximal exercise endur- 0 20

Table 1 Lung function and

N k Variables Value

demographic phenotyping of

COPD patients Age (years) 66 (5)
Height (cm) 169 (9)
Weight (kg) 73 (14)
BMI (kg/m?) 25.5(4.1)
FEMI (kg/m?) 17.7 (2.6)
FEV, (L) 1.2 (0.4)
FEV, (% pred) 42.2 (12.9)
FVC (L) 2.7(0.7)
FVC (% pred) 71.2 (17.2)
TLC (L) 8.1(1.8)
TLC (% pred) 130 (20)
RV (L) 4.4 (1.3)
RV (% pred) 209 (50)
FRC (L) 5.5(1.3)
FRC (% pred) 171 (30)
Dy, co (% pred) 374 (11.1)
PaO, (mmHg) 71 (10)
PaCO, (mmHg) 39 (7)
Sa0, (%) 93 (4)
pH 7.44 (0.29)

Data are presented as means
(SD) for n=12 [5]. BMI body
mass index, FFMI fat-free mass
index, FEV, forced expiratory
volume in the first second, %
pred % predicted, FVC forced
vital capacity, TLC total lung
capacity, RV residual volume,
FRC functional residual capac-
ity, Dy, o diffusing capacity of
the lung for carbon monoxide,
PaO, arterial oxygen tension,
PaCO, arterial carbon dioxide
tension, SaO, arterial oxygen
saturation

in normoxia), where it is helpful to compare physiological
variables in normoxia and hyperoxia to identify those which
remain more favourable to exercise in hyperoxia, thus likely

Percentage increase in exercise endurance time (%)
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ance time during hyperoxia
compared to normoxia in
patients with COPD. Fractions
of inspired oxygen concentra-
tion (FIO,) and peak work rate
(PWR) are shown for each
study. The study by Somfay

et al. 2001, shows data from
the same patients exercising at
different F1O,
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facilitating increased endurance. The second is to compare
physiological variables at exhaustion under both FIO, condi-
tions to identify those that, while more favourable at isotime,
have reached similar values at exhaustion. Such variables
likely indicate critical factors determining endurance time.

Thus, the first aim of the present review is to identify the
mechanisms of improved endurance time in hyperoxia, and
secondly, to identify which physiological factors determine
exhaustion in both hyperoxia and normoxia.

Analysis

Experiments were conducted in two visits. In visit 1, patients
underwent an incremental exercise test to the limit of tol-
erance [peak work rate (WRpeak)] while breathing room
air. In visit 2, patients undertook two constant-load exercise
tests at the same work rate (75% WRpeak) while breathing
room air first and 100% oxygen afterwards. 100% oxygen
was administered by having subjects inspire from a Douglas
bag that was connected to the inspiratory port of a non-
re-breathing two-way valve by wide-bore tubing. The same
apparatus was utilised during room air breathing to ensure
that patients were blinded to the inspired gas mixture each
time. During each constant-load exercise test, recordings of
ventilatory variables were performed breath-by-breath. Dur-
ing exercise, intercostal, abdominal, and quadriceps mus-
cle blood flow was assessed by near-infrared spectroscopy
(NIRS) using the light-absorbing tracer indocyanine green
(ICG) dye as indicator [9]. Local muscle blood flow was
assessed via three pairs of NIRS optodes that were placed
on the skin over (1) the left seventh intercostal space at the
midaxillary line, (2) the upper rectus abdominis, and (3)
the left vastus lateralis muscle 10-12 cm above the knee,
respectively. Cerebral cortex blood flow was assessed by
one pair of NIRS optodes that was placed on the skin over
the left frontal cortex region of the forehead. The respective
oxygen delivery was calculated as the product of the appro-
priate blood flow and arterial oxygen content. Cardiac output
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was measured by the standard dye dilution method using
ICG [10]. Arterial blood pressure was measured invasively
through the right radial artery using a Nihon Kohden moni-
tor. Arterial blood gases were measured at rest and exhaus-
tion during the final minute of each test; percentage arterial
oxygen saturation (%Sa0,), arterial tensions of O, (PaO,)
and CO, (PaCO,), Hb concentration, and lactate concentra-
tion were measured from 2-ml blood samples using a blood
gas analyser combined with a co-oximeter. As endurance
time was expected to be significantly prolonged while sub-
jects breathed pure oxygen, measurements during these tri-
als were also performed at the time point where exercise in
room air was terminated (i.e., at isotime). Detailed methods
can be found in the previous studies from our group [4, 5].

Cerebrovascular oxygen availability and brain
oxygenation (Fig. 2)

In patients with COPD prolonged exercise endurance time
with oxygen supplementation has been attributed to the alle-
viation of ventilatory constraints, improved oxygen delivery
to the locomotor muscles and reduced perceptions of dysp-
noea and leg discomfort [11-15]. Whether improvement in
endurance time in these patients is partly due to increased
brain oxygen availability remained until recently unexplored.
Increased brain oxygen availability could alter symptom per-
ception and/or cardio-pulmonary responses to exercise, both
of which could affect endurance time.

At both exercise isotime and exhaustion, frontal cortex
cerebral blood flow was lower in hyperoxia compared to nor-
moxia (Fig. 2a) most likely due to arteriolar vasoconstriction
with high oxygen supplementation [16]. However, cerebral
oxygen delivery was not different between normoxia and
hyperoxia at either isotime or exhaustion (Fig. 2b), due
to higher arterial oxygen concentrations. Thus, improved
exercise endurance time during hyperoxia was not attrib-
uted to increased cerebrovascular oxygen availability [5].
Interestingly, frontal cortex oxygen saturation measured
by NIRS (StO,) was higher in hyperoxia (Fig. 2c) despite

65
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— ]
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Rest Isotime Exhaustion Rest

Fig.2 Frontal cortex cerebrovascular oxygenation and haemody-
namic responses: (a) blood flow, (b) oxygen delivery and (c) frac-
tional oxygen saturation (St,0,%) at rest and at exhaustion while
breathing room air (closed symbols), or 100% oxygen (open sym-

T | r T 1
Isotime Exhaustion Rest Isotime Exhaustion

bols). Values are means (SEM) for n=12 [5]. *p<0.05 compared
with room air at the same time point of exercise; {[p <0.05 compared
with exhaustion in room air
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similar oxygen delivery, presenting the possibility that the
brain might have been better oxygenated despite lower blood
flow and that this could have contributed to prolonged endur-
ance time in hyperoxia. However, at exhaustion in hyperoxia,
frontal cortex oxygen StO, remained similar to values at
isotime, considerably exceeding those at exhaustion in nor-
moxia, thus suggesting that brain oxygenation is not respon-
sible for the patient’s decision to stop exercise. The major
caveat with this analysis is that frontal cortex parameters
may not reflect those of the regions of the brain responsible
for those decisions. Similar minute ventilation at isotime
despite higher arterial PaCO, and lower dyspnoea scores
(Table 2) imply lower respiratory drive in hyperoxia [17,
18], thereby suggesting there might be a role for the brain in
the different physiological responses and endurance times
between normoxia and hyperoxia.

Ventilatory capacity versus ventilatory demand
(Table 2, Fig. 3).

Ventilation was similar at isotime in normoxia and hyperoxia
but rose to above critically sustainable values at exhaustion
[4, 5]. Respiratory frequency in hyperoxia, lower at isotime,
increased with similar values observed at exhaustion in both
conditions. Arterial PaCO, was higher in hyperoxia, but
without difference between isotime and exhaustion. Arterial
lactate, lower at isotime in hyperoxia compared to normoxia,
remained lower at exhaustion in hyperoxia. The isotime data
suggest that hyperoxia lowered respiratory drive and the
exhaustion comparison shows hyperoxia facilitated greater
ventilation without greater dyspnoea. Taken together, the
data suggest a key role for ventilatory responses in determin-
ing endurance time, with hyperoxia reducing drive to breathe
and thus delaying symptoms.

Our COPD population exhibited exercise-induced
dynamic hyperinflation as reflected by the decrease in inspir-
atory capacity from baseline in normoxia, which was equal
to 196 ml [19] (Table 2). Moreover, ventilatory constraints
at exhaustion in normoxia, were manifested by Vg/MVV
reaching the critical point of ventilatory constraints (i.e.:
75% Vg/MVV) (Fig. 3f). Besides the restrictive ventilatory
mechanical constraints limiting endurance time in normoxia
[2], a limited delivery of oxygen to the locomotor muscles,
resulting in increased lactate (Table 2), may have consti-
tuted an additional reason for limiting exercise tolerance in
normoxia.

In hyperoxia Vi was lower than in normoxia at isotime.
However, at exhaustion in hyperoxia, Vi was greater than
in normoxia most likely reflecting the increase in exercise
time in this condition. In addition, an FIO, of 1.0 lead to
hypercapnia at exercise isotime in hyperoxia and thus, res-
piratory drive further increased from isotime to exhaustion
in hyperoxia leading to increased ventilation and attainment
of mechanical ventilatory constraints. During hyperoxia,
patients did not show substantial dynamic hyperinflation
neither at isotime nor at exhaustion (decrease in IC from
baseline of 110-120 ml), which might partially explain the
wider V expansion in hyperoxia compared to normoxia
(Table 2). This was possibly due to reduced expiratory flow
limitation that was reflected by the reduced expiratory time
(Tg) (Fig. 3b) and the increased Ti/ToT (Table 2) at both
isotime and exhaustion in hyperoxia compared to exhaus-
tion in normoxia. A possible mechanism for the reduced
dynamic hyperinflation in hyperoxia has been reasoned to be
associated with the altered breathing pattern during hyper-
oxia compared to normoxia (i.e., alterations in respiratory
timing, increased expiratory flow and thus enhanced lung

emptying) [7].

Table 2 Breathing pattern and
gas exchange in normoxia and

Variables

Air exhaustion 100% oxygen isotime 100% oxygen exhaustion

hyperoxia during exercise at
75% of WRpeak

Time, s

Vg, I/min

V1

f, breaths/min

Ti/Ttot. %

AIC, 1

Sa0,, %

PaO,, mmHg

PaCO,, mmHg

Lactate concentration (mmol/l)
Borg dyspnoea scores
Borg leg discomfort scores

406 (36) 696 (48)*
35.1 (3.0) 33.6 (2.5) 39.6 (2.6)*
1.23 (0.09) 1.30 (0.12)* 1.34 (0.13)*
29.0 (2.0) 26.0 (2.0)* 29.0 (2.1)
35.0 (2.0) 45.6 (2.7 44.1 (2.6)*
—0.196 (0.03)  —0.110 (0.02) —0.119 (0.03)
88 (2) 99 (1)* 99 (1)*
67 (4) 540 (14)* 533 (23)*
48 (2) 51 (3)* 52 (3)*
4.7(0.5) 3.2 (0.5)% 3.2 (0.6)*
7.4 (2.0) 4.9 (1.0y* 6.3 (1.3)
59(2.1) 4.6 (1.7)% 5.9 (2.0)

Values are expressed as mean (SEM) for n=10 [4, 5]. WRpeak peak work rate in room air, 7i/Tot duty
cycle of inspiration, AI/C change in inspiratory capacity from baseline; *p <0.05 versus exhaustion in room

air.
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Fig. 3 Breathing pattern a
responses: (a) time of inspira-

tion (T)), (b) time of expiration

(Tg), (c) breathing frequency

(), (d) minute ventilation (Vg),

(e) tidal volume (Vy), (f) breath-

ing reserve (Vg/MVV), all

recorded at rest, at isotime and

at exhaustion while breathing

20 e Room air

A 100% oxygen

room air (closed symbols) or b
100% oxygen (open symbols). 20
Values are means (SEM) for

n=10 [4, 5]. Isotime data are 170

those obtained on 100% oxygen

at the same time as at exhaus- s
tion on room air. *p <0.05 com- " 1250
pared with room air at the same

time point of exercise; {p<0.05 10

compared with exhaustion in
room air. Significant differ-
ences between data at isotime
or exhaustion and rest are not
indicated on the figure. Dotted 250
line on Fig. 3f denotes the level
of critical ventilatory constraints
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Circulatory effects of breathing 100% oxygen
during exercise (Fig. 4)

At isotime during hyperoxia, cardiac output was approxi-
mately 10% lower than in normoxia (Fig. 4a), possibly
because of lower sympathetic stimulation resulting from
abolition of arterial hypoxemia. However, cardiac output
reached the same values at exhaustion under both conditions.
With exercise stopping at the same cardiac output values
in normoxia and hyperoxia, this makes cardiac function a
candidate factor in determining endurance time: when car-
diac output can no longer be increased, further exercise is
curtailed. In hyperoxia, this took longer than in normoxia,
possibly because of lower sympathetic stimulation in hyper-
oxia [20].

During hyperoxia, the expectedly higher arterial oxygen
content was seen (Fig. 4b), which resulted in higher systemic
oxygen delivery despite the lower cardiac output. Interest-
ingly, at exhaustion in hyperoxia, systemic oxygen delivery
was significantly higher than at exhaustion in normoxia. This
finding does not support global oxygen transport as a fac-
tor determining endurance time. Of course, global oxygen
transport data do not reveal how much oxygen was avail-
able to key tissues important to endurance time such as the
locomotor, respiratory or cardiac muscles or the relevant
parts of the brain.

Exhaustion Rest Iso-time Exhaustion

Respiratory and locomotor muscle blood flow
and oxygen delivery (Fig. 5)

Intercostal, abdominal and locomotor muscle blood flow (all
assessed by NIRS using ICG) were not different between
normoxia and hyperoxia at isotime or at exhaustion (Fig. 5)
[4]. However, oxygen delivery, both to these respiratory
muscles and the locomotor muscles, was significantly greater
during hyperoxia compared to normoxia at both isotime and
exhaustion [4]. Note that diaphragm blood flow cannot be
measured by NIRS because its probes, placed on the skin
surface, cannot access signals from that muscle because of
anatomical distance from the skin.

This leads to the notion that a principal enabler of longer
endurance time during hyperoxia is elevated oxygen delivery
to the respiratory and locomotor muscles. The increase in
oxygen delivery was associated with reduced dyspnoea and
leg discomfort at exercise isotime (Table 2) and lower lactate
levels. In fact Louvaris et al. [21] have shown that improved
intercostal and abdominal muscle oxygen delivery is associ-
ated with reduced dyspnoea at exercise isotime.

However, the finding that locomotor and respiratory mus-
cle oxygen availability remained greater at exhaustion in
hyperoxia compared to normoxia, does not support a role for
these factors in determining the actual time to exhaustion.
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Fig.4 Central haemodynamic
responses: (a) cardiac output,
(b) systemic arterial oxygen 8
content (Ca,0,), (c) systemic
oxygen delivery, (d) lactate
concentration, recorded at
rest, at isotime and at exhaus-
tion while breathing room air 4
(closed symbols) or 100% oxy-
gen (open symbols). Values are
means (SEM) for n=10 [4, 5].
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Proposed mechanisms of prolonged
endurance time during hyperoxia in COPD

Discussion of why hyperoxia, compared to normoxia, signif-
icantly increased endurance time (by 5 min, approximately a
factor of two) [4, 5] during exercise sustained at 75% PWR
is of great interest, and the data presented above allow some
insight into the responsible physiological mechanisms. Two
separate but related questions need to be addressed: First,
how hyperoxia enables longer endurance times and second,
what factor(s) determine exhaustion—the point at which the
patient can no longer continue exercise. The latter question
should be answered with mechanisms that explain exhaus-
tion under both conditions.

How hyperoxia prolongs endurance time
at a given power output

The logic underlying analysis of this question is that at iso-
time (the time during hyperoxic exercise corresponding to
the point of exhaustion during normoxic exercise), values of
physiological variables of importance to endurance should
be more favourable in hyperoxia compared to their values at
exhaustion in normoxia.

First, respiratory drive is reduced by hyperoxia. While
this allows arterial PaCO, to rise, the abolition of arterial
hypoxemia likely results in less carotid body neural signal-
ling to the respiratory centres [18]. This in turn reduces
minute ventilation, the work of breathing and associated
dyspnoea, and thus delays the decision to stop exercise. Sec-
ond, cardiac output is lower in hyperoxia, likely because

@ Springer
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Exhaustion

of reduced sympathetic activation from elimination of arte-
rial hypoxemia [20]. This leaves some reserve that can be
used to enable continued exercise, which may require addi-
tional blood flow due to temperature increases or slow phase
oxygen uptake increase. Oxygenation status of the brain is
greater in hyperoxia (based on frontal cortex measurements).
Better oxygenation of regions of the brain responsible for
symptom perception and resulting decision-making by the
patient may attenuate those symptoms and enable longer
exercise time [22, 23]. Arterial PaO, in hyperoxia exceeds
500 mmHg, which must increase intracellular PaO,. Oxi-
dative phosphorylation, driven by intracellular PaO,, can,
therefore, proceed faster, raising maximal oxygen utilization
rate potential [24]. The same absolute oxygen consumption
rate is now a lower fraction of a higher maximal oxygen
consumption rate, enabling longer exercise time. Faster oxi-
dative phosphorylation from the higher intracellular PaO,
also allows more of the products of glycolysis to flow into
the citric acid cycle of the locomotor and respiratory mus-
cles and not be diverted into lactate production [25]. Lower
lactate levels likely reduce both dyspnoea and leg discomfort
(less acidosis) and allow for longer exercise time.

What are the factor(s), which determine exhaustion?

The logic we apply to probe this question is to compare
physiological variables a) at exhaustion in normoxia with
their values at the same time during hyperoxic exercise
(isotime) at the same power output, and b) at exhaustion
under both FIO, conditions. We expect determining factors
to exhibit a) more favourable values in hyperoxia than in
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Fig.5 Quadriceps and respiratory muscle haemodynamic responses:
(a) quadriceps muscle blood flow; (b) intercostal muscle blood
flow; (¢) abdominal muscle blood flow; (d) quadriceps muscle oxy-
gen delivery; (e) intercostal muscle oxygen delivery; (f) abdomi-
nal muscle oxygen delivery recorded at rest, at the time of exhaus-
tion in room air (isotime), and at exhaustion while subjects breathed

normoxia at isotime but b) similar (or possibly even less
favourable) values at exhaustion under both FIO, conditions.

The physiological variables that fit the pattern expected
for a limiting factor (i.e., favourable in hyperoxia at iso-
time but not significantly different at exhaustion) were car-
diac output (Fig. 4a), breathing frequency, expiratory time
(Table 2) and ventilation (Fig. 3). However, respiratory mus-
cle and locomotor muscle oxygen delivery and frontal cortex
tissue oxygenation levels were all higher at exhaustion in
hyperoxia than in normoxia, and arterial lactate was lower.

At exhaustion in hyperoxia, cardiac output reached the
same absolute value as in normoxia indicating limited cen-
tral haemodynamic response. Consequently, at exhaustion in
both normoxia and hyperoxia cardiac output exceeded 95%
of peak cardiac output previously reported by our group for
patients with comparable COPD severity during exercise in
room air [26]. This finding indicates, limited cardiovascular
reserve.
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100% oxygen (open symbols), or room air (closed symbols). Values
are means (SEM) for n=10 [4]. Isotime data are those obtained on
100% oxygen at the same time as at exhaustion on room air. *p <0.05
compared with room air at the same time point of exercise; p <0.05
compared with exhaustion in room air

Likewise, expiratory time reached the same values at
exhaustion in normoxia and hyperoxia, thus indicating pro-
longed expiratory phase most likely secondary to expiratory
flow limitation (EFL). EFL is known to intensify dyspnoea
[27]. Furthermore, breathing frequency was identical at
exhaustion in both conditions. However, tidal volume was
still greater at exhaustion in hyperoxia compared to exhaus-
tion in normoxia, thereby causing minute ventilation at
exhaustion in hyperoxia to exceed the critical level of venti-
latory constraints (i.e.: VE/MVV >75-80%) that is indicative
of ventilatory limitation [28]. When VE/MVYV reaches or
exceeds 75-80% in room air, breathing discomfort is intensi-
fied and is associated with exercise limitation in COPD [28].
The study by O’Donnell et al. (2001) showed that endurance
time during cycling sustained at 75% of peak work capac-
ity was limited when Vi/MVYV reached 83% in normoxia
and 84% in hyperoxia [7]. Our studies [4, 5] and this by
O’Donnell et al. (2001) show that dyspnoea at exhaustion

@ Springer



1284

Internal and Emergency Medicine (2022) 17:1277-1286

Oxygen
supplementation

\

Cerebrovascular oxygen availability

Central haemodynamics

e Increase cerebrovascular
oxygen saturation

flow
e |dentical cerebral oxygen
delivery

e Decrease frontal cortex blood

+Increase Cao,
-Increase systemic
O,DEL

ﬁg

Respiratory and

locomotor muscles Increase local

muscle O,DEL

Decrease lactate

+Increase oxygenation

Ventilatory demand

Al
&% -

-Decrease V'e

+Decrease breathing

frequency

[ +Increase ti/ttot
t\~~ - } «Increase te
N +Reduce DH

\

Decrease dyspnoea
-Decrease leg fatigue
+Increase exercise tolerance

Fig.6 A schematic representation conceptualising the acute physi-
ological responses of patients with COPD during exercise breathing
oxygen compared with exercise in room air at isotime (when work

in hyperoxia was not different compared to that in normoxia
(Table 2).

Therefore, according to this analysis, the likely major rea-
sons for terminating exercise in both hyperoxia and normoxia
were having reached central cardiovascular and ventilatory lim-
itation, which took longer during hyperoxia than in normoxia
due to greater oxygen availability. These findings, in turn, high-
light the value of exercise in hyperoxic conditions, which delays
the increase in cardiac output and the critical level of ventilatory
limitation (both due to increased arterial oxygenation).

Likelihood of blood flow redistribution from the respiratory
to the locomotor muscles

Whilst oxygen supplementation (hyperoxia) primarily
enhances arterial oxygen concentration, it also lessens the

@ Springer

completed is the same between normoxia and hyperoxia). ¢, expira-
tory time, DH dynamic hyperinflation, CO cardiac output, O,DEL
oxygen delivery, SVC systemic vascular conductance

work of breathing [6, 29-31]. Decreased work of breathing
has been shown to be associated with less ‘respiratory mus-
cle metaboreflex’ triggering, causing less sympathetic effer-
ent discharge to the leg muscles, thus allowing improved
leg muscle blood flow and oxygen delivery [29, 32, 33].
However, whether the increase in endurance time in COPD
occurs on the basis of improved blood flow to the locomotor
muscles remained largely unknown for some time. Whilst
previous reports suggested that reducing the work of breath-
ing was associated with an increase in locomotor muscle
blood flow [32, 33], the findings from our studies do not
support this hypothesis as respiratory and locomotor muscle
blood flow were not different between normoxia and hyper-
oxia at neither exercise isotime nor at exhaustion (Fig. 5) [4].

Comparison of our studies with the literature

Previous studies have shown that compared to exercise in
room air, oxygen supplementation prolongs exercise endur-
ance time by 40-160% relative to normoxia. In our studies
[4, 5] endurance time was increased by 75% compared to
normoxia, which is within the range previously reported.
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Comparing the findings of our study to previously pub-
lished studies [6—-8], hyperoxia elicited an identical pattern
in delaying ventilatory constraints that is in line with our
findings. Our report expands on the multifactorial effects
of hyperoxia, besides reducing the stress on the ventilatory
and cardiovascular systems, the reliance on anaerobic gly-
colysis and the perception of symptom intensity, by showing
improved cerebral oxygen saturation and oxygen delivery to
locomotor and respiratory muscles at exercise isotime with
normoxia.

In healthy individuals, the inability of the circulatory sys-
tem to meet the requirements of locomotor and respiratory
muscles during normoxic heavy exercise contributes to the
termination of exercise before reaching critical ventilatory
constraints as opposed to COPD patients which exhibit both
circulatory and ventilatory constraints [34].

Conclusions

Several factors improve endurance time during hyper-
oxia in patients with COPD as follows (Fig. 6). During
hyperoxia, respiratory drive is reduced, lessening dysp-
noea. Moreover, cardiac output is lower, leaving reserve
in blood flow. Oxygenation status of the brain is greater,
perhaps reducing symptom perception. Oxygen delivery to
the respiratory and locomotor muscles is higher, increas-
ing intracellular PaO, and thus enhancing oxidative phos-
phorylation. Finally, blood lactate is reduced, lowering
acidosis, dyspnoea and leg discomfort. Time to exhaustion
on the other hand appears to be largely determined by hav-
ing reached both ventilatory and cardiac limits of function.

Clinical implications

Exercise training in hyperoxic conditions during pulmo-
nary rehabilitation allows greater exercise tolerance at
a given exercise intensity or sustaining higher exercise
intensities for a given period of time, thus potentially
inducing greater physiological adaptations compared to
exercise training in normoxia. Furthermore, regular exer-
cise training with elevated FIO, likely raises mitochondrial
PO,, which might reduce hypoxia-related adaptive gene
expression and counter muscle adaptive changes.
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