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SUMMARY

The majority of the available works have studied distinct hypoxic responses of respiratory and
cardiovascular systems. This study examines how these systems interact while responding to
hypoxia and whether baseline metrics moderate reactions to a hypoxic challenge.

Central hemodynamic, aortic wave reflection, and gas exchange parameters were measured in 27
trained young men before and after 10-min normobaric isocapnic hypoxia (10% O2). Associations
were assessed by correlation and multiple regression analyses.

Hypoxic changes in the parameters of pulse wave analysis such as augmentation index (—114%,
p=0.007), pulse pressure amplification (+6%, p= 0.020), time to aortic reflection wave (+21%,
p<0.001) report on the increase in arterial distensibility. Specifically, initially compliant arteries
blunt the positive cardiac chronotropic response to hypoxia and facilitate the myocardial workload.
The degree of blood oxygen desaturation is directly correlated with both baseline values and
hypoxic responses of aortic and peripheral blood pressures. The hypoxia-induced gain in ventilation
(VE), while controlling for basal VE and heart rate (HR), is inversely associated with AHR and

Asystolic blood pressure.

The study suggests that cardiovascular and respiratory systems mutually supplement each other

when responding to hypoxic challenge.

KEY WORDS: pulse wave analysis, central hemodynamics, stiffness, gas exchange, hypoxia



INTRODUCTION

Although many researchers have studied the influence of both high altitude hypobaric and
experimental normobaric hypoxia on respiratory and cardiovascular functions in humans, the
existed literature provides contradictory data. On the one hand, hypoxia has been found to increase
peripheral blood flow (Leuenberger et al. 1999) and dilate muscular arteries (Thomson et al. 2006)
by reducing their stiffness (Vedam et al. 2009) despite an increase in muscle sympathetic
vasoconstrictor nerve activity (Xie et al. 2001). However, this is not a general phenomenon since it
is not observed in aorta (Boos et al. 2012) or renal arteries (Sharkey et al. 1998). Acute hypoxia
diminished forearm skin blood flow in skiers and increased it in swimmers (Krivoschekov et al.
2013). While in humans an acute hypoxia increased HR (Divert et al. 2015), in anesthetized rats it
elicited no or even negative cardiac chronotropic effects (Donina et al. 2015).

The modern recommendations for identifying individuals with health or physiological
contraindications for an activity involving hypoxia mainly refer to mountaineers or to patients
suffering from cardio-vascular or respiratory insufficiencies (Rimoldi et al. 2010). However, there
are a number of life situations in which people are occasionally exposed to professional or
environmental hypoxia (i.e., air passengers, divers, sportsmen, firefighters, miners, military). Based
on the theoretical consideration of cross-adaptation mechanisms, it seems likely that hypoxic
challenge testing could be useful for determining the resistance to other entropic factors.

Data concerning the basal and post-stimulus relations in cardiac and respiratory interactions
during hypoxia have infrequently been considered in the research literature. Consequently, the
objective of this study was to evaluate whether cardiovascular and respiratory responses to hypoxia
depend upon basal parameters and, if so, how strong the any associations might be. Identification of
such parameters or relationships would allow the choosing of individuals resistant to hypoxia
without or before testing physiological responses to hypoxic challenge.

We hypothesized that there would be predominantly inverse quantitative and timing inter-
relations between cardiovascular and respiratory systems in response to a hypoxic challenge - the
cardiac reaction precedes the ventilator response and the enhanced responsiveness of one system
relates to a diminished response in the other. Evidence consistent with this hypothesis is found in
the data of Lhuissier et al. (2012a) who have documented an enhanced respiratory response to
hypoxia but a reduced cardiac reaction in an older sample. Similarly, Calbet et al. (2008) have
shown that an increase of heart rate and cardiac output during exercise in hypoxia impairs
pulmonary gas exchange by reducing the time available for alveolar-end capillary diffusion
equilibration. The current report examines the associations between these two systems in a sample

of young, healthy men.



METHODS

Participants

Twenty-seven healthy nonsmoking male students aged 17—24 years participated in the study.
Their height, weight and body mass index were 181.0+5.8 cm, 69.6+8.6 kg, 21.2+1.8 kg/m®.
Participants were selected on the basis that they were normotensive or pre-hypertensive (<140/90
mm Hg), and had no cardiovascular, respiratory or metabolic diseases. They were trained in an
exclusive aerobic exercise modality (viz. middle distance running and skiing) and were
participating in a regular training program 4-6 days a week. All provided written consent and the

Institute's Ethics Committee approved the study protocol.

Protocol

Participants were asked to abstain from alcohol and caffeine for the 24 hours before the study
and the laboratory temperature was maintained at 23-25 °C throughout the study. After a 15-min
adaptation to laboratory conditions, subjects went through an acute 10-min hypoxia (10% O,).
Immediately before the test and at the10th minute, gas exchange and pulse wave characteristics
were measured in the seating position. All tests were performed in winter at the same time of day in

the morning and by the same observer.

Physiological evaluation

The respiratory parameters were assessed using the Oxycon Pro ergospirometry system (Erich
Jaeger, Germany) combined with the BCI Autocorr pulse oxymeter (Smith Medical PM, Inc.,
USA). A transcutaneous sensor was placed on an ear lobe. The hypoxic gas mixture was prepared
by using a New Life medical oxygen concentrator (AirStep, USA) that was converted to a
hypoxycator with a controlled output oxygen concentration ranging from 18 to 9 % in a mixture
with atmospheric nitrogen. Gas exchange was recorded breath-by-breath, using a facemask
connected to a Y system fixation with a double valve, which ensures separate pathways between
inspired and expired flows. An inspiratory valve, connected to a gas mixer, allowed the subjects to
inhale a hypoxic mixture of ambient air.

The following parameters were measured at 5-s intervals during the hypoxic period: blood
oxygen saturation (SpO,, %), pulmonary ventilation (VE, L/min), breathing frequency (BF, 1/min),

oxygen consumption rate (VO,, mL/min), carbon dioxide production rate (VCO,, mL/min),



respiratory exchange (gas exchange) ratio (RER, VCO,/ VO,), mean O, and CO, concentrations in
expired air (FeO,, FeCO,, %).

The assessment of arterial wave characteristics was performed using the SphygmoCor Pulse
Wave Analysis (PWA) Px system (AtCor Medical, Australia) (Korpas et al. 2009). After recording
the blood pressure in the brachial artery with an automated oscillometric method (MT-4, MediTech
USA), the applanation tonometer was positioned over the radial artery and the pulse was
continuously recorded. Using a previously validated generalized transfer function (Pauka et al.
2001) the system software calculates an averaged radial artery waveform, calibrated with brachial
systolic and diastolic pressure, and derives a corresponding aortic pressure waveform (Fig. 1).

[Figure 1 here]

The augmentation pressure is determined as a rise in pressure predominantly due to the reflected
wave, AP = P, — P;, mmHg. In young individuals, it is common to see no augmentation or a
negative one. The latter situation occurs if the reflected pressure wave comes to the aorta after the
systolic peak, P, < P1. The augmentation index (Alx, standardized for a heart rate of 75 bpm) is
defined as the percentage of AP-to-pulse pressure ratio. The extent of augmentation is known to
increase as the arteries stiffen (Wilkinson et al. 1998). The left ventricular ejection duration (ED) is
the systolic time. Using the point of ED, the areas under the systolic and diastolic parts of the pulse
curve are then calculated. The first parameter, commonly known as Tension Time Index (TTI), has
been shown to relate to the contractile work of the heart and to its oxygen consumption. The
diastolic part (diastolic pressure time index, DPTI) is associated with the time for coronary
perfusion and characterizes energy supply. The ratio is termed as subendocardial viability ratio
(SEVR = DPTI/TTI) and characterizes the balance between the energy supply and demand on the
heart. Time to reflection, Tr, reflects the time at the onset of the reflected wave. It correlates with
pulse wave velocity (Wilkinson et al. 2002, Sharman et al. 2005) and is a proxy of the arterial
compliance: the reflected pressure wave arrives earlier at the ascending aorta from rigid peripheral
arteries compared to compliant ones. Vedam et al. (2009) provided evidence to support the
suggestion that hypoxic change in Alx represents muscular arteries stiffness whereas Tr
characterizes mainly the aortic elasticity.

The pulse pressure amplification from the aorta to radial artery was calculated according to
formulae Ampl = PP,/ PP,. This parameter has been shown to represent the arterial stiffness in
hypertensive patients (Avolio et al. 2009, Hashimoto, Ito 2010).

For the purposes of comparison and correlation analysis, the relative hypoxic response of each
variable was determined as that corresponding to 1 percent of blood desaturation and was computed
according to formulae AVar = (Varny, —Vary) / (SpOpi — SpOnyp). In order to make associations of

negatively responding variables, like SpO,, intuitively understandable and clear, the magnitude of



their responses were inverted and calculated as AVari, = Vary, — Varyy,. Since the amplitude and
particularly timing parameters of pulse curve substantially depend upon HR (Wilkinson et al. 2000,
Lantelme et al. 2002) correlations for cardiovascular variables were computed after controlling for

the effects of HRy, HRnyp Or AHR, as appropriate.

Statistical analysis

All the continuous variables were tested for Gaussian distribution with the Kolmogorov-
Smirnov criterion. A comparison between initial and hypoxic values was made with paired t-test or
Wilcoxon's test. The calculation of paired or partial coefficients of Spearman’s or Pearson's
correlations, as appropriate, assessed linear associations among variables. In order to evaluate
comparative contributions of known predictors to cardio-vascular-respiratory responses, the General
Linear Model (GLM) procedure in SPSS-19 was used. The approach provides regression analysis
and analysis of variance for one dependent variable examining the distinct effects of both covariates
and fixed factors as well as any interactions between them. All tests were 2-tailed, and p < 0.05 was
considered significant. However, p < 0.1 is also indicated in order to mark a tendency in a

difference or association. Values are Means + SDs.

RESULTS

Parameters at baseline (table 1)

Respiratory characteristics. Persons with high ventilation rate also manifest an elevated value of
oxygen consumption (r=0.42, p=0.043).

Cardiovascular parameters. Augmentation pressure and index are both negative as it is usually
observed in young persons with good arterial flexibility. The left ventricular ejection duration
comprises 30% of the cardiac cycle. Pulse pressure in radial artery is 1.7 times higher compared to
aortic PP due to the greater peripheral SBP. The high value of PP amplification is strongly
associated with low augmentation pressure and augmentation index (r=—0.95) while the absolute
timing variables, Tr and ejection duration, are obviously associated with Tf (directly) and HR
(inversely).

[Table 1 here]

Respiratory/cardiovascular relations. When HR was controlled, there was a slight positive

partial correlation of breath frequency with aortic time to reflection (r=0.47, p=0.025) but inverse

correlations with pulse pressure in a. radialis (r=—0.44) and aorta (r=—0.42) due to the direct



association of BF with diastolic blood pressure (r=0.40, p=0.037). The high ventilation rate is
associated with lower peripheral and aortic pulse pressures (r=—0.44 and r=-0.45).
[Table 2 here]

The regression analysis yielded the most robust relations between FeO,, PP Ampl, and Tr. The
regression model including the latter two variables as covariates explains 99 % of total variation of
FeO, (Table 2, A). Both parameters are thus highly reliable predictors of partial oxygen
concentration in exhaled air: the greater the Ampl and Tr (i.e. the more compliant arteries), the
higher the FeO, and, most likely, the lower the oxygen demand. A comparison of sums of squares
for both independent variables reports on almost 5-time preponderance of PP amplification over Tr.
The negative interaction term shows that both predictors blunt the each other's positive effect upon
FeO..

The oxygen consumption rate increases with increasing arterial compliance. The partial
correlation coefficients, adjusted for the basal HR, of VO, with AP and PP Ampl are —0.41
(p=0.050) and 0.46 (p=0.029), respectively.

Response to hypoxia (table 1)

Respiratory characteristics. Since the O, concentration in the air decreases, so do the SpO, and
FeO, as parameters which primarily and directly depend on the partial oxygen content in inspired
air. Hypoxia slightly increases VE but not BF. The fall in oxygen consumption (—24%) is observed
on the ground of unchanged VCOs.

Cardiovascular parameters. In this sample, the hypoxia elicited a positive cardiac chronotropic
effect markedly shortening the cardiac cycle. The relative ejection duration increases at the expense
of decreasing diastole duration. The SEVR therefore falls. This pattern suggests an elevation of the
cardiac contractile load and worsening conditions for myocardial afterload perfusion. The inhaling
hypoxic mixture notably elongates relative time to reflection Tr.

Hypoxia causes no changes in BPs regardless of marked increases in HR. However, there is a
tendency toward an increase in radial PP that favors aortic-to-radial PP amplification. The decrease
in augmentation pressure and augmentation index together with the rise in PP amplification and Tr
illustrate the diminished stiffness of large muscular arteries that is a likely reason for the lack of
hypertensive reaction during hypoxia.

The figures in the two right columns of the Table 1 highlight the remarkable individual
variability of hypoxic physiological responses. Only SpO,, FeO,, and RER demonstrate
unidirectional responses across all participants whereas other parameters show both positive and

negative individual variation. So, for example, VO, decreased in 22 and increased in five persons.
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To summarize the effects of acute short-lasting normobaric hypoxia, the responses consist of an
increase of pulmonary ventilation, heart rate, aortic-to-peripheral pulse pressure amplification,
cardiac ejection duration, and a decrease of augmentation pressure. The substantial shortening of
diastole and fall in SEVR worsen the cardiac afterload perfusion and oxygen demand/supply ratio.

Associations among initial values and hypoxia-induced responses

The next questions to be answered were as follows: are there and what are the parameters at
baseline that relate to hypoxic reactions. After the preliminary paired correlation analysis, related
variables were tested with regressions testing for interactions among several predictors and
evaluating their comparative contribution to response magnitudes. The significant regression
models are presented in Table 2.

Respiratory parameters. Although the average group response of breathing frequency is close to
zero, its relative value calculated per percent of desaturation depends upon baseline ventilation (r=—
0.49, p=0.021): low VE predicts a greater gain in breathing frequency.

Cardiovascular characteristics. We then tested a hypothesis regarding whether compliant
arteries facilitate the contractile cardiac work and hence abolish the hypoxia-induced increase in
heart rate. The regression model (Table 2, B1) for AHR combining hypoxic value of HR and two
baseline stiffness characters (Ampl and wave reflection time Tr, the latter adjusted for Tf), explains
80 percent of the total variation in the dependent variable (per n?). All three predictors exert a
consistent influence on the AHR. The impact of Tr is 3 times greater than that of Ampl as it follows
from the comparison of sum of squares. The negative regression coefficients demonstrate the
inverse association: the greater the baseline values of Ampl and Tr (i.e. the greater the arterial
compliance), the smaller the hypoxic rise in HR. Similarly, an initially high value of Aix (i.e. high
arterial stiffness), is associated with greater hypoxia-induced increases in ejection duration (Table 2,
C) and, converse decreases in SEVR (Table 2, D1). The nonsignificant interaction between the two
predictors (Table 2, D2) means that their effects are independent. Thus, the effects of stiffness
parameters are distinct from the changes attributable to HR, meaning that stiff arteries stress the
heart and worsen myocardial perfusion during short-term hypoxia.

Respiratory/cardiovascular relations. The next question to be considered regarded the
predictors of desaturation. The level of ASpO, magnitude linearly increases with baseline blood
pressures at least within the limits observed in the selected population. The slight correlations
(r=0.37+0.44, p<0.05) show that desaturation is greater among participants with high initial systolic
and diastolic blood pressures: the higher the pressure the less saturation falls.

The AP and Alx levels become progressively less negative during the hypoxic test (i.e. changes
in arterial resilience become less pronounced, with increasing individual RER at baseline). Thus,

APy, 1s equal to —6.33+2.06 mm Hg among those participants having lower than median RER



(0.92) and APy, = —2.08+2.97 mm Hg among those where RER > 0.92 (p=0.001). The respective
difference for Alx corresponds to p-value of 0.006. Therefore, persons with a low initial VCO,-to-
VO, ratio show a greater hypoxic decrease in arterial stiffness than those with high RER. After
controlling for AHR, the partial correlation between hypoxic augmentation pressure drop (AAP;,)
and RERy, is —0.45, p=0.033, while the respective coefficient for AAIx;, is —0.50, p=0.016.

The high initial ventilation and its enhanced hypoxic reaction blunt the positive cardiac
chronotropic response (Table 2, B2). Similarly, the VEy, tends to be inversely correlated with
hypoxia-induced gain in Ampl (r=-0.34, p=0.075, AHR=const.). Although the mechanisms
underlying the latter association are unclear, the link may reflect the relations between VE and
blood pressures. Thus, the correlation coefficients are —0.46 (p=0.025) for ArDBP and —0.48
(p=0.019) for AaDBP. The linear regression models using PP as a predictor are as follows: VE=9.7
+0.051 (95% CL, —0.001, 0.104) x ArPP for radial artery (pmogei=0.056; r=0.38, p,=0.028) and
VE=9.9 + 0.090 (95% CL, 0.007, 0.173) x AaPP for aortic pulse pressure (Pmodei=0.035; r=0.43,
pr=0.017). Although the difference among regression coefficients (p=0.097) is small given the
influence of VE upon the degree of radial and aortic pulse pressure, the gains seems to be sufficient
to detect a correlation between baseline ventilation rate and central-to-peripheral PP amplification.

Although AAP, AAix, AED, and ASEVR do not relate to VO, or VCO, values, they are
associated with baseline values of RER: the respective coefficients of partial correlation after
controlling for AHR are as follows: 0.40 (p=0.062), 0.45 (p=0.032), 0.58 (p=0.003), and —0.46
(p=0.025).

The high initial values of VE, BF, HR, diastolic pressure, and PP amplification predict a greater
decrement of oxygen uptake (AVO,): the correlation coefficients ranges from 0.33 (p=0.1) for VE to
0.63 (p=0.009) for Ampl. However, these associations are completely attributable to basal HR as
the correlations disappear once the cardiac effect is statistically controlled. The only exception to
this general pattern is the influence of baseline PP amplification which remains reliable after
controlling for HR. The participants having the great PP amplification and thus the resilient
peripheral arteries demonstrate the greatest reduction in oxygen consumption.

For each variable associated with hypoxia, robust inverse correlations with r=—0.70+ —-0.90

between baseline value and the response magnitude are found.

Inter-relations between hypoxic responses of physiological variables
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The degree of desaturation is inversely correlated with hypoxic RER gain (r=—0.51, p=0.007)
but not with the magnitudes of distinct VO, and VCO, changes. The HR increment increases with
increasing VO, and VCO, decrement (r=0.45 for both cases) and does so independently of ARER.

The hypoxic augmentation of Tr is strongly correlated with ARER (r=0.72, p<0.001,
AHR=const.) but is not associated with changes in either VO, and VCO,. Both AED and ASEVR
are associated with AFeO, (r=—0.62, p=0.001 and r=0.52, p=0.008, respectively).

[Figure 2 here]

The last step of the analysis consisted in verifying the hypothesis of the contradictive cardio-
pulmonary interaction in their contribution to hypoxic adaptation. After adjustment for baseline HR
and VE, the hypoxia-induced gain in VE, relative to the extent of desaturation, is inversely
correlated with AHR and ArSBP (Fig. 2). Closer associations are found between AHR and AVO,
(r=—0.62, p=0.003) and AVCO, (r=—0.56, p=0.009). The multiple regression model combining VEj,
and AVE (Table 2, B2) explains 64% of total variation of AHR with independent negative effects
for both predictors. The value of mean sum of squares and hence the contribution of baseline VE is
almost three times higher than that for AVE. These results provide evidence consistent with our

hypothesis: the high reaction of one system is associated with a lowered contribution from the other.

DISCUSSION

The results of our study based on the AP, Alx, Ampl, and Tr alterations are consistent with the
conclusion of previous studies demonstrating that acute hypoxia increases arterial resilience outside
of the changes attributable to HR. The relative duration of left ventricular systole becomes longer
and therefore the SEVR decreases and myocardial perfusion worsens. Regardless of the activation
of left ventricular function the blood pressures do not change due to dilation of large arteries. These
changes occur even within 10 min and hence cannot be resulted from alterations in arterial wall
structure and more likely concern functional regulation of the vessel's tone. The hypoxia increases
ventilation rate due to enhanced depth of respiration and does not alter breath frequency. The
oxygen concentration in the expired gas falls because of hypoxemia. The current report
demonstrates a generally inverse relationship between respiratory and cardiovascular systems under
hypoxic conditions in young men and shows that baseline values modulate responding under these
conditions.

Prior studies have shown that acute hypoxia increases the compliance of large peripheral muscle
arteries (Thomson et al. 2006) but not of elastic aorta (Vedam et al. 2009, Boos et al. 2012, Lefferts
et al. 2016). The dilative effect is consistent with data on the contrasting impact of exogenous
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hyperoxaemia which results in dose-dependent linear decreases in arterial resilience (Rossi,
Boussuges 2005), muscle blood flow (Rousseau et al. 2005), left ventricular stroke volume, and
end-diastolic area with no changes in HR, mean BP, and VCO, (Bak et al. 2007). Stiff arteries are
known to impair cardiovascular responsiveness to breathe holding in both healthy individuals
(Zavoreo, Danarin 2010) and among patients with coronary heart disease (Rucka et al. 2015).
Compared to hypercapnia, hypoxia has been found to cause a greater reduction in total peripheral
vascular resistance and a higher increase in heart rate and cardiac output (Steinback et al. 2009).
The authors conclude that hypoxia affects cardiovagal rather than sympathetic baroreflex gain and
the pressure set-point in a manner not related to ventilatory chemoreflex sensitivity.

Conversely, Krnic et al. (2011) have reported an unusual hypoxia-induced elevation of Alx and
hence an increase in arterial stiffness. Inconsistent findings across different studies can be
explained, first, by the pronounced individual variability in cardiovascular responsiveness, a pattern
also evident in the present study which specifically employed young, healthy men. Second, this
variability depends on the contribution of two principal contradistinctive factors considered
responsible for cardiovascular reactions to hypoxia. Positive blood pressure responses are primarily
caused by the carotid chemoreceptor reflex and followed by sympathetically mediated
vasoconstriction in the peripheral vascular bed and by enhanced cardiac output (Marshall 1994,
Dinenno et al. 2003). On the other hand, this pressor effect is opposed by vasodilation due to direct
impact of hypoxia on local tissue and endothelial vasodepressor agents in arterial wall such as nitric
oxide (Blitzer et al. 1996, Vedam et al. 2009, Jouner, Casey 2014). The net hemodynamic effect is
thus determined by a dynamic balance between these factors. Hypoxic signaling events and
vasodilation are attributed, at least partly, to a reduction in nitrite anions to nitric oxide instead of
oxidation to nitrate anions if local oxygen level decreases in tissues (Faassen et al. 2009).

Our finding of a significant increase in Tr is, however, in contrast to Vedam et al. (2009) who
reported no change in Tr under the influence of 20-min hypoxia at the level of 80% oxyhemoglobin
saturation. These authors concluded that this exposure does not affect aortic stiffness as they
considered Tr just a proxy of aortic distensibility, although it is worth noting that mean desaturation
was greater in the current report (74%).

A gradual rise in heart rate, but not in cardiac output, has previously been observed over 8 hours
of moderate hypoxia (Clar et al. 2000). Acute stimulus did not alter BF, BP (Iwasaki et al. 2007),
and blood flow velocity in middle cerebral artery (Ainslie et al. 2008). Due to decreased peripheral
vascular resistance (Creager et al. 1990) and hypoxic vasodilation of large arteries described
elsewhere (Marshall 2000), several studies similar to our own (Thomson et al. 2006, Momen et al.
2009, Lefferts et al. 2016), have reported no marked changes in systolic, diastolic, and mean arterial

pressures during hypoxia regardless of remarkable tachycardia. One exception is a study in which
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intermittent 7-day exposure (Katayama et al. 2001) and high altitude hypoxia (Parati et al. 2014)
were found to elicit a pronounced hypertensive effect. Such discrepancies may reflect variations in
experimental conditions such as extent, duration, and repeatability of hypoxic exposures or, again,
specific characteristics of the sample.

Specifically, it is already known that individuals with stiff arteries have low basal oxygen
consumption. In turn, physical fitness is known to influence parameters such as hypoxia-induced
blood desaturation (Lhuissier et al. 2012b), vasodilation (McAllister et al. 2008), arterial stiffness
(Phillips et al. 2012), basal metabolic rate (Drenowatz et al. 2013, Burt et al. 2014), and maximum
oxygen consumption (Keadle et al. 2014). Thus, it may be that respiratory and/or cardiovascular
responses to hypoxia are different among fit, or highly trained young men than they are in other
groups (Divert et al 2015).

Only one paper in the modern literature describes SEVR in hypoxia (Lefferts et al. 2016). The
authors did not find any alterations but concluded that acute normobaric hypoxic exposure
(11.6%0,, 105 min) unloads the left ventricular due to a reduction in reflective wave magnitude
without disturbing myocardial oxygen supply-to-demand ratio (ASEVR~0). In our work, the 10-min
test substantially decreases SEVR as a diastole/systole ratio and thus worsens the myocardial
afterload perfusion. However, a 5-min hypoxic test has been shown to increase coronary blood
velocity (Momen et al. 2009) without effects on blood pressure. The cardiac vasodilation in the face
of shorten diastole is likely due to sympathetic activation and could be considered a compensatory
mechanism acting to meet the myocardial oxygen demand increased by a physiological stressor.

A second major contribution of the current report lies in demonstrating that all of the
characteristics investigated here demonstrate robust inverse associations between the initial value of
a parameter and its hypoxic value — responses are consistently modulated. This general pattern is
consistent with Wilder's basimetric 'law of initial value' (1931, 1962), although he was originally
concerned with biological rhythms. According to this rule, a low baseline value for a physiological
variable is usually associated with a high positive response to a stimulus and vice versa. That is, a
parameter with high initial activity has low reserves for further elevation compared to instances
with a low baseline value.

Since hypoxia stimulates ventilation (Easton et al.1986), this potential confounding effect must
be considered insofar as some hypoxic cardiovascular responses that might be attributed to
alterations in oxygen tension could, in fact, be caused by secondary changes in respiratory function.
The high baseline ventilation rate seems likely to be a contraindication for work and activities
associated with acute hypoxemia. Thus, high baseline ventilation reduces the positive cardiac

chronotropic response to hypoxia and blunts the gain in PP amplification.
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In our experiment, the hypoxia-induced response of pulmonary characteristics is less
pronounced compared to the changes seen in cardiovascular parameters. This difference may reflect
a greater energy cost to breathing activation than for changes in the more economical cardiac and,
especially, vascular responses. It seems likely that the energy economy requiring the involvement of
different physiological mechanisms becomes a critical consideration during hypoxia. Again,
however, this may or may not be a general phenomenon and may more accurately characterize
young men. The opposite pattern has been reported by Lhuissier and co-authors (2012a) who have
described in men, but not women, a decrease in heart rate to acute hypoxia and an increase in the
ventilatory reaction with aging especially in trained individuals.

Some limitations of the work are to be acknowledged. First, there is no special control group
breathing ambient air through the mask, meaning effects may also reflect the laboratory context and
apparatus rather than hypoxia per se. However, in a preliminary study, we evaluated the additional
resistance of the mask to breathing and found it negligible. Second, the duration of hypoxic test is
comparatively short although evidence suggests the duration was sufficient to produce quite
pronounced physiological responses. This noted, it is unclear whether these data are specific to
hypoxic challenge or whether similar patterns might arise in response to different types of stressors.
Equally, it is not yet clear whether and/or how physiological systems will adapt to longer periods of
hypoxia. Third, the gas exchange was measured at rest under conditions of low oxygen demand.
Under such conditions, reserves of cardio-pulmonary functions usually cover the organism's energy
requirements even in low blood oxygen saturation that is not followed by functional impairments at

the cellular level.

CONCLUSION

This study evaluates the associations between respiratory and cardiovascular parameters under
hypoxic conditions with an emphasis on assessing the characteristics of arterial stiffness in a sample
of physically trained young men.

Analyses provide clear evidence for two key findings. First, they show that the physiological
responses to acute hypoxia are associated with baseline characteristics: the higher the initial value
of a parameter, the lower the response to hypoxia. This suggests that even short-term hypoxic
exposure decreases arterial stiffness and may be an important underlying mechanism explaining the
protective effects of hypoxic training in cardiovascular patients. Second, analysis consistently
reveals an inverse association between cardiovascular and respiratory systems and a comparison of
their contributions suggests a mutually substitutional interaction under hypoxic conditions: the

lower the response of one system the higher the answer of the other. The initially compliant arteries
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blunt the incremental HR response and facilitate the hypoxia-induced enhanced cardiac workload
through increasing SEVR. In practical terms, physiological evaluation at rest before performing a
hypoxic test, going to high altitude, or selecting athletes for oxygen-sensitive sports competitions
may be helpful to identify persons with poorer or more energetically expensive physiological

reactions.

REFERENCES

AINSLIE PN, OGON S, BURGESS K, CELI L, MCGRATTAN K, PEEBLES K, MURRELL C,
SUBEDI P, BURGESS KR: Differential effects of acute hypoxia and high altitude on cerebral
blood flow velocity and dynamic cerebral autoregulation: alterations with hyperoxia. J Appl Physiol
104: 490-498, 2008.

AVOLIO AP, VAN BORTEL LM, BOUTOUYRIE P, COCKCROFT JR, MCENIERY CM,
POTOGEROU AD, ROMAN MJ, SAFAR ME, SEGERS P, SMULYAN H: Role of pulse pressure
amplification in arterial hypertension: experts’opinion and review of the data. Hypertension 54:
375-383, 2009.

BAK Z, SJOBERG F, ROUSSEAU A, STEINVALL I, JANEROT-SJOBERG B: Human
cardiovascular dose-response to supplemental oxygen. Acta Physiol (Oxf) 191: 15-24, 2007.
BLITZER ML, LEE SD, CREAGER MA: Endothelium-derived nitric oxide mediates hypoxic
vasodilatation of resistance vessels in humans. Am J Physiol 271: H1182-H1185, 1996.

BOOS CJ, HODKINSON P, MELLOR A, GREEN NP, WOODS DR: The effects of acute
hypobaric hypoxia on arterial stiffness and endothelial function and its relationship to changes in
pulmonary artery pressure and left ventricular diastolic function. High Alt Med Biol 13: 105-111,
2012.

BURT DG, LAMB K, NICHOLAS C, TWIST C: Effects of exercise-induced muscle damage on
resting metabolic rate, sub-maimal running and post-exercise oxygen consumption Eur J Sport
Science 14: 337-344, 2014.

CALBET JA, ROBACH P, LUNDBY C, BOUSHEL R: Is pulmonary gas exchange during
exercise in hypoxia impaired with the increase of cardiac output? Appl Physiol Nutr Metab 33: 593—
600, 2008.

CLAR C, DORRINGTON KL, FATEMIAN M, ROBBINS PA: Cardiovascular effects of 8 h of
isocapnic hypoxia with and without beta-blockade in humans Exp Physiol 85: 557-565, 2000.
CREAGER MA, COOKE JP, MENDELSOHN ME, GALLAGHER SJ, COLEMAN SM,
LOSCALZO J, et al: Imparied vasodilatation of forearm resistance vessels in hypercholesterolemic
humans J Clin Invest 86: 228-234, 1990.



15

DINENNO FA, JOYNER MJ, HALLIWILL JR: Failure of systemic hypoxia to blunt alpha-
adrenergic vasoconstriction in the human forearm. J Physiol 549: 985-994, 2003.

DIVERT VE, KRIVOSCHEKQV SG, VODYANITSKY SN: Individual-typological assessment of
cardiorespiratory responses to hypoxia and hypercapnia in young healthy men. Hum Physiol 41:
166-174, 2015.

DONINA ZhA, BARANOVA EV, ALEKSANDROVA NP: Associated respiratory and
hemodynamic responses to acute normobaric progressive hypoxia in anesthesized rats. Russian J
Physiol 101: 1169-1180, 2015. (In Russian)

DRENOWATZ C, EISENMANN JC, PIVARNIK JM, PFEIFFER KA, CARLSON JJ: Differences
in energy expenditure between high- and low-volume training. Eur J Sport Science 13: 422-30,
2013.

EASTON PA, SLYKERMAN LJ, ANTHONISEN NR: Ventilatory response to sustained hypoxia
in normal adults. J Appl Physiol 61: 906-911, 1986.

FAASSEN VAN EE, BAHRAMI S, FEELISCH M, HOGG N, KELM M, KIM-SHAPIRO DB et
al: Nitrite as regulator of hypoxic signaling in mammalian physiology. Med Res Rev 29:683-741,
2009.

HASHIMOTO J, ITO S: Pulse pressure amplification, arterial stiffness, and peripheral wave
reflection determine pulsatile flow waveform of the femoral artery. Hypertension 56: 926-933,
2010.

JOUNER MJ, CASEY DP: Muscle, blood flow, hypoxia, and hypoperfusion. J Appl Physiol 116:
852-857, 2014.

IWASAKI K, OGAWA Y, SHIBATA S, AOKI K: Acute exposure to normobaric mild hypoxia
alters dynamic relationships between blood pressure and cerebral blood flow at very low frequency.
J Cereb Blood Flow Metab 27: 776-784, 2007.

KATAYAMA K, SHIMA N, SATO Y, QUI JC, ISHIDA K, MORI S, MIYAMURA M: Effect of
intermittent hypoxia on cardiovascular adaptations and response to progressive hypoxia in humans.
High Alt Med Biol 2: 501-508, 2001.

KEADLE SK, LYDEN K, STAUDENMAYER J, HICKEY A, VISKOCHIL R, BRAUN B,
FREEDSON PS: The independent and combined effects of exercise training and reducing sedentary
behavior on cardiometabolic risk factors. Appl Physiol Nutr Metab 39: 770-780, 2014.

KORPAS D, HALEK J, DOLEZAL L: Parameters describing the pulse wave. Physiol Res 58: 473—
479, 20009.

KRIVOSCHEKOQV SG, DIVERT VE, MELNIKOV VN, VODIANITSKIY SN, GIRENKO LA:
Comparative analysis of gas exchange and cardiorespiratory system responses of swimmers and

skiers to increasing normobaric hypoxia and physical load. Hum Physiol 39: 98-105, 2013.



16

KRNIC M, MODUN D, BUDIMIR D, GUNJACA G, JAJIC I, VUKOVIC J, SALAMUNIC I,
SUTLOVIC D, KOZINA B, BOBAN M: Comparsion of acute effects of red wine, beer and vodka
against hyperoxia-induced oxidative stress and increase in arterial stiffness in healthy humans.
Atherosclerosis 218: 530-535, 2011.

LANTELME P, MESTRE C, LIEVRE M,GRESSARD A, MILON H: Heart rate: an important
confounder of pulse wave velocity assessment. Hypertension 39: 1083-1087, 2002.

LEFFERTS WK, HUGHES WE, HEFFERNAN KS: Effect of acute nitrate ingestion on central
hemodynamic load in hypoxia. Nitric Oxide 52: 49-55, 2016.

LEUENBERGER UA, GRAY K, HERR MD: Adenosine contributes to hypoxia-induced forearm
vasodilatation in humans. J Appl Physiol 87: 2218-2224, 1999.

LHUISSIER FJ, CANOUI-POITRINE F, RICHALET J-P: Ageing and cardiorespiratory response
to hypoxia. J Physiol 590: 5461-5474, 2012a.

LHUISSIER FJ, BRUMM M, RAMIER D, RICHALET J-P: Ventilator and cardiac responses to
hypoxia at submaximal exercise are independent to altitude and exercise intensity. J Appl Physiol
112: 566-570, 2012b.

MARSHALL JM: Peripheral chemoreceptors and cardiovascular regulation. Physiol Rev 74: 543—
594, 1994.

MARSHALL JM: Adenosine and muscle vasodilatation in acute systemic hypoxia. Physiol Rev
168: 561-573, 2000.

MCALLISTER RM, NEWCOMER SC, LAUGHLIN MH: Vascular nitric oxide: effects of exercise
training in animals. Appl Physiol Nutr Metab 33:173-178, 2008.

MOMEN A, MASCARENHAS V, GAHREMANPOUR A, ZHAOHUI G, MORADKHAN R,
KUNSELMAN A, BOEHMER JP, SINOWAY L, LEUENBERGER UA: Coronary blood flow
responses to physiological stress in humans. Am J Physiol Heart Circ Physiol 296: H854-H861,
2009.

PARATI G, BILO G,FAINI A, BILO B, REVERA M, GIULIANO A, LOMBARDI C et al:
Changes in 24 h ambulatory blood pressure and effects of angiotensin Il receptor blockade during
acute and prolonged high-altitude exposure: a randomized clinical trial. Eur Heart J 35: 3113-3122,
2014.

PAUCA AL, O'ROURKE MF, KON ND: Prospective evaluation of a method for estimating
ascending aortic pressure from the radial artery pressure waveform. Hypertension 38: 932-937,
2001.

PHILLIPS AA, COTE AT, FOULDS HJ, CHARLESWORTH S, BREDIN SS, BURR JFetal: A
segmental evalution of arterial stiffness before and after prolonged strenuous exercise. Appl Physiol
Nutr Metab 37: 690-696, 2012.



17

RIMOLDI SF, SARTORI C, SEILER C, DELACRETAZ E, MATTLE HP, SCHERRER U,
ALLEMANN Y: High altitude exposure in patients with cardiovascular disease: risk assessment
and pracrical recommendations. Prog Cardiovasc Dis 52: 512-524, 2010.

ROSSI P, BOUSSUGES A: Hyperoxia-induced arterial compliance decrease in healthy man. Clin
Physiol Funct Imagin 25: 10-15, 2005.

ROUSSEAU, A, BAK Z, JANEROT-SIOBERG B, SJOBERG F: Acute hyperoxaemia-induced
effects on regional blood flow, oxygen consumption and central circulation in man. Acta Physiol
Scand 183: 231-240, 2005.

RUCKA D, MAREK J, RUCKLOVA Z, LUBANDA J-C, HAVRANEK S, SKVARIL J,
VAREJKA P, CHOCHOLA M, KARETOVA D, KORINEK J, LINHART A: Arterial stiffening
contributes to impairment of cerebrovascular reactivity in patients with coronary artery disease
without carotid stenosis. Physiol Res 64: 335-343, 2015.

SHARKEY RA, MULLOY EMT, O’NEILL SJ: Acute effects of hypoxaemia, hyperoxaemia and
hypercapnia on renal blood flow in normal and renal transplant subjects. Eur Respir J 12: 653-657,
1998.

SHARMAN JE, MCENIERY CM, CAMPBELL RI, COOMBES JS, WILKINSON IB,
COCKCROFT JR: The effect of exercise on large artery haemodynamics in healthy young men.
Eur J Clin Invest 35: 738-744, 2005.

STEINBACK CD, SALZER D, MEDEIROS PJ, KOWALCHUK J, SHOEMAKER JK:
Hypercapnic vs. hypoxic control of cardiovascular, cardiovagal, and sympathetic function. Am J
Physiol Regul Integr Comp Physiol 296: R402—-R410, 2009.

THOMSON AJ, DRUMMOND GB, WARING WS, WEBB DJ, MAXWELL SRJ: Effects of short-
term isocapnic hyperoxia and hypoxia on cardiovascular function. J Appl Physiol 101: 809-816,
2006.

VEDAM H, PHILLIPS CL, WANG DJ, BARNES DJ, HEDNER JA, UNGER G, GRUNSTEIN
RR: Short-term hypoxia reduces arterial stiffness in healthy men. Eur J Appl Physiol 105: 19-25,
2009.

WILDER J: Das "Ausgangswert-Gesetz" ein unbeachtetes biologisches Gesetz und seine
Bedeutung fiir die Forschung und Praxis. Z ges Neurol Psychiat 137: 317-338, 1931.

WILDER J: Basimetric approach (Law of initial value) to biological rhythms. Ann NY Acad Sci 98:
1211-1220, 1962.

WILKINSON IB, FUCHS SA, JANSEN IM, SPRATT JC, MURRAY GD, COCKCROFT JR,
WEBB DJ: Reproducibility of pulse wave velocity and augmentation index measured by pulse
wave analysis. J Hypertens 16: 2079-2084, 1998.



18

WILKINSON IB, MACCALLUM H, FLINT L, COCKCROFT JR, NEWBY DE, WEBB DJ: The
influence of heart rate on augmentation index and cental pressure in humans. J Physiol 525: 263—
270, 2000.

WILKINSON IB, MAHAMMAD NH, TYRRELL S, HALL IR, WEBB DJ, PAUL VE et al: Heart
rate dependency of pulse pressure amplification and arterial stiffness. Am J Hypertens 15: 24-30,
2002.

XIE A, SKATRUD JB, PULEO DS, MORGAN BJ: Exposure to hypoxia produces long-lasting
sympathetic activation in humans. J Appl Physiol 91: 1555-1562, 2001.

ZAVOREO |, DEMARIN V: Breath holding index and arterial stiffness as markers of vascular
aging. Curr Aging Sci 3: 67-70, 2010.



19

Table 1. Cardiovascular and respiratory parameters before and after acute hypoxia (10 min, 10%)
and ranges of individual hypoxia-induced responses (n=27)

Baseline Hypoxia AVar = Var ny, — Var p
Parameter _
Mean +SD Mean =+SD Min Mean Max
SpO0,, % 97.7 11 73.8 506 <0.001|-15.0 -240 430
VE, Lxmin*! 9.78 193 1115 289 0.021|-2.42 1.30 8.28
BF, 1xmin* 142 46 136 45 NS | -6.1 -0.6 3.2
V0,, mLxmin *xkg* 386 0.72 341 071 0.015|-151 -0.44 2.25
V'CO,, mLxmin*xkg* 357 0.74 362 0.75 NS | -1.21 0.05 1.10
RER 091 0.09 113 0.12 <0.001|0.03 0.20 0.50
FeO,, % 178 07 82 0.8 <0.001|-11.3 -9.5 7.3
FeCO,, % 294 048 273 053 0.013|-0.74 -0.20 1.03
HR, beatxmin* 63.1 100 79.3 13.0 <0.001|-9.1 16.0 37.3
r-SBP, mmHg 1289 96 1320 144 NS | -27.2 3.1 29.4
r-DBP, mmHg 778 85 768 103 NS | -15.0 -1.1 7.5
r-PP, mmHg 511 89 544 106 0.098 | -13.2 3.2 24.0
r-MBP, mmHg 920 73 919 101 NS | -16.4 -0.2 12.1
r-12, % Tf 230 33 285 38 <0.001|-23 5.3 8.9
a-SBP, mmHg 108.3 7.4  108.7 10.8 NS | -21.0 0.2 17.3
a-DBP, mmHg 789 8.6 784 104 NS | -14.7 -0.3 8.6
a-PBP, mmHg 295 53 295 7.0 NS | -25.4 +0.0 12.4
a-T2, % Tf 202 35 237 43 <0.001|-21 3.7 12.8
Tr, % Tf 164 3.1 19.8 3.1 <0.001 | -1.5 3.2 6.9
ED, % Tf 301 41 351 64 <0.001|-6.0 5.2 13.1
DD, % Tf 69.8 41 648 6.3 <0.001|-125 -5.0 59
Ampl (r-PP/a-PP) 174 011 180 0.09 0.002 |-0.07 0.07 0.33
AP, mmHg -156 32 400 326 0.002|-1503 -250 4.18
Alx, % -59 102 -126 126  0.007 | -38.2 -7.0 24.1
SEVR, % 206 40 170 52 0.002 | -111 -34 84

P, student paired t-test or Wilcoxon test. NS, nonsignificant. VE, ventilation; BF, breathing
frequency; VO,, oxygen consumption rate; VCO,, carbon dioxide production rate; FeO,, mean
oxygen concentration in exhaled air; FeCO,, carbon dioxide concentration in exhaled air; HR, heart
rate; SBP, DBP, MBP, systolic, diastolic, and mean blood pressures; PP, pulse pressure; T2, time to
maximum systolic pressure; Tr, time to reflection; Tf, length of cardiac cycle; ED, left ventricular
ejection duration; DD, diastole duration; Ampl, PP amplification; AP, augmentation pressure; AlXx,
augmentation index; SEVR, subendocardial viability ratio; a-, aortic; r-, radial.



Table 2. Results of the univariate analysis of variance and multiple regression (GLM) between
inter-relating physiological characteristics

o Mean sum Partial Eta Regression

Source of variation of squares p squared  coefficient, b
(A) Dependent variable: baseline FeO,
Corrected model 7562 <0.001 0.99 -
PP Ampl p 198.5 <0.001 0.97 9.80
Tr b 40.1 <0.001 0.87 1.42
Ampl x Tr 32.4 <0.001 0.84 -0.79
(B) Dependent variable: AHR/ASpO,
(B1) Corrected model 1.9 <0.001 0.80 —
Intercept 0.5 0.013 0.26 2.50
HR hyp 5.2 <0.001 0.79 0.04
Tr b 2.3 <0.001 0.62 -0.11
Ampl p 0.8 0.002 0.36 -1.83
(B2) Corrected model 1.8 <0.001 0.64 —
Intercept 5.0 <0.001 0.71 3.79
VE y 3.5 <0.001 0.64 -.30
AVE/ASpO, 1.2 0.003 0.37 -2.52
(C) Dependent variable: AED/ASpO;
Corrected model 0.46 <0.001 0.57 -
Intercept 0.62 <0.001 0.47 -1.021
HR hyp 0.91 <0.001 0.57 0.016
AlX p 0.24 0.011 0.26 0.011
(D) Dependent variable: ASEVRin=(SEVR—SEVRnyp)/ASpO;
(D1) Corrected model 21.7 0.008 0.36 -
Intercept 214 0.022 0.22 -5.994
HR hyp 356 0.004 0.31 0.100
AlX p 259 0.013 0.25 0.111
(D2) Corrected model 17.5 0.007 0.43 -
Intercept 8.1 0.130 0.11 —4.090
HR hyp 14.1  0.050 0.17 0.072
AlX p 16.6  0.035 0.20 0.413

HR x Alx 9.3 0.107 0.12 0.004
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Figure 1. Aortic pressure profile as a result of pulse wave analysis

X-axis represents the time of cardiac cycle. DP, diastolic blood pressure; SP, systolic pressure; P1,
pressure at T1; P2, peak pressure as a result of superposition of primary and reflection waves; PP,
pulse pressure; AP, augmentation pressue; T1, time to the first shoulder; Tr, time to return of the
reflection wave; T2, time to the pressure peak; ED, ejection duration; Tf, the end time of aortic
waveform; TTI, tension time index, area left to the point ED; DPTI, diastolic pressure time index,

area right to ED.
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Figure 2. Scatterplots and linear regression lines of hypoxia-induced changes in heart rate and aortic
sistolic blood pressure against changes of ventilation.

dHR_dSpO2 / dVE_dSp0O2: y = 0.7 — 2.1* x; r = —0.45, p = 0.017, r* = 0.21.

dSBP_dSpO2 / dVE_dSpO2: y = 0.03 —0.73 * x; r =—-0.38, p = 0.053, r* = 0.14.



