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Summary

Maximal oxygen consumption represents the highest amount of oxygen that
can be taken up and utilised by the body during severe exercise. Due to the
positive correlation between maximal oxygen uptake and endurance performance, maximal oxygen uptake is widely used as a performance predicting
parameter in athletes as well as for socioeconomic reasons. Furthermore, maximal oxygen uptake is considered as a predictor of mortality, linked to cardiovascular disease, and is thought to represent an indirect measure for peak
cardiac output. However, according to the Fick principle, maximal oxygen uptake represents the product of peak cardiac output and systemic arterio-venous
oxygen difference. Therefore, maximal oxygen uptake may consist of a central
(i.e. peak cardiac output) and a peripheral (i.e. peak systemic arterio-venous
oxygen difference) component, which may contribute to a different extent to
between subject variations (e.g. between athletes and untrained individuals)
as well as to within-subject changes (e.g. after training) in maximal oxygen
consumption. Consequently, for investigating performance changes as well as
for classifying individuals, not only maximal oxygen consumption, but also the
central and the peripheral component within the Fick principle should be considered. However, to date, it is unclear, how specific exercise paradigms (i.e.
sprint-interval training and conventional endurance training) affect peak cardiac output and peak systemic arterio-venous oxygen difference, and whether
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the determinants of maximal oxygen consumption can be selectively trained,
if highly specific exercise paradigms are employed.

Consequently, the aims of the present doctoral thesis are to establish reliable and non-invasive peak cardiac output determinations by InnocorTM inert
gas rebreathing in healthy individuals and to subsequently discern between
adaptations in peak cardiac output and peak systemic arterio-venous oxygen
difference after either sprint-interval training or conventional endurance training. In order to establish the non-invasive peak cardiac output measurements
using InnocorTM and subsequently investigate the central as well as peripheral
effects of sprint-interval and conventional endurance training, we performed 4
different studies, of which the first 2 served for establishing the methodology
and the second 2 were used to investigate the effects of the different exercise
paradigms.

During the studies, which were used for establishing the methodology for noninvasively measuring peak cardiac output by InnocorTM inert gas rebreathing,
we found low coefficients of variation and low changes in the mean, as well
as high intraclass correlation coefficients for peak cardiac output determinations using InnocorTM . Furthermore, we found that cardiac output can easily
be measured in healthy individuals during standard graded exercise tests and
that haemodynamics quickly adapt after power stage transitions at moderate
to high submaximal power. During the studies, which we used to examine the
effects of sprint-interval and conventional endurance training, we found that
during Wingate tests, haemodynamics reach values similar to peak graded
cycling exercise. Furthermore, we found that only 3 weeks of sprint-interval
training improve the central component of maximal oxygen consumption (i.e.
peak cardiac output and corresponding stroke volume), whereas only conventional endurance training increases the peripheral component (i.e. peak systemic arterio-venous oxygen difference) within the Fick principle.
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Our findings indicate that InnocorTM can be used in order to reliably measure peak cardiac output in healthy individuals during standard graded exercise tests during scientific studies as well as for performance diagnostics reasons. Furthermore, our findings show that depending on highly specific exercise
paradigms, the central as well as the peripheral component of maximal oxygen
consumption (in terms of the Fick principle) can be selectively improved. In
particular, sprint-interval training may alter peak cardiac ouput, whereas conventional endurance training may affect peak systemic arterio-venous oxygen
difference. Therefore, classifications of individuals as well as the analysis of
performance variations based on maximal oxygen consumption should only be
considered in conjunction with measurements of haemodynamics and systemic
arterio-venous oxygen difference.
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Zusammenfassung

Die maximale Sauerstoffaufnahme stellt die höchste, während maximaler Belastung gemessene Menge an Sauerstoff dar, die vom Körper aufgenommen
und anschliessend verwendet werden kann. Aufgrund der positiven Korrelation zwischen maximaler Sauerstoffaufnahme und Ausdauerleistungsfähigkeit,
wird die maximale Sauerstoffaufnahme häufig zur Beschreibung der Leistungsfähigkeit von Athleten sowie zur Klassifizierung von Individuen zu sozioökonomischen Zwecken verwendet. Des Weiteren dient die maximale Sauerstoffaufnahme der Vorhersage von Herz-Kreislauf erkrankungsbasierten Todesfällen und scheint ein indirektes Mass für das maximale Herzminutenvolumen
darzustellen.

Gemäss dem Fick Prinzip, liegen der maximalen Sauerstoffaufnahme das maximale Herzminutenvolumen und die maximale systemische arterio-venöse Sauerstoffdifferenz zu Grunde. Deshalb scheint die maximale Sauerstoffaufnahme
aus einer zentralen (d.h. maximales Herzminutenvolumen) und aus einer peripheren (d.h. maximale systemische arterio-venöse Sauerstoffdifferenz) Komponente zu bestehen. Diese beiden Komponenten tragen möglicherweise in unterschiedlicher Ausprägung zu Leistungsunterschieden zwischen Athleten und
untrainierten Individuen sowie zu Veränderungen der Leistungsfähigkeit innerhalb eines Individuums bei. Aus diesem Grund sollten zur Beschreibung von
trainingsbedingten Leistungsverbesserungen sowie zur Analyse von interindiV
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viduellen Leistungsunterschieden möglicherweise nicht nur die maximale Sauerstoffaufnahme, sondern auch deren Einzelkomponenten berücksichtigt werden.
Bis zum heutigen Tag ist es jedoch unklar, wie spezifische Trainingsmethoden
(d.h. Sprint-Intervall Training und konventionelles Ausdauertraining) die zentrale und die periphere Komponente innerhalb des Fick Prinzips beeinflussen
und ob das maximale Herzminutenvolumen und die maximale systemische
arterio-venöse Sauerstoffdifferenz durch hochspezifische Trainingsmethoden getrennt verbessert werden können.

Aus diesen Gründen bestehen die Ziele der vorliegenden Dissertation einerseits in der Etablierung der nicht-invasiven Herzminutenvolumen Messung mittels InnocorTM bei gesunden Individuen und andererseits in der Unterscheidung von trainingsspezifischen Adaptationen der zentralen und peripheren
Komponente innerhalb der Fick Gleichung. Zwecks Etablierung der nichtinvasiven Herzminutenvolumenmessung mittels InnocorTM sowie zur Unterscheidung von potentiellen zentralen und peripheren Anpassungen an SprintIntervall und Ausdauertraining, führten wir 4 verschiedene Studien durch,
wobei die ersten 2 Studien der Etablierung der Messmethodik und die weiteren 2 Studien der Untersuchung der (haemodynamischen) Trainingseffekte
dienten.

In den ersten beiden Studien (Etablierung der Messmethoden) zeigte sich anhand von tiefen Variationskoeffizienten und tiefen Abweichungen der Mittelwerte sowie anhand von hohen intraclass Korrelationskoeffizienten, dass die
Herzminutenvolumenmessungen mit InnocorTM in gesunden Individuen reliabel sind. Des Weiteren konnten wir zeigen, dass die Herzminutenvolumenmessungen in Standard-Stufentests integriert werden können und dass sich das
Herzminuten- sowie das Schlagvolumen nach Stufenerhöhungen rasch auf dem
neuen Wert einpendeln. In den Studien, welche die Effekte von Sprint-Intervall
und konventionellem Ausdauertraining untersuchten, fanden wir einerseits,
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dass Herzminuten- und Schlagvolumen während eines Wingate Tests ähnliche
Werte wie unter Maximalbelastung während eines Stufentests erreichen. Andererseits konnten wir zeigen, dass ausschliesslich 3 Wochen Sprint-Intervall
Training das maximale Herzminuten- und Schlagvolumen verbessern, während
nur konventionelles Ausdauertraining die maximale systemische arterio-venöse
Sauerstoffdifferenz erhöht.

Unsere Studienergebnisse belegen, dass das maximale Herzminutenvolumen
mittels InnocorTM in gesunden Individuen während Stufentests in wissenschaftlichen Studien und zu leistungsdiagnostischen Zwecken reliabel gemessen
werden kann. Des Weiteren zeigen unsere Studiendaten, dass die zentrale
und periphere Komponente innerhalb der Fick Formel durch hochspezifische
Trainingsmethoden separat trainiert werden können. Dies äussert sich in der
Tatsache, dass Sprint-Intervall Training das maximale Herzminutenvolumen
erhöht, während konventionelles Ausdauertraining die maximale systemische
arterio-venöse Sauerstoffdifferenz verbessert. Aus diesem Grund erscheint es
sinnvoll, zukünftig sowohl die Beschreibung von Trainingsfortschritten, als
auch die Klassifikation von Individuen auf der Basis der maximalen Sauerstoffaufnahme durch die Messungen des maximalen Herzminutenvolumens und der
maximalen systemischen arterio-venösen Sauerstoffdifferenz zu ergänzen.
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Chapter 1

General Introduction

Conventional endurance exercise, characterised by a power corresponding to
≈ 65% maximal oxygen consumption (V̇O2 max ) and a duration of 20 to 60 min,
leads to improved endurance performance (ACSM, 1998). According to Coyle
(1999), endurance performance can be expressed as the quantity of time required to complete a given amount of work (i.e. power) or by the length of
time that a given power output can be maintained (i.e. capacity). Additionally, high endurance performance may be paralleled by certain physiological
parameters. One physiological correlate of endurance performance is V̇O2 max
(di Prampero, 2003). V̇O2 max represents the highest amount of oxygen that can
be taken up and utilised by the body during heavy exercise (Bassett and Howley, 2000; Howley et al., 1995). V̇O2 max may be characterised by a leveling-off in
the power vs. V̇O2 relationship (Bassett and Howley, 2000; Howley et al., 1995).
However, 50% of individuals do not demonstrate a plateau when stressed to
maximal effort (Bassett and Howley, 2000; Howley et al., 1995). Furthermore,
the incidence of a leveling-off in the power vs. V̇O2 relationship may depend
on the graded exercise test protocol involved (Yoon et al., 2007). Therefore,
one does not know for sure, whether during a graded exercise test, real V̇O2 max
1
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is assessed, or not. In order to accommodate that fact, in the following, the
highest, measured amount of oxygen uptake in an individual will be termed
peak oxygen consumption (V̇O2 peak ), instead of V̇O2 max .

It is widely accepted that V̇O2 peak improves with training (Beere et al., 1999;
Burgomaster et al., 2008; Daussin et al., 2007, 2008; McGuire et al., 2001) and
that endurance athletes are characterised by higher V̇O2 peak than untrained
individuals (Levine, 2008). In addition, it is known that V̇O2 peak deteriorates
with detraining (Mujika and Padilla, 2001) and declines with age (Shvartz
and Reibold, 1990). Furthermore, V̇O2 peak is used as a predictor of mortality,
related to, or caused by cardiovascular diseases, such as heart failure and cardiac infarction (Kavanagh et al., 2003). Finally, V̇O2 peak has become a major
criterion of selection for heart transplantation (Costanzo et al., 1995), as it
is hypothesised that V̇O2 peak represents an important prognostic factor that
represents an indirect measure for peak cardiac output (Q̇peak ; Meiler et al.
1987; Szlachcic et al. 1985). However, the mechanistic nature of these associations is unknown. In particular, it is unclear, on which basis V̇O2 peak changes
after training or detraining (i.e. within-subject) and/or which characteristics
adaptations underlie between-subject differences (i.e. between athletes and
non-athletes) in V̇O2 peak .

According to Weibel et al. (1991), whole body V̇O2 peak represents 4 main dimensions, namely the pulmonary gas exchanger, the heart (circulation), muscle
capillaries, and muscle mitochondria. The heart (circulation) representative of
whole body V̇O2 peak is described by the Fick principle (Fick, 1870). Equation
1.1, subdivides V̇O2 peak into Q̇peak (i.e. the central component of V̇O2 peak in
terms of the Fick principle) and systemic peak arterio-venous oxygen difference (avDO2 peak , i.e. the peripheral component of V̇O2 peak in terms of the Fick
principle).
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Q̇ = V̇O2 /(CaO2 − CvO2 )

(1.1)

V̇O2 = Q̇ × (CaO2 − CvO2 )

(1.2)

or accordingly:

where

Q̇ = cardiac output, V̇O2 = oxygen consumption, CaO2 = arterial oxygen content, CvO2 = venous oxygen content, and CaO2 −CvO2 = avDO2 = arterio-venous
oxygen difference.

Whereas Q̇peak represents the product of peak heart rate (fHpeak ) and stroke
volume at peak exercise (VSpeak ), avDO2 seems to depend in part on the muscle
capillary dimension of whole body V̇O2 peak (Weibel et al., 1991). Thus, capillarisation may be a main determinant of the peripheral component of V̇O2 peak
in terms of equation 1.1. Howsoever, Q̇peak and avDO2 peak may contribute to a
different extent to within- (e.g. after long-term exercise) and between-subject
variations (i.e. between different individuals or population groups, e.g. between athletes and non-athletes) in V̇O2 peak . Therefore, it may be reasonable
to determine both, Q̇peak and avDO2 peak separately, and discern the central
as well as the peripheral component of V̇O2 peak in terms of the Fick principle
(Equation 1.1), in order to get a better insight into within- as well as betweensubject variations in V̇O2 peak .

On the one hand, between-subject variations in V̇O2 peak may primarily rely on
the central component of V̇O2 peak in terms of the Fick principle (Equation 1.1).
According to Levine (2008), it seems that between-subject differences in Q̇peak
may be responsible for differences in V̇O2 peak between trained and untrained
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subjects, because avDO2 peak seems to be similar in athletes and non-athletes.
In this regard, the primary distinguishing characteristic of endurance athletes
seems to be a large, compliant left heart with a compliant pericardium that
can generate a large VSpeak , and therefore high Q̇peak (Levine, 2008). On the
other hand, within-subject variations in V̇O2 peak may be based on alterations
in the peripheral component within the Fick principle (Equation 1.1), as after
long-term endurance training, avDO2 peak seems to be responsible for changes
in V̇O2 peak .

Accordingly, several authors (Beere et al., 1999; McGuire et al., 2001) reported
that traditional high volume, low to moderate power endurance training (END)
increases V̇O2 peak by means of avDO2 peak without concomitant changes in Q̇peak
and VSpeak . However, recent evidence suggests (Daussin et al., 2007, 2008; Helgerud et al., 2007) that after 8 weeks of high intensity interval training (HIT), in
contrast to END, haemodynamics may be improved by ≈ 10%. Therefore, the
central component within equation 1.1 may not only explain between-subject
differences in V̇O2 peak , but may also increase as an adaptation to specific training paradigms within an individual. Thus, different training modalities may
selectively improve V̇O2 peak by either changing Q̇peak or avDO2 peak . Nevertheless, Daussin et al. (2007, 2008) reported avDO2 peak to increase after 8 weeks
of HIT, as well. However, this finding may be explained by the fact, that the
employed training protocol consisted besides the 1 min high intensity intervals
at 90% peak power, also of extended (4 min) moderate power cycling periods
at 61% peak power. Therefore, the employed protocol may not have been
specific enough, in order to selectively improve either Q̇peak or avDO2 peak . As
opposed to the protocol of Daussin et al. (2007, 2008), sprint-interval training [SIT; (Burgomaster et al., 2005)] may prove to be an exercise paradigm,
which purely represents HIT (without concomitant performing at moderate
intensities between the intervals). SIT consists of repeated all-out sprint bouts
(Wingate tests), with 3.5 min of recovery (unloaded pedalling) in between.
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Therefore, if compared to END, SIT may be well suited to examine, whether
the different components within equation 1.1 can be selectively trained, or not.
Nevertheless, the haemodynamic effects of long-term SIT remain so far unresolved. In particular, it is unclear, whether the improvements in V̇O2 peak after
3 weeks of both, SIT and END (Burgomaster et al., 2008), may be differently
encoded by Q̇peak and avDO2 peak .

On this basis, the V̇O2 peak -based classification of individuals for socioeconomic,
medical, or sports performance reasons, as well as the description of training
and detraining related within-subject performance variations, may be questioned. Consequently, the investigation of performance changes as well as the
classification of individuals by means of V̇O2 peak should be amended by the central as well as the peripheral component of V̇O2 peak in terms of the Fick principle
(Equation 1.1). Therefore, V̇O2 peak should standardly be determined in combination with peak haemodynamics and avDO2 peak in performance/medical
diagnostics as well as in studies, which investigate the effects of exercise on
cardiovascular performance.

Up to date, the current gold standard technique for determining (peak) Q̇ is
the direct Fick method (Fick, 1870), which uses cardiac catheterisation. Furthermore, dye- and thermodilution techniques (Fegler, 1957; Newman et al.,
1951), both employing central venous catheterisation, are used by cardiologists
as well as in exercise physiology studies. Nevertheless, due to the inherent risks
of the highly invasive standard methods, their use in healthy individuals (in
studies as well as for performance diagnostics purposes) should be questioned.
Consequently, new, valid and reliable, non-invasive techniques should be established.

One promising non-invasive approach is inert gas rebreathing, performed with
the InnocorTM rebreathing system (Innovision, Odense, Denmark). This sys-
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tem uses nitrous oxide and sulphur hexafluoride as rebreathing gases for determining Q̇, based on pulmonary blood flow, and incorporates the technology
for breath-by-breath gas exchange and ventilation measurements. While Q̇
determinations by InnocorTM seem to be valid and reliable in heart patients
(Agostoni et al., 2005), it is as yet unclear, whether InnocorTM inert gas rebreathing can be employed in healthy humans during standard graded cycling
exercise tests (GXT) to volitional exhaustion and whether Q̇ measurements
using InnocorTM are reliable enough, in order to detect real changes in Q̇peak
in healthy individuals. Since Q̇peak seems to improve by ≈ 10% after 8 weeks of
HIT (Daussin et al., 2007, 2008; Helgerud et al., 2007), reliability, expressed as
coefficient of variation, of InnocorTM Q̇ determinations should be in the same
range, or lower. However, the applicability of InnocorTM inert gas rebreathing
for study and performance diagnostics purposes has to be proven.

In summary, within-subject performance monitoring after training and/or detraining, as well as the classification of subjects for socioeconomic, medical,
or sports performance reasons, should include besides V̇O2 peak also the central
(Q̇peak ) and the peripheral (avDO2 peak ) component within the Fick principle
(Equation 1.1). Distinguishing between those 2 components may offer better
insights into (de-)training specific adaptations and help to understand the performance limiting physiological factors. In particular, separately determining
Q̇peak and avDO2 peak after both, SIT and END, may show, on which physiological basis V̇O2 peak improves after the different training modalities. However,
as, so far, no reliable, non-invasive determination of (peak) haemodynamics
exists, a new method should be established first, and then used in order to
investigate haemodynamic adaptations to different training paradigms.
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1.1 Objectives

The aims of this doctoral thesis are

• To investigate test-retest reliability of the InnocorTM inert gas rebreathing method as well as of the InnocorTM breath-by-breath measurements
in healthy humans at rest, at submaximal exercise, as well as at volitional
exhaustion.
• To establish the InnocorTM Q̇ measurement during GXT in healthy participants.
• To investigate the haemodynamic short-term adaptations to Wingate
tests in healthy men and therefore examine the haemodynamic stimuli,
which may lead to possible long-term adaptations in Q̇peak and VSpeak
after SIT.
• to determine the long-term adaptations of the central and the peripheral
component in terms of the Fick principle (Equation 1.1) of V̇O2 peak to
END as well as to SIT, and to compare the specificity of the training
effects between the 2 training paradigms in untrained healthy participants.
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In order to establish the non-invasive measurement of haemodynamics using
InnocorTM , to investigate the short- as well as long-term haemodynamic adaptations to SIT, and to further distinguish between the central and peripheral
component of V̇O2 peak using the Fick principle (Equation 1.1) after END and
SIT, the following 4 studies were performed:

• Study 1 (Chapter 2): Reliability of measurements with InnocorTM during
exercise.
• Study 2 (Chapter 3): Non-invasive haemodynamic assessments using
InnocorTM during standard graded exercise tests.
• Study 3 (Chapter 4): Immediate effects of a Wingate test on haemodynamics in young men.
• Study 4 (Chapter 5): Sprint-interval training improves haemodynamics
in young, healthy men.

Chapter 2

Reliability of measurements with
InnocorTM during exercise

Published in: Int J Sports Med, 2009, 30, 747-753

2.1 Introduction

V̇O2 peak is an important correlate of endurance performance and constitutes a
measure of cardiorespiratory capacity. However, the primary distinguishing
characteristic of elite endurance athletes is a high Q̇ from a large, compliant
heart generating a large VS (Levine, 2008). Thus, understanding how Q̇ is
regulated during acute exercise and consequently, how it can be effectively
trained, is of crucial importance for sports and rehabilitation.
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So far, investigations into the dynamics of Q̇ and VS during maximal exercise
have been hampered by the highly invasive nature of the standard techniques
used for measuring Q̇. In this regard, the current gold standard technique
for measuring Q̇ is the direct Fick method (Fick, 1870), which uses cardiac
catheterisation. Furthermore, dye- and thermodilution techniques (Fegler,
1957; Newman et al., 1951), both employing central venous catheterisation,
are standardly used by cardiologists as well as in exercise physiology studies.
To overcome the problems associated with invasive approaches, non-invasive
techniques have been developed over the past decades (Collier, 1956; Defares,
1958; Farhi et al., 1976; Grollman et al., 1933; Krogh and Lindhard, 1912;
Warburton et al., 1999b,a).

One promising non-invasive approach is inert gas rebreathing, which can be
performed using different gases (e.g. acetylene, carbon dioxide, nitrous oxide; Warburton et al. 1999b,a). A commercially available device, which offers
non-invasive Q̇ measurements by inert gas rebreathing and has the potential
for broad applications in performance diagnostics, is the InnocorTM system
(Innovision, Odense, Denmark). In detail, InnocorTM uses an oxygen-enriched
mixture of 0.5% nitrous oxide (blood soluble) and 0.1% sulphur hexafluoride
(blood insoluble) and analyses gas concentrations with a photoacoustic sensor.
In addition to the rebreathing component, InnocorTM comprises a breath-bybreath system, which enables the assessment of gas exchange and ventilation.
While InnocorTM gas exchange and ventilation measurements have not yet
been validated against the Douglas bag method (gold standard), validation of
the InnocorTM Q̇ measurement against direct Fick showed a good accordance
(Agostoni et al., 2005; Gabrielsen et al., 2002; Peyton and Thompson, 2004).
Additionally, agreement between InnocorTM and the other invasive techniques
(dye- and thermodilution methods) was shown to be good, too (Agostoni et al.,
2005; Dong et al., 2005; Gabrielsen et al., 2002; Sobański et al., 2008).

Realiability of InnocorTM during exercise

11

However, up to now, there are no published data for the test-retest reliability
of neither the InnocorTM breath-by-breath ergospirometry nor the InnocorTM
non-invasive determination of Q̇ at submaximal and maximal power during exercise in young, healthy asymptomatic subjects. Therefore, we investigated the
within- (intra), as well as between- (inter) session reliability of the InnocorTM
device with respect to Q̇ and breath-by-breath measurements in healthy male
and female study participants and assessed, whether InnocorTM can be used
for performance diagnostic purposes.

2.2 Methods

2.2.1 Participants

Following the recommendations of Walter et al. (1998) for test-retest reliability
studies, we recruited 15 men and 15 women by placard. Participants were aged
30.6 ± 4.5 y and weighed 68.0 ± 10.5 kg. Their V̇O2 peak was 3.20 ± 0.71 l·min−1 )
and peak power was 268 ± 56 W (range over all tests: 266 ± 57 to 272 ± 56 W).
All participants were healthy (asymptomatic), non-smoking, and recreationally
active. In order to avoid fatigue-related effects on test performance, we allowed
no strenuous physical activity for 48 h prior to the measurement sessions. After
the completion of a routine health questionnaire, we informed the participants
about the procedures applied and about the associated risks. All participants
signed an informed consent. The experimental protocol was approved by the
ethics committee of the Swiss Federal Institute of Technology (ETH) Zurich.
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2.2.2 Study design and experimental setup

All participants performed 2 (subsequently denoted A and B) cycle ergometer
test sessions (Ergoselect 200K, Ergoline, Bitz, Germany), which took place 7
d apart. Both, sessions A and B, consisted of 2 graded exercise tests (A1 and
A2; B1 and B2) with 1 h rest in between. At the beginning of session A, we
informed the participants about the upcoming procedures. Then, we equipped
them with a facemask (Hans Rudolph, Shawnee, KS, USA), an anti-bacterial
filter (PALL PF30-S, Pall, East Hills, NY, USA), and the arterial oxygen
saturation sensor (InnocorTM , Innovision, Odense, Denmark). After that, all
participants practiced the rebreathing technique with ambient air while sitting
on the ergometer (3 attempts, only during the first session), as described by
Sobański et al. (2008). Immediately after practicing, we measured Q̇ at rest in
the same, seated position. Subsequently, the participants rested for another 2
min while sitting on the ergometer. After that, they started pedalling at either
100 W (males) or 70 W (females) at a freely chosen pedalling rate (≥ 70 min1), which they then held constant throughout all tests. We determined Q̇ at
130 W and right before volitional exhaustion (peak exercise). Measurements
in men and women were performed at the same absolute submaximal power
instead of at a comparable relative intensity (e.g. 50% of V̇O2 peak ), because we
aimed at investigating the reliability of the InnocorTM device and not interparticipant differences in the physiological parameters. Volitional exhaustion
was defined as the point in time, at which the participants stopped pedalling
or the required pedalling rate could no longer be sustained. Throughout the
entire test, we continuously measured V̇O2 , carbon dioxide output, ventilation,
and arterial oxygen saturation (InnocorTM , Innovision, Odense, Denmark).
Blood lactate concentration was measured at the end of each stage, as well as
at exhaustion, based on 20 µ of arterialised venous blood taken from an earlobe. Blood samples were enzymatically analysed with a BIOSEN C line Sport
(EKF-diagnostic, Barleben, Germany). All measurements were performed by
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the same investigator. The measurements were performed in an automatically
ventilated laboratory at a temperature of 21 ± 1 ◦ C and a relative humidity
of 46 ± 6%.

2.2.3 Measurement of cardiac output

We used an InnocorTM inert gas rebreathing unit with breath-by-breath ergospirometry option and arterial oxygen saturation sensor (Innovision, Odense,
Denmark) for all measurements. The closed rebreathing system consisted of a
3-way respiratory valve connecting a facemask, an anti-static rubber bag, and
an infrared photoacoustic gas analyser (Clemensen et al., 1994). Before each
rebreathing, the gas mixture was filled into an anaesthesia bag with a volume
of 3 to 6 l, depending on the individual participants predicted vital capacity
(Quanjer et al., 1993). As rebreathing gases, we used nitrous oxide and sulphur
hexafluoride, diluted with oxygen and atmospheric air. We set the rebreathing
parameters for assessing Q̇ at rest to a total gas mixture volume of 40% of the
predicted vital capacity (Quanjer et al., 1993), to 20% bolus volume, and to a
rebreathing frequency of 20 min−1 . For measuring Q̇ during submaximal and
maximal exercise, the system calculated the individual rebreathing parameters for each participant. As general conditions, we allowed a maximal bolus
volume of 40%, a minimal oxygen content of 13%, and a maximal carbon dioxide content of 15%. The participants performed rebreathing over 5-8 breaths,
of which the first 2-3 breaths were excluded from calculation due to incomplete gas mixing. The InnocorTM software calculated pulmonary blood flow
and Q̇ from the rate of uptake of nitrous oxide, taking into account estimated
shunt flow (Gabrielsen et al., 2002). The calculation was based on the slope
of a regression line through the logarithmically transformed alveolar nitrous
oxide concentrations plotted against time, while the systems gas volume was
corrected by means of the end-tidal sulphur hexafluoride concentration.
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2.2.4 Data analysis

At 130 W and at exhaustion, we averaged the breath-by-breath ergospirometry
data of V̇O2 , carbon dioxide output, and ventilation over 30 s. With respect
to the 130 W stage, the considered 30 s time period corresponded to the 30
s right before the rebreathing started. For peak values, we took the highest
30 s mean value. At 130 W, Q̇ was measured during the last 30 s of the 2
min stage. At exhaustion, the rebreathing started right before the end of the
test. In order to determine the last possible measurement point in time before
the participants stopped pedalling, we asked them to indicate their last 30 s
before exhaustion by lifting up their right forearm. We defined Q̇peak as the
highest value achieved throughout the test. During the rebreathings, arterial
oxygen saturation was averaged over 30 s. All calculated means and Q̇ values
of all participants were averaged and then compared.

2.2.5 Statistical analysis

We visually checked the data for normality using a Q-Q-plot. Then we examined the data for heteroscedasticity using Bland-Altman plots and subsequently performed ANOVA with repeated measures and Bonferroni correction
on 100Log-transformed values for comparisons between A1 and A2, B1 and B2,
as well as A1 and B1. Statistical significance was set to P < 0.05. We then
calculated relative as well as absolute intra- (A1 vs. A2, and B1 vs. B2) and
inter-session (A1 vs. B1) reliability for Q̇, V̇O2 , carbon dioxide output, and
ventilation. According to Atkinson and Nevill (Atkinson and Nevill, 1998),
relative reliability concerns the degree to which individuals maintain their position in a sample with repeated measurements. We calculated this type of
reliability by means of intraclass correlation coefficient. The intraclass corre-
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lation coefficient explains the measurement error relative to the total variance.
For calculating the intraclass correlation coefficient we used a 2-way random
effects model with single-measure reliability and variance considered over the
repeated session (Shrout and Fleiss, 1979). In contrast to relative reliability,
absolute reliability indicates the intra-participant variance over repeated measurements (Atkinson and Nevill, 1998; Hopkins, 2000). We expressed this type
of reliability as the coefficient of variation and the change in the mean (Atkinson and Nevill, 1998; Hopkins, 2000). Coefficient of variation represents the
noise of a measurement separate from a systematic error. It was calculated as
100 × (eSEM/100 − 1), with SEM = standard error of measurement (standard
deviation of the difference scores divided by, Hopkins 2000). The change in the
mean consists of 2 components (a random and a systematic change). Whereas
the random change simply arises from the random error of a measurement, the
systematic change between trials may indicate a learning effect or may reflect
metabolic changes due to fatigue between trials (Hopkins, 2000). We used
SPSS 16.0 statistical software (SPSS, Chicago, IL, USA) for all calculations.

2.3 Results

For all measures and conditions, correlation coefficients of absolute differences
vs. individual means were positive (Bland-Altman plots), yet close to 0 (Figures 2.1 to 2.3). According to Atkinson and Nevill (Atkinson and Nevill, 1998),
this indicates very slight heteroscedasticity. Therefore, we performed all analyses on 100Log-transformed data (Atkinson and Nevill, 1998; Hopkins, 2000).
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Figure 2.1: Bland-Altman plot of 100Log-transformed inter-session cardiac output
values at rest. Correlation coefficient of absolute difference score vs. mean values
changed after 100Log-transformation from r = 0.00 to r = 0.27. Displayed 95%
limits of agreement are −0.0017 ± 0.0572. A1, cardiac output during the first test
of test session A; B1, cardiac output during the first test of test session B.

2.3.1 Absolute reliability

Changes in the mean, Tables 2.1 and 2.2: Mean values of Q̇, V̇O2 , and ventilation did not significantly differ between the tests at rest, at 130 W, as well as
at exhaustion (Tables 2.1 and 2.2). However, for all measures and all conditions, inter-session changes in the mean tended to be higher than intra-session
changes in the mean (Tables 2.1 and 2.2). In contrast to Q̇, V̇O2 and ventilation, the values of carbon dioxide output at 130 W and at peak exercise
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Figure 2.2: Bland-Altman plot of 100Log-transformed inter-session cardiac output
values at 130 W. Correlation coefficient of absolute difference score vs. mean values
changed after 100Log-transformation from r = 0.17 to r = 0.01. Displayed 95%
limits of agreement are −0.0038 ± 0.0375. A1, cardiac output during the first test
of test session A; B1, cardiac output during the first test of test session B.

were lower in the second tests (A2 and B2) than in the first tests (A1 and
B1) for both test sessions (A and B) (Tables 2.1 and 2.2). Concomitantly,
blood lactate concentrations at 130 W and at exhaustion tended to be lower
during tests A2 and B2 compared to tests A1 and B1, but without reaching
statistical significance. Inter-session (A1 vs. B1), the mean values of carbon
dioxide output (130 W and peak exercise) were the same (2.1,2.2). At rest,
Q̇ was 5.3 ± 0.9 l·min−1 in A1, 5.4 ± 0.9 l·min−1 in A2, 5.4 ± 1.1 l·min−1
in B1, and 5.5 ± 1.2 l·min−1 in B2. Corresponding changes in the mean for
intra-session A were 0.1 l·min−1 (95% confidence interval −0.1 to 0.3 l·min−1 ),
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Figure 2.3: Bland-Altman plot of 100Log-transformed inter-session Q̇peak values.
Correlation coefficient of absolute difference score vs. mean values changed after
100Log-transformation from r = 0.39 to r = 0.12. Displayed 95% limits of agreement
are −0.0074 ± 0.0407. A1, cardiac output during the first test of test session A; B1,
cardiac output during the first test of test session B.

for intra-session B 0.1 l·min−1 (95% confidence interval −0.2 to 0.3 l·min−1 ),
and for inter-session 0.1 l·min−1 (95% confidence interval −0.2 to 0.3 l·min−1 ).
For 100Log-transformed data, relative changes in the mean were 1.9% (95%
confidence interval −1.6 to 5.6%, P = 0.840) for session A, 1.7% (95% confidence interval −2.7 to 6.2%, P = 1.000) for session B, and intra-session A and
B 0.8% (95% confidence interval −4.1 to 6.0%, P = 1.000).

Coefficients of variation, Table 2.3: The intra-session coefficients of variation
for Q̇ measurements at rest were 6.9 (95% confidence interval 5.5 to 9.4%)
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and 8.6% (95% confidence interval 6.8 to 11.8%) for sessions A and B, respectively. Between sessions, the respective coefficient of variation was 10.0% (95%
confidence interval 7.9 to 13.6%).

2.3.2 Relative reliability

Intraclass correlation coefficient, Table 2.4: During exercise, intraclass correlation coefficients were high for all measures during all conditions (intra-session
A and B as well as inter-session, Table 2.4). At rest, the calculated intraclass
correlation coefficients for Q̇ measurements were 0.85 (95% confidence interval
0.70 to 0.92, P < 0.001, session A) and 0.82 (95% confidence interval 0.65 to
0.91, P < 0.001, session B). The inter-session intraclass correlation coefficient
was 0.72 (95% confidence interval 0.48 to 0.86, P < 0.001).

2.4 Discussion

This study shows that test-retest reliability for determining Q̇ by means of
the InnocorTM device is high for measurements at rest, at a submaximal
power (130W), and at peak exercise (volitional exhaustion) during repeated
graded exercise tests (Tables 2.1 to 2.4). Our results further indicate that

Table 2.1 (following page): Values of cardiac output, oxygen consumption, carbon dioxide
output, and ventilation at 130 W are means ± standard deviation for 30 subjects (15 male
and 15 female). A, intra-session A; B, intra-session B; A1 - B1, inter-session between sessions
A and B; P , P -value; a, change in the mean (95% confidence interval); b, change in the
mean (%) of 100Log data (95% confidence interval).

0 (−1 to 1)
0.1 (−2.7 to 3.0)

a

b

47 ± 8

1 (−1 to 2)
1.4 (−1.7 to 4.5)

−0.9 (−3.5 to 1.7)

P = 1.000

1.8 (−1.5 to 5.1)

0.03 (−0.02 to 0.09)

P = 0.840

0.3 (−2.4 to 3.1)

0.01 (−0.05 to 0.06)

0 (−2 to 1)

P = 1.000

P = 1.000

47 ± 6

Ventilation (l·min−1 )

47 ± 6

−4.9 (−7.1 to −2.7)

−3.2 (−5.5 to −0.8)

P < 0.001

0.4 (−1.8 to 2.7)

0.01 (−0.04 to 0.05)

b
48 ± 7

1.8 (−1.5 to 5.2)

−1.9 (−4.0 to 0.3)

P = 1.000

0.2 (−0.2 to 0.6)

−0.3 (−0.5 to 0.0)

P = 1.000

P = 0.843

A1 - B1

P = 0.285

B1 - B2

−0.09 (−0.13 to −0.05)

1.68 ± 0.16

2.06 ± 0.20

12.6 ± 1.5

B2

−0.05 (−0.09 to −0.02)

1.77 ± 0.20

2.05 ± 0.20

12.9 ± 1.6

B1

a

P = 0.030

Carbon dioxide output (l·min−1 )
1.68 ± 0.16

0.9 (−0.9 to 2.8)

b

1.74 ± 0.17

0.02 (−0.02 to 0.06)

a

P = 0.927

2.06 ± 0.19

Oxygen consumption (l·min−1 )

2.04 ± 0.20

2.1 (−0.7 to 5.0)

P = 0.432

b

12.9 ± 1.8

A1 - A2

0.3 (−0.1 to 0.6)

12.7 ± 1.7

A2

a

Cardiac output (l·min−1 )

A1

130 W
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test-retest reliability for breath-by-breath ergospirometry during exercise is
high (Tables 2.1 to 2.4). To our knowledge, this is the first study demonstrating that InnocorTM delivers reliable measurements of Q̇ and breath-by-breath
ergospirometry in healthy humans under exercise conditions. Evidence that
Q̇ measurements by InnocorTM inert gas rebreathing are reliable is that both
measures of absolute reliability (coefficients of variation and changes in the
mean) were low for all conditions (Tables 2.1 to 2.3) and intraclass correlation coefficients (relative reliability) were high at rest and during exercise
(Table 2.4). Furthermore, in future tests with healthy, recreationally active
participant, inter-session Q̇ values will differ due to a measurement error by
maximally 30% at rest (bias 1%), 19% at 130 W (bias 2%) and 21% at peak
exercise (bias 3%), assuming that respective biases are negligible (Figures 2.1
to 2.2, Atkinson and Nevill 1998).

With respect to intra-session reliability, sessions A and B were similar at rest,
during submaximal, and maximal exercise (Tables 2.1 to 2.4). Since at rest,
intra-session reliability (coefficient of variation and change in the mean) for
session A was slightly higher than for session B, it is unlikely that a learning
effect occurred in between the sessions. Furthermore, the small, yet nonsignificant changes in the mean concerning Q̇ also under exercise conditions
might exclude a learning effect over the trials. Therefore, our data imply that
3 familiarisation trials with ambient air before the first inert gas rebreathing
are sufficient to make the participants familiar with the rebreathing procedure

Table 2.2 (following page): Values of cardiac output, oxygen consumption, carbon dioxide
output, and ventilation at exhaustion are means ± standard deviation for 30 subjects (15
male and 15 female). A, intra-session A; B, intra-session B; A1 - B1, inter-session between
sessions A and B; P , P -value; a, change in the mean (95% confidence interval); b, change
in the mean (%) of 100Log data (95% confidence interval).

−1 (−4 to 3)
−0.6 (−4.1 to 3.0)

−3.2 (−6.0 to −0.3)

b

P = 1.000

−3 (−6 to 0)

101 ± 21

a

102 ± 22

P = 0.186

Ventilation (l·min−1 )
103 ± 21

−3.6 (−6.0 to −1.2)

−4.4 (−6.5 to −2.2)

b

106 ± 20

−0.14 (−0.24 to −0.04)

P = 0.015

−0.14 (−0.22 to −0.07)

3.35 ± 0.67

a

3.49 ± 0.77

P < 0.001

3.29 ± 0.67

Carbon dioxide output (l·min−1 )

3.43 ± 0.65

−0.1 (−1.8 to 1.7)

−0.4 (−2.2 to 1.4)

b

P = 1.000
−0.01 (−0.08 to 0.06)

3.23 ± 0.70

−0.01 (−0.07 to 0.05)

3.24 ± 0.75

a

3.17 ± 0.72
P = 1.000

3.18 ± 0.70

Oxygen consumption (l·min−1 )

P = 0.435

1.8 (−0.7 to 4.4)

16.7 ± 2.4

B1 - B2

−2.1 (−5.2 to 1.1)

16.4 ± 2.2

B2

b

P = 0.555

B1

0.3 (−0.1 to 0.8)

16.6 ± 2.5

A1 - A2

−0.4 (−1.0 to 0.1)

17.0 ± 3.0

A2

a

Cardiac output (l·min−1 )

A1

Peak exercise

−4.2 (−7.3 to −0.9)

−4 (−8 to 0)

P = 0.083

1.1 (−2.2 to 4.6)

0.06 (−0.06 to 0.18)

P = 1.000

1.7 (−1.2 to 4.7)

0.06 (−0.03 to 0.15)

P = 0.756

−3.4 (−6.8 to 0.1)

−0.7 (−1.3 to 0.0)

P = 0.177

A1 - B1
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Ventilation

Carbon dioxide output

Oxygen consumption

Cardiac output

5.1
(4.1 to 6.9)

(4.4 to 7.5)

(3.5 to 6.1)

(3.7 to 6.3)
5.5

4.5

(3.4 to 5.8)

(2.8 to 4.7)
4.6

4.3

(3.4 to 5.8)

(4.4 to 7.5)
3.5

4.3

B

5.5

A

130 W

(4.8 to 8.2)

6.1

(5.0 to 8.7)

6.4

(4.2 to 7.2)

5.3

(5.1 to 8.7)

6.4

A-B

(4.5 to 7.8)

5.7

(3.5 to 6.0)

4.4

(2.8 to 4.8)

3.5

(5.0 to 8.6)

6.3

A

(5.5 to 9.5)

7.0

(3.9 to 6.6)

4.9

(2.7 to 4.6)

3.4

(3.8 to 6.6)

4.8

B

Peak exercise

(5.1 to 8.8)

6.5

(5.2 to 8.9)

6.6

(4.5 to 7.8)

5.7

(5.5 to 9.5)

7.0

A-B
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Table 2.3: Coefficients of variation of cardiac output, oxygen consumption, carbon diox-

ide output, and ventilation measurements at 130 W and at exhaustion (after 100Log-

transformation). Data in parentheses are 95% confidence intervals. A, intra-session A;
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and to ensure a high reliability of the Q̇ measurements during all subsequent
tests.

We observed that inter-session reliability, in terms of the coefficient of variation
and the intraclass correlation coefficient, was slightly lower than intra-session
reliability (Tables 2.3 and 2.4). We believe that the slightly lower inter-session
reliability for Q̇ determinations may simply reflect small physiological fluctuations between different days, as shown for other physiological parameters such
as maximal V̇O2 and maximal power (Kuipers et al., 1985).

Evidence for the high test-retest reliability of InnocorTM breath-by-breath ergospirometry during exercise is that we found low coefficients of variation during submaximal, as well as at peak exercise (Table 2.3). With the exception
of intra-session carbon dioxide output, changes in the mean were small for all
measures, too (Tables 2.1 and 2.2). Furthermore, intraclass correlation coefficients during submaximal and peak exercise were high (Table 2.1). As for Q̇,
absolute and relative ergospirometry reliabilities within sessions were slightly
higher than between sessions (except for intraclass correlation coefficients for
peak ventilation, which were the same for intra-session B and inter-session, and
the coefficients of variation for peak ventilation, which were slightly higher
intra-session B than inter-session). However, the small differences between
inter-session and intra-session reliability appear to result from the physiological fluctuation between days that is pertinent to most ergospirometry variables
(Kuipers et al., 1985).

Table 2.4 (following page): Intraclass correlation coefficients and corresponding P -values
of cardiac output, oxygen consumption, carbon dioxide output, and ventilation measurements at 130 W and at exhaustion (after 100Log-transformation). Data in parentheses are
95% confidence intervals. A, intra-session A; B, intra-session B; A - B, inter-session between
sessions A and B; P , P -value.

Ventilation

Carbon dioxide output

Oxygen consumption

Cardiac output

0.90 (0.81 to 0.95)
P < 0.001

P < 0.001

P < 0.001

P < 0.001

0.84 (0.69 to 0.92)

0.82 (0.65 to 0.91)

P < 0.001

P < 0.001

0.78 (0.59 to 0.90)

0.82 (0.65 to 0.91)

P < 0.001

P < 0.001

0.88 (0.75 to 0.94)

0.88 (0.76 to 0.94)

B

0.84 (0.69 to 0.92)

A

130 W

P < 0.001

0.83 (0.68 to 0.92)

P < 0.001

0.65 (0.37 to 0.82)

P < 0.001

0.73 (0.50 to 0.86)

P < 0.001

0.76 (0.56 to 0.88)

A-B

P < 0.001

0.93 (0.85 to 0.96)

P < 0.001

0.96 (0.91 to 0.98)

P < 0.001

0.98 (0.95 to 0.99)

P < 0.001

0.86 (0.73 to 0.93)

A

P < 0.001

0.91 (0.81 to 0.96)

P < 0.001

0.95 (0.90 to 0.98)

P < 0.001

0.98 (0.96 to 0.99)

P < 0.001

0.90 (0.79 to 0.95)

B

Peak exercise

P < 0.001

0.91 (0.82 to 0.96)

P < 0.001

0.91 (0.82 to 0.96)

P < 0.001

0.94 (0.88 to 0.97)

P < 0.001

0.82 (0.65 to 0.91)

A-B
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One variable for which we consistently found lower values in the second test of
the same test session (A2 vs. A1, and B2 vs. B1) was carbon dioxide output
(with blood lactate concentrations tending to be lower in A2 and B2 compared
to A1 and B1, as well as without concurrent changes in V̇O2 ). As a result, respiratory exchange ratios were lower in the second intra-session tests. It has
been shown that lower respiratory exchange ratio values correlate with glycogen depletion during exercise (Kohler and Boutellier, 2004). Accordingly, we
suggest that the contribution of carbohydrate oxidation to total energy expenditure probably was reduced in the second test of the same test session. Thus,
the intra-session changes in the mean concerning carbon dioxide output may
not primarily reflect a random change, but to a larger extent also a systematic bias, which may have been evoked by the experimental protocol (2 tests
to exhaustion with a 1 h break in-between) and reflects changes in carbohydrate and fat metabolism due to depleted glycogen stores. As a consequence,
a measurement bias based on technical reasons should be excluded.

Practical implications for performance diagnostics and scientific studies: Coaches,
physicians, scientists, and other professionals using performance tests to monitor mechanical and physiological parameters as functions of exercise intensity
and/or time must regularly decide on whether a real change in performance has
occurred following e.g. training. According to Hopkins (2000), a threshold for
deciding that in an individual, a real change has occurred, appears to be 1.5 to
2.0 times the coefficient of variation. Accordingly, given the calculated intersession coefficient of variation of 7.0% for Q̇peak determinations by InnocorTM ,
real improvements in individual participants would be detectable if larger than
9.5 to 14% (holds true for healthy, young participants). Changes equal in this
magnitude have previously been reported in training studies (Daussin et al.,
2007, 2008). Thus, to detect changes in InnocorTM -derived Q̇peak in the order
of 10% with type 1 and 2 errors being 5 and 20%, respectively, a scientific,
fully controlled training study (training vs. control) would need to include 16
participants per group. Therefore, determining Q̇ by the InnocorTM system
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might be precise enough to assess central haemodynamic adaptations following training interventions for performance diagnostic purposes as well as in
scientific studies employing young, healthy individuals. Accordingly, V̇O2 peak
as determined by InnocorTM would have to change in an individual by 8 to
10% in order to represent a real change (Hopkins, 2000). Since it has been
shown in previous studies (Daussin et al., 2007, 2008; Perry et al., 2008) that
changes of this magnitude are likely to occur after training periods of 6 to 8
weeks, breath-by-breath V̇O2 measurements by InnocorTM are reliable enough
to be employed for performance diagnostic purposes. Furthermore, the reliability of InnocorTM enables sample sizes of 11 participants per group in fully
controlled training studies with the aim of detecting significant 10% changes
in V̇O2 peak (type 1 error 5%, type 2 error 20%).

In summary, we have shown that InnocorTM provides reliable measurements
of Q̇ and gas exchange in healthy male and female participants at rest and
during submaximal and peak exercise, both for 2 tests being performed on the
same day, and for 2 tests being performed on 2 different days. In particular,
both measures of absolute reliability (coefficient of variation and change in the
mean) were low, whereas relative reliability (intraclass correlation coefficient)
was high. Our data further indicate that measuring Q̇, gas exchange, and ventilation by means of InnocorTM is reliable enough to detect real training-induced
changes in these parameters in healthy young individuals for performance diagnostic purposes. We conclude that Q̇, gas exchange, and ventilation can
reliably and safely be determined during graded exercise tests by means of
InnocorTM and that InnocorTM may prove to be a useful tool for performance
diagnostic purposes.

Chapter 3

Non-invasive haemodynamic
assessments using InnocorTM during
standard graded exercise tests

Published in: Eur J Appl Physiol, 2010, 108, 573-580

3.1 Introduction

Conventional cardiovascular performance diagnostics relies on fH , blood lactate concentration, perceived exertion, respiratory (V̇O2 , carbon dioxide output), and ventilatory (breathing frequency, tidal volume) parameters. Changes
in these parameters over time, in particular with respect to V̇O2 , are used
to determine performance improvements after training. Nevertheless, (maximal) V̇O2 does not constitute the primary determinant of cardiovascular perfor-
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mance. In fact, it is believed that in healthy humans, a high V̇O2 max primarily
depends on maximal oxygen delivery to the exercising muscles (Saltin and
Calbet, 2006), and therefore on a high, maximal Q̇ (Calbet et al., 2004). Consequently, we propose that for performance diagnostics purposes, Q̇ and VS
should standardly be determined under exercise conditions and subsequently
related to the conventional respiratory, ventilatory, and metabolic parameters.

However, Q̇ and VS determinations must meet several requirements in order
to be viable for incorporation into standard exercise tests. A central requirement is, that the employed measurement method is valid, reliable, and safe.
Furthermore, it should not pose any major discomfort to the participants. In
addition, the employed method should be easily applicable to standard GXT
protocols (Bentley et al., 2007). One promising non-invasive approach having
the potential to fulfil these requirements is nitrous oxide (inert gas) rebreathing, which can be performed using the recently introduced InnocorTM system
(Innovision, Odense, Denmark). Validation of the InnocorTM Q̇ measurement
against direct Fick showed a good accordance (Agostoni et al., 2005; Gabrielsen
et al., 2002; Peyton and Thompson, 2004). In addition, we recently found that
Q̇ determinations using InnocorTM are reliable (Fontana et al., 2009). While
it was shown that Q̇ determinations by InnocorTM are valid and reliable, it is
still unknown whether the measurement point in time during a typical GXT
stage (i.e., 2 min) affects the outcome of the Q̇ measurement in healthy participants, i.e. whether Q̇ differs if measured within the first minute after the
exercise-to-exercise transitions compared to when measured at the end of the
2 min stages.

Evidence for quick adjustments of Q̇ to increased power comes from the examination of haemodynamics during rest-to-exercise transitions in healthy participants by determining cardiac function on a beat-by-beat basis, using Doppler
ultrasound (DeCort et al., 1991) or the model flow method (Lador et al., 2006,
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2008). These studies showed that when increasing power from rest to 50, 80,
or 100 W (i.e., ”rest-to-exercise” transitions), a steady state for Q̇ is quickly
reached (e.g., within the first minute). However, all power outputs were not
higher than 100 W, and only rest-to-exercise, but not exercise-to-exercise transitions were examined. Furthermore, these studies do not provide any information about intra-stage haemodynamics, i.e. the evolvement of Q̇, VS , and fH
on the single stages of moderate and high submaximal power during standard
GXT.

Therefore, we aimed at determining Q̇ and VS using inert gas rebreathing by
means of InnocorTM , as well as fH , during standard GXT after 46 and 103 s
at 69, 77, and 85% peak power in healthy male participants. We hypothesised
that these measurements are feasible for stage durations of 2 min, and that
on each test stage no differences with respect to Q̇ and VS exist between the 2
points in time (46 and 103 s).

3.2 Methods

3.2.1 Participants

We recruited 16 recreationally trained male cyclists. The participants’ individual values are presented in Table 3.1. All participants were healthy and
non-smoking. In order to avoid fatigue-related effects on test performance,
no strenuous physical activity was allowed for 48 h prior to the tests. Starting 2 weeks before the examinations, the participants recorded their physical
activity in a training log and continued to do so until the end of the study.
Based on the training log, we observed that the training volume was similar
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throughout the study. We informed the participants about all procedures involved and about the associated risks. After the completion of a routine health
questionnaire, the participants gave written informed consent. The study was
approved by the human ethics committee of the ETH Zurich.

3.2.2 Study design and experimental setup

All participants performed 3 GXTs to volitional exhaustion on a cycle ergometer (Ergoselect 200K, Ergoline, Bitz, Germany). In all participants, test
1 (increments of 30 W every 2 min until volitional exhaustion) served for determining peak power and maximal gas exchange (InnocorTM , Innovision, Odense,
Denmark). During test 1, we also determined the freely chosen pedalling rate
(≥ 70 min-1), which was then held constant throughout all tests. In tests 2
and 3, we non-invasively determined Q̇ by inert gas rebreathing (InnocorTM ,
Innovision, Odense, Denmark) at 69, 77, and 85% peak power attained in
test 1. The respective rebreathings were performed in a randomised order,
either during the first or the second min on each stage (either in test 2 or 3).
Throughout tests 2 and 3, we continuously recorded fH and V̇O2 . All tests
took place within a time frame of 2 weeks, except for subject number 9, who
was tested 5 weeks apart, due to a common cold.

On the first examination day, we informed the participants about the upcoming procedures. Then, they performed test 1. Test 2 was either carried out 1
h after test 1 or on day 2. Test 3 was always conducted on day 2, either 1 h
after test 2 or as the only test performed. Before tests 2 and 3, we equipped
the participants with a fH monitor (S610i, Polar Electro, Kempele, Finland),
a facemask (Hans Rudolph, Shawnee, KS, USA), and an anti-bacterial filter
(PALL PF30-S, Pall, East Hills, NY, USA). We then connected the participants to the InnocorTM device. Before test 2, the participants practiced the

Body mass (kg)

62.5

71.6

76.0

69.5

84.4

74.7

70.7

70.2

70.8

66.9

74.8

73.9

65.8

71.2

68.0

68.9

71.2 ± 5.0

Participant

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Mean ± SD

1.801 ± 0.069

1.880

1.785

1.795

1.745

1.866

1.795

1.792

1.815

1.778

1.830

1.820

1.902

1.775

1.877

1.750

1.611

Height (m)

25.4 ± 2.9

30.1

22.5

30.4

26.9

28.3

26.9

25.4

22.4

26.9

22.1

26.1

22.3

26.5

22.2

22.1

25.3

Age (y)

4.40 ± 0.21

4.36

4.47

4.43

4.05

4.45

4.38

4.54

4.71

4.11

4.40

3.98

4.68

4.60

4.39

4.40

4.48

Peak oxygen consumption (l·min−1 )

384 ± 22

375

403

350

348

400

373

370

430

400

400

370

390

390

390

390

360

Peak power (W)
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Table 3.1: Values of body mass, height, age, peak oxygen consumption, and peak power

for 16 male cyclists. SD, standard deviation.
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Figure 3.1: Cardiac output measurement protocol (tests 2 and 3). Rebreathings
were performed either at 46 or 103 s after the power stage transitions at 69, 77,
and 85% peak power, as assessed during test 1. On each stage, the measurement
point in time (46 or 103 s) was randomised (see horizontal black arrows). Vertical
black arrows, cardiac output measurements; vertical dashed arrows, learning trials
(rebreathings with ambient air, only before test 2).

rebreathing procedure with ambient air during 3 attempts, as described earlier
(Fontana et al., 2009). Subsequently, we measured Q̇ at rest. Two min after
the rebreathing under resting conditions, cycling started at 54% peak power
for 2 min (warm up). Then, we increased power to 69% peak power for 2 min.
Afterwards, power was raised twice by 8% peak power for 2 min. Q̇ determinations were performed at 69, 77, and 85% peak power. All measurements
were performed by the same investigator.
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3.2.3 Determination of cardiac output

Rebreathings were performed in a closed system, which consisted of a 3-way
respiratory valve connecting a facemask, an anti-static rubber bag, and an infrared photoacoustic gas analyser (Clemensen et al., 1994). The participants
rebreathed a gas mixture of nitrous oxide (0.5%) and sulphur hexafluoride
(0.1%) in oxygen, diluted with atmospheric air, from an anaesthesia bag of
size 3-6 l, depending on the individual participant’s predicted vital capacity
(Quanjer et al., 1993). At rest, the settings of the InnocorTM were a 20% bolus
volume (volume of gas mixture, consisting of nitrous oxide, sulphur hexafluoride, and oxygen), a rebreathing frequency of 20 min-1, and a total gas mixture volume of 40% of the predicted vital capacity (Quanjer et al., 1993). The
InnocorTM software adjusted these settings dynamically under exercise conditions, considering a maximal bolus volume of 40%, a minimal oxygen content
of 13%, and a maximal carbon dioxide content of 15%, taking into account
the participants individual breathing frequencies. Rebreathing was typically
performed over 5-8 breaths, of which the last 2-3 breaths were used for the calculation of pulmonary blood flow and Q̇, taking into account estimated shunt
flow (Gabrielsen et al., 2002). The calculation of Q̇ was performed according
to the manufacturer. For detecting the single breaths during the rebreathings,
we standardly used end-tidal carbon dioxide concentrations. This procedure
has been shown to give reliable measurements of pulmonary blood flow and Q̇,
even at peak exercise (Fontana et al., 2009). However, during some rebreathings, the detection of the breaths was facilitated by using end-tidal oxygen
concentrations. Using this procedure, all rebreathings could be used in order
to calculate Q̇. Each rebreathing lasted between 8 and 10 s. Since the mean
transit time of a dye marker after 60 to 120 s of high intensity exercise appears
to be in the range of 12 s (Krustrup et al., 2009), it is unlikely that recirculation
of nitrous oxide occurred. Additionally, we checked online breath-by-breath
rebreathing gas concentrations during each Q̇ measurement in order to detect
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possible elevations in nitrous oxide concentrations due to recirculating gas. We
observed no nitrous oxide gas recirculation during all measurements. Thus, a
recirculation-based measurement bias should be excluded.

3.2.4 Calculations

For each participant, we calculated peak power as power on the last completed
stage + t (s) / 120 s ×30 W. For V̇O2 peak , we took the highest mean over 30 s
achieved in test 1. During tests 2 and 3, the exact rebreathing points in time
relative to test stage duration were calculated by determining the time point
of the valve opening and adding the time elapsed until complete mixing of the
rebreathing gases was achieved. Therefore, rebreathing points in time were on
average 46 or 103 s either in test 2 or 3 on the 3 test stages (Table 3.2). We
calculated VS by dividing Q̇ by fH . For fH , we took the 10 s mean recorded
right after the rebreathings.

3.2.5 Statistical analysis

We checked the data for normality by Q-Q plot, and analysed it for statistical
significance (P < 0.05) using SPSS 16.0 (SPSS, Chicago, IL, USA). For comparisons of Q̇, VS , and fH between 46 and 103 s on each single stage, we used
Student paired t-test. For comparisons between stages, ANOVA repeated measures with Bonferroni correction was used. Since we did not perform multiple
comparisons, the occurrence of a type I error is unlikely and the aforementioned
analyses were chosen instead of a 2-way ANOVA (time × stage).
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Table 3.2: Individual rebreathing points in time (s) after exercise-to-exercise transitions at
69, 77, and 85% peak power for 16 male cyclists. SD, standard deviation.

Participant

46 s

103 s

1

38

119

2

52

104

3

36

97

4

36

96

5

37

98

6

46

97

7

45

104

8

52

107

9

45

104

10

64

101

11

46

106

12

50

103

13

50

104

14

50

104

15

49

105

16

48

98

Mean ± SD

46 ± 7

103 ± 5
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3.3 Results

3.3.1 Cardiac output

Q̇ measurements by InnocorTM inert gas rebreathing could be performed at
69, 77, and 85% peak power at both, 46 and 103 s after the stage transitions.
Furthermore, Q̇ for the 16 participants did not differ between the early (46 s)
and late (103 s) rebreathing points in time on all 3 test stages (69, 77, and
85% peak power; Tables 3.3 and 3.4, Figure 3.2), and the adjustments of Q̇
between 46 and 103 s were the same after increments of 15 (from 54 to 69%
peak power) and 8% peak power (from 69 to 77% and from 77 to 85% peak
power; Tables 3.3 and 3.4). Additionally, Q̇ increased significantly from rest
to 69% of peak power at 46 and 103 s (Tables 3.3 and Table 3.4). Between
69 and 77% peak power, Q̇ further increased significantly with respect to both
measurement points in time, whereas between 77 and 85% peak power, Q̇ was
the same (Tables 3.3 and 3.4).

3.3.2 Stroke volume

VS was not significantly different between the 2 measuring points in time at
69, 77, and 85% peak power (Tables 3.3 and 3.4). Furthermore, VS significantly increased when transitioning from rest to 69% peak power, both when

Table 3.3 (following page): Cardiac output, stroke volume, heart rate, and oxygen consumption at rest, 69, 77, and 85% peak power. During exercise, measurements were performed at 46 and 103 s after the exercise-to-exercise transition. Data are means ± standard
deviation for 16 male cyclists.

0.43 ± 0.08

72 ± 8

Heart rate (beats·min−1 )

Oxygen consumption (l·min−1 )

126 ± 18

91 ± 23

Stroke volume (ml)

3.33 ± 0.30

145 ± 7

18.1 ± 2.1

6.4 ± 1.2

3.62 ± 0.27

149 ± 9

123 ± 21

18.2 ± 2.3

3.77 ± 0.28

158 ± 7

132 ± 18

20.7 ± 2.6

3.90 ± 0.28

161 ± 7

131 ± 18

21.0 ± 2.3

103 s

46 s

46 s

103 s

77% peak power

69% peak power

Cardiac output (l·min−1 )

Rest

4.07 ± 0.27

166 ± 9

131 ± 17

21.6 ± 2.4

46 s

4.13 ± 0.33

168 ± 11

131 ± 22

21.8 ± 2.7

103 s

85% peak power
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measured at 46 and 103 s (Table 3.3). At 77 and 85% peak power, VS was not
different than at 69% peak power (Table 3.3).

3.3.3 Heart rate

fH was significantly higher after 103 than after 46 s at 69% peak power (Tables
3.3 and 3.4). Both, at 77 and 85% peak power, fH was not different between
46 and 103 s (Table 3.3). fH rose from rest to 69%, 77%, and 85% peak power
with respect to both measurement points in time (Table 3.3).

3.4 Discussion

In this study, we have shown that it is feasible to non-invasively determine
Q̇ by inert gas rebreathing at 46 and 103 s on moderate and high intensity
submaximal GXT stages, using the InnocorTM device. This study also shows
that Q̇ of recreationally trained cyclists does not change between these 2 points
in time at 69, 77, and 85% peak power (Figure 3.2). While VS , too, is not
different when determined at 46 and 103 s after power stage transitions, fH is
higher after 103 than after 46 s at 69% peak power, but is unchanged between
the 2 measurement points in time at both 77 and 85% peak power.

Table 3.4 (following page): P -values of cardiac output, stroke volume, heart rate, and
oxygen consumption comparisons. We compared cardiac output, stroke volume, heart rate,
and oxygen consumption between 46 and 103 s on each stage [P (46 vs. 103 s)], as well as
between stages (P Rest vs. 69% peak power, P 69 vs. 77% peak power, P 77 vs. 85% peak
power)].

0.005

Heart rate (beats·min−1 )

< 0.001

0.343

Stroke volume (ml)

Oxygen consumption (l·min−1 )

0.794

0.071

0.169

0.874

0.356

P (46 vs. 103 s)

P (46 vs. 103 s)

Cardiac output (l·min−1 )

77% peak power

69% peak power

0.430

0.276

0.999

0.678

P (46 vs. 103 s)

85% peak power

< 0.001

< 0.001

< 0.001

< 0.001

P (46 s)

< 0.001

< 0.001

< 0.001

< 0.001

P (103 s)

Rest vs. 69% peak power

< 0.001

< 0.001

0.137

< 0.001

P (46 s)

< 0.001

< 0.001

0.052

< 0.001

P (103 s)

69 vs. 77% peak power

< 0.001

0.003

1.000

0.070

P (46 s)

< 0.001

0.002

1.000

0.263

P (103 s)

77 vs. 85% peak power
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Figure 3.2: Individual values of cardiac output at 46 and 103 s at 69, 77, and 85%
peak power for 16 male cyclists. The solid line indicates the line of identity.

Our finding that at different power stages of standard cycling GXT, noninvasive measurements by inert gas rebreathing using the InnocorTM device
can easily be performed in healthy, recreationally trained male cyclists, might
offer a new dimension to current cardiovascular performance diagnostics. Since
V̇O2 peak is mainly determined by peak Q̇ (Fick, 1870), and the latter mainly
depends on a large VS (Levine, 2008), central haemodynamic improvements
after training could be detected in parallel with gas exchange in future standard
cardiovascular diagnostic tests. This possibility might prove useful in better
defining the link between changes in metabolic demand and cardiovascular
control following exercise and/or inactivity, and help physiologists as well as
coaches to improve the supervision of athletic performance.
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Our result that at 69, 77, and 85% peak power, Q̇ in healthy male cyclists is the
same at 46 and 103 s after reaching the power stage (Figure 3.2) lends further
credence to earlier studies investigating the haemodynamic response to rest-toexercise transitions. In these studies, it was shown that a steady state for Q̇ is
attained between 30 (Lador et al., 2006, 2008) and 60 s (DeCort et al., 1991).
Also, Davies et al. (1972) found a rapid adjustment of Q̇ after increasing power
(i.e. walking velocity and gradient) during treadmill exercise, using a modified
indirect Fick method. However, the observed halftime for Q̇ adaptation after
increasing power from moderate (≈ 40% maximum aerobic power) to heavy
exercise (≈ 80% maximum aerobic power) was 20 s. In our study, the respective
halftime seems to be in the range of 12 s, indicating slightly faster Q̇ kinetics
than Davies et al. (1972), although more measurement points in time would
be required to obtain comprehensive kinetic data.

We also observed that Q̇ in healthy male cyclists is the same at 46 and 103 s
after reaching the power stage, irrespective of the size of the preceding power
increment (up to 15% peak power) between stages (15% from 54 to 69% peak
power, 8% from 69 to 77%, and 8% from 77 to 85%). Therefore, it seems that
small power increments (up to 15% peak power) between 2 stages may not
influence the evolution of Q̇ on the higher stage, although we did not explicitly examine Q̇ on stages with equal power after increments of different sizes.
Furthermore, the evolution of Q̇ after increasing power during a GXT seems
not to be influenced by a levelling off of Q̇, which in our experiments occurred
between 77 and 85% peak power. Our observed flattening of the Q̇-power relationship at high submaximal intensities is in line with the findings of Calbet
et al. (2007) (dye-dilution) and Mortensen et al. (2005), (Fick principle), who
found Q̇ to level off after 84 and 80% peak power, respectively.

Evidence for rapid adjustments of VS after stage transitions is that VS was not
significantly different between 46 and 103 s at 69, 77, and 85% peak power.
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Furthermore, VS at 69% peak power tended to be higher after 46 s than at
103 s. This finding was accompanied by a significantly lower fH . Since VS was
calculated by dividing Q̇ by fH , the lack of statistical significance concerning
the potentially lower VS at 103 s might be a statistical issue. This assumption
may be supported by the data of Davis et al. (2005), who estimated VS during
GXT with different increment durations, i.e. 1 and 4 min. They found that
VS at submaximal power was higher for the 1-min than for the 4-min protocol.
However, the rapid inter-stage adjustment of VS was not compromised by the
levelling off of VS between 69 and 85% peak power. In fact, in our experiments
VS increased significantly when transitioning from rest to 69% peak power, but
was the same at 69, 77, and 85% peak power. These findings are in line with
those of Calbet et al. (2007), who reported VS to rise after the transition from
unloaded pedalling to submaximal exercise, and then reach maximal values
beyond 64% peak power. Furthermore, our data confirm the findings of Davies
et al. (1972), who found VS to be similar between 40 and 80% of maximal
aerobic power. However, according to our results, VS might reach a plateau
as late as at 77% peak power, since VS tended to be lower at 69 compared to
77% of peak power.

The encountered haemodynamic pattern leads us to speculate that at 69%
peak power, maximal VS may not be fully exploited. Thus, at this moderate
intensity, VS may still possess a reserve for further increases that could serve
to quickly adjust Q̇ after increasing power by 15% from 54 to 69% peak power.
The fact that at 69% peak power fH was different between 46 and 103 s
may be further indicative of VS ’s role in mediating the rapid adjustment of
Q̇ after the stage transition from 54 to 69% peak power. Further support
for our speculation that VS might mediate the initial increase in Q̇ comes
from DeCort et al. (1991), who reported that VS quickly reacts to increases
of power, and then tends to decrease after 90 to 120 s of constant power
exercise, with Q̇ remaining unchanged. However, at exercise intensities of
77 and 85% peak power, peak VS seems to be fully exploited. Accordingly,
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VS at these intensities might not be further increased to raise Q̇ after power
stage transitions. Therefore, Q̇ adjustments after increasing power from 77
to 85% peak power may solely rely on the increase in fH . Indeed, our data
indicate that fH at 77 and 85% peak power is the same at 46 and 103 s.
The quicker fH adjustment at high intensities may possibly be facilitated by
the pronounced increase of sympathetic nervous system activity above 6070% V̇O2 peak (Nakamura et al., 1993; Saito and Nakamura, 1995; Yamamoto
et al., 1991) with concomitant pronounced increases of norepinephrine and
epinephrine concentrations (Escourrou et al., 1984; Nakamura et al., 1993;
Orizio et al., 1988). This positive inotropic effect of the increased sympathetic
drive to the heart is likely not to further raise VS , since at 77 and 85% peak
power maximal VS was reached.

3.4.1 Methodological considerations

Three methodological issues must be considered. The first one concerns the
rebreathing points in time (46 ± 7 and 103 ± 5 s). They result from averaging the individual points in time (Table 3.2) across all participants, and are
explained by the fact that the point in time of the first breath, of which the
end-tidal nitrous oxide concentration was used for fitting the regression line,
slightly varied between participants as well as within participants between the
tests. Two reasons explain this variation. The first reason is that the point in
time of complete gas mixing (respiratory tracts, anaesthesia bag, mask, and
valves) during inert gas rebreathing by InnocorTM slightly differed within the
tests (within and between the participants). In our study, complete gas mixing was typically achieved within the first 3-5 breaths after the start of the
rebreathing procedure. Complete gas mixing is required for reliably calculating
pulmonary blood flow (from which Q̇ is determined), since the calculation of
pulmonary blood flow is based on a regression line through end-tidal nitrous
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oxide concentrations vs. time. The second reason for the variation of the
individual rebreathing points in time is, that depending on the participants’
breathing pattern, the start of the rebreathing procedure varied by 1-5 breaths
(within and between the participants). Hence, based on these individual measurement delays, the rebreathing points in time (averaged within and between
the participants) were 46 and 103 s. The second methodological issue concerns
a possible measurement bias which might be caused by recirculation of nitrous
oxide. In our experiments, the rebreathing manoeuvres at 103 s did not lead to
nitrous oxide gas recirculation at 46 s. Thus, time intervals of ≈ 60 s between
measurements point in time (and thus stage durations lasting 60 s) seem to be
safe. However, for time intervals below 60 s, recirculation of nitrous oxide cannot be excluded. The third methodological consideration concerns the power
stages, at which we performed the rebreathings (69, 77, and 85% peak power).
These 3 power stages, corresponding to moderate to high exercise intensity
levels before and after a hypothetic levelling off of Q̇ (Mortensen et al., 2005),
were chosen because we speculated that a levelling off could influence the intrastage adaptation of Q̇ and VS . Furthermore, increments corresponding to 8%
peak power were chosen because this value represents ≈ 30 W increments in
GXTs performed by experienced male road cyclists (Amann et al., 2004).

We conclude that during standard GXTs, the determination of Q̇ and VS
by InnocorTM inert gas rebreathing at moderate to high submaximal power
outputs in healthy, recreationally trained male cyclists is easily feasible for performance diagnostics purposes. Furthermore, our results indicate that during
standard GXTs the haemodynamic response to power stage transitions from
54 to 69%, 69 to 77%, and 77 to 85% peak power is fast enough to ensure same
values of Q̇ and VS at 46 and 103 s on the higher stage. Due to this rapid
adjustment of Q̇, stage durations lasting less than 60 s are possible. Finally,
since power increment sizes of 8 and 15% at submaximal levels seem not affect
intra-stage adjustments of Q̇ on the higher stages, these power increments may
be well suited to assess submaximal Q̇ during GXTs.

Chapter 4

Immediate effects of a Wingate test on
haemodynamics in young men

4.1 Introduction

Up to date, the classical way to improve cardiovascular performance has been
to perform END. END is characterised by a large training volume (e.g. exercising 5 times per week for about 60 min per session) and a moderate, submaximal
exercise intensity (≈ power at 65% peak oxygen consumption). However, recent evidence suggests that 6 sessions of Wingate-based interval training (i.e.
SIT) within 2 weeks (a total of 30-32 30 s all-out cycling sprint bouts, i.e.
Wingate tests), improve time to exhaustion at the power corresponding to
80% V̇O2 peak (Burgomaster et al., 2005) and time trial performance (Gibala
et al., 2006). Repeated Wingate tests represent a common HIT intervention.
HIT generally refers to repeated sessions of relatively brief intermittent exercise, often performed with an all-out effort or at a power close to the peak
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value attained in a GXT (e.g. power evoking V̇O2 peak , Laursen and Jenkins
2002).

The improvements in exercise capacity, which are observed after Wingatebased training, are paralleled by metabolic remodelling, i.e. an increased muscle oxidative capacity and altered carbohydrate metabolism (Gibala et al.,
2006, 2009), representing a peripheral determinant of V̇O2 peak . However, no
measurable change in V̇O2 peak can be detected after 2 weeks of Wingate-based
SIT (Burgomaster et al., 2006, 2007; Gibala et al., 2006). In contrast, when
training duration is extended to 3 weeks, an increase in V̇O2 peak similar to that
obtained with END (40-60 min cycling for 5 times per week at a power corresponding to 65% V̇O2 peak ) is additionally observed, albeit no further increase
occurs between 3 and 6 weeks of training (Burgomaster et al., 2008).

The fact that Wingate-based training increases V̇O2 peak is consistent with the
notion that HIT is a strong stimulus for increasing V̇O2 peak (Helgerud et al.,
2007; Daussin et al., 2007). However, although both, HIT and END, increase
V̇O2 peak , the underlying central and peripheral adaptations in oxygen transport
and utilisation are training modality dependent: while continuous training is
mainly associated with greater oxygen extraction, interval-type training improves both peripheral and central (i.e. Q̇) components of V̇O2 peak (Daussin
et al., 2007). This suggests that during HIT, haemodynamics is repeatedly
challenged during the single intervals, and that HIT application triggers cardiocirculatory adaptation. While for non-Wingate HIT with longer interval durations (e.g. 4 min) it can be deduced that intensities at or above 77 to 84%
peak power elicit Q̇ values close to Q̇peak , due to a flattening of the power
vs. Q̇ relationship (Calbet et al., 2007; Fontana et al., 2010; Mortensen et al.,
2005), it is unknown whether a single 30 s Wingate sprint-interval is capable
of challenging haemodynamics, i.e. increasing Q̇ to the peak value attained at
exhaustion during a GXT.
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Therefore, we investigated the immediate haemodynamic effects of a single
Wingate test and compared the obtained values to the values measured at the
point in time of exhaustion during a GXT test. To this end, we recruited
15 young, healthy, male participants. On separate days and in randomised
order, each participant performed 1 Wingate test for the determination of
haemodynamics, 1 Wingate test for the measurement of ventilation, and 1
graded cycling exercise test to volitional exhaustion for the measurements of
Q̇peak , VSpeak , fHpeak , V̇O2 peak , and ventilation at volitional exhaustion. We
determined Q̇ using inert gas rebreathing, calculated VS , and measured fH
in the final phase of the Wingate tests, as well as at peak exercise during
the GXT. We hypothesised that Q̇ during the final phase of the Wingate test
reaches similar values than at exhaustion during the GXT.

4.2 Methods

4.2.1 Participants

15 male participants of age 26.7 ± 5.6 years, height 1.81 ± 0.05 m, body
mass 73.6 ± 7.0 kg, and peak oxygen consumption 52.3 ± 6.1 ml·kg−1 ·min−1 ,
volunteered to participate in this study. All participants were healthy and
non-smoking. In order to avoid fatigue-related effects on the test outcomes,
we allowed no strenuous physical activity for 48 h prior to the measurements.
We informed the participants about all procedures involved and about the
associated risks. Then, they completed a routine health questionnaire and
gave their written informed consent. The experimental protocol was approved
by the ethics committee of the ETH Zurich and was performed in accordance
with the ethical standards laid down in the Declaration of Helsinki for human
experimentation.
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4.2.2 Study design and experimental setup

Each participant performed 1 GXT to volitional exhaustion on a cycle ergometer (Ergoselect 200K, Ergoline, Bitz, Germany) and 2 Wingate tests (Ergomedic 894E Peak Bike, Monark, Vansbro, Sweden). All tests were separated
by at least 48 h and were performed in a randomised order. Before every test,
we informed the participants about the upcoming procedures.

GXT: The cycling GXT (starting at 100 W with increments of 30 W every
2 min until volitional exhaustion) served for non-invasively determining Q̇peak
and VSpeak by inert gas rebreathing, as well as V̇O2 peak and peak ventilation
(InnocorTM , Innovision, Odense, Denmark). The latter was recorded in order
to investigate possible effects of ventilation on haemodynamics (Boutellier and
Farhi, 1986). Furthermore, we recorded fH (S610i, Polar Electro, Kempele,
Finland) at exhaustion. Before the GXT, we equipped the participants with a
heart rate monitor, a facemask (Hans Rudolph, Shawnee, KS, USA), an antibacterial filter (PALL PF30-S, Pall, East Hills, NY, USA), and an arterial
oxygen saturation sensor (InnocorTM , Innovision, Odense, Denmark). The
latter is needed for the calculation of Q̇. Then, we connected the participants
to the InnocorTM and practiced the InnocorTM -specific rebreathing procedure
with ambient air as described by Fontana et al. (2009). After that, we measured
Q̇ at rest. Two min later, cycling started at 100 W. We used the 100 W stage
to determine the individually preferred cycling cadence, which was then held
constant throughout the whole test. Exhaustion was defined as the point in
time, at which the participants stopped cycling.

Wingate tests: The measurements of Q̇, VS , and fH were performed during
one Wingate test, whereas we determined ventilation during another Wingate
test. This procedure had to be employed, because during rebreathing manoeuvres employing InnocorTM , no ventilation data are recorded. Before both
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tests, we equipped the participants with a facemask and an anti-bacterial filter.
Furthermore, before the test with the Q̇ measurement, we supplied the participants with a fH monitor and an arterial oxygen saturation sensor. After that,
we connected the facemask to the InnocorTM and practiced the rebreathing
manoeuvre according to Fontana et al. (2009) prior to the Wingate test involving the Q̇ determination. Then, the participants started unloaded pedalling as
fast as possible, and as soon as they reached 130 revolutions per minute (rpm),
the computer interfaced with the test bike automatically loaded the ergometer. We adjusted the load to 7.5% of the participants body mass (Burgomaster
et al., 2005). Participants were verbally encouraged to pedal as fast as possible
during the Wingate test. Furthermore, during the test, which served for determining Q̇, we indicated every 5 th s and then started the rebreathing procedure
15 s after loading. The exact point in time (averaged over all participants) of
the first breath, which we used for fitting the regression line (calculation of
Q̇, represented by complete gas mixing), was 25 ± 7 s after the beginning of
the sprint bout (after loading). Rebreathing was typically performed over 3
breaths. Therefore, our Q̇ values refer to the last 5 s of the Wingate tests,
on average. We made sure that all participants cycled until the software of
the InnocorTM indicated the end of the rebreathing procedure. Thus, in 5
participants, loaded cycling lasted slightly longer than 30 s.

4.2.3 Determination of cardiac output

We determined Q̇ during the GXT as previously described (Fontana et al.,
2009). For determining Q̇ during the Wingate tests, we manually set the rebreathing parameters to 3 l rebreathing volume, 10% bolus volume (volume
of gas mixture, consisting of nitrous oxide, sulphur hexafluoride, and oxygen),
and took the participants individual breathing frequency. In this regard, we
made sure that the breathing frequency remained constant during the rebreath-
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ing manoeuvre. Latter condition is crucial to reliably assess Q̇ by InnocorTM ,
since changes in the rebreathing frequency could change the slope of the regression line through end-tidal gas concentrations. Additionally, we checked
every rebreathing for changes in pulmonary blood flow and manually moved
the regression line to 2 to 3 breaths with a stable pulmonary blood flow, if
necessary (i.e., in 5 participants).

4.2.4 Calculations

GXT: We calculated VSpeak by dividing Q̇ by the respective fH . To this end,
we took the 10 s fH average directly measured during the rebreathing. In all
participants, this 10 s fH corresponded to the highest 10 s value throughout
the entire test (i.e. fHpeak ). For V̇O2 peak and peak ventilation we took the
highest mean over 15 breaths.

Wingate tests: For VS during the Wingate test, we divided Q̇ by fH (5 s
average). The corresponding fH measurement started as soon as the valve to
the rebreathing bag opened (Q̇ determination). We used this fH value for the
comparison of fH between the Wingate test and the GXT. For ventilation, we
took the last 5 s value during the Wingate test.

For all parameters, we averaged the individual values across all participants.
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4.2.5 Statistical analysis

We checked the data for normality by Q-Q plot and then ln-transformed all
data. After that, we analysed it for statistical significance (P < 0.05; SPSS
16.0, SPSS, Chicago, IL, USA). For comparisons of Q̇, VS , fH , and ventilation
between peak graded exercise and the Wingate test, we used Students paired
t-test. Results are presented as means ± standard deviations.

4.3 Results

4.3.1 Cardiac output, stroke volume, and heart rate

Q̇ was similar for both exercise modalities (i.e. during the last 5 s of the
Wingate test and at the end of the GXT; Figure 4.1, P = 0.894). Furthermore,
VS was higher (133 ± 31%, Figure 4.2, P < 0.001) and fH was lower (78 ±
12%, Figure 4.3, P < 0.001) during the last 5 s of the Wingate test than at
peak exercise during graded cycling exercise.

4.3.2 Ventilation

During the last 5 s of the Wingate test, ventilation (107.2 ± 30.2 l·min−1 )
was lower (P = 0.045) than when measured at peak exercise during the GXT
(125.1 ± 16.0 l·min−1 ).
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Figure 4.1: Cardiac output in 15 young, healthy men, at the end (last 5 s) of a
Wingate test (WT), as well as at the point in time of volitional exhaustion during
a graded cycling exercise test (GXT) (P = 0.894).

4.3.3 Power and pedalling rate during the Wingate test

Peak power during the first 5 s of the the Wingate test was 845 ± 92 W,
whereas power during the Wingate rebreathings (last 5 s of the Wingate test)
accounted to 460 ± 54 W. Pedalling rate during the rebreathings (89 ± 9 rpm)
was significantly higher than pedalling rate at peak graded cycling exercise (79
± 5 rpm, P = 0.002). Peak pedalling rate during the first 5 s of the Wingate
test was 146 ± 11 rpm.

4.4 Discussion

In the present study, we found that in healthy young men Q̇ at the end of a
Wingate test is the same as at volitional exhaustion during a GXT (i.e. Q̇peak ).
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Figure 4.2: Stroke volume in 15 young, healthy men, at the end (last 5 s) of a
Wingate test (WT), as well as at the point in time of volitional exhaustion during
a graded cycling exercise test (GXT. ∗ ∗ ∗, P < 0.001.

Furthermore, VS during a Wingate test is higher than VS at peak graded cycling
exercise, with Wingate fH being lower than fHpeak , as measured at the end of
a GXT. Our data show that Wingate tests increase Q̇ and VS to levels that
are equal or even higher than those attained at volitional exhaustion during
peak graded cycling exercise in untrained, young, healthy men.

Our data indicate that the similar Q̇ at the end of a Wingate test and at peak
graded cycling exercise is differently encoded by VS andfH . In fact, VS at the
end of the Wingate test was significantly higher than at exhaustion during
the GXT, while fH was significantly lower. Our finding, that at the end of a
Wingate test VS reached values which were even higher than at peak graded
cycling exercise, lends further credence to the findings of DeCort et al. (1991),
who showed that VS reached its highest value as early as 20 s after the onset
of exercise for rest-to-exercise transitions. In contrast to the rapid increase of
VS , which also occurs during power stage transitions in GXTs (Fontana et al.,
2010), the increase in fH seems to occur at a slower rate. Accordingly, Davies
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Figure 4.3: Heart rate in 15 young, healthy men, at the end (last 5 s) of a Wingate
test (WT), as well as at the point in time of volitional exhaustion during a graded
cycling exercise test (GXT). ∗ ∗ ∗, P < 0.001.

et al. (1972), who investigated the kinetics of fH during square-wave exercise,
found that fH reaches a steady state beyond 210 s after the onset of heavy
exercise (transition from rest). It is therefore not surprising that fH during
the Wingate test (at 25-30 s) was lower than fHpeak during the cycling GXT.

Our finding that VS at the end of the Wingate test was even higher than at peak
graded cycling exercise, might have 3 potential reasons. The first reason could
be a difference in cardiac contractility between the 2 test modalities, since an
increase in cardiac contractility would directly lower end-systolic volume and
therefore increase VS (Vatner and Pagani, 1976). Increased contractility is
mediated by the beta-adrenergic system, as after beta blockade, contractility
is lowered (Fleg et al., 1994). However, it seems that at the onset of exercise
(first 20 to 30 s), catecholamine concentrations remain at baseline levels (Orizio
et al., 1988). Furthermore, catecholamines during exercise may mainly affect
fH , but not VS , as shown after beta-blockade during exercise using atenolol
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(Andersen and Vik-Mo, 1982). Therefore, it is unlikely that the different VS
is due to differences in cardiac contractility.

A second reason for the higher VS during the Wingate test might be a lower
total peripheral resistance, since a decrease in afterload would increase enddiastolic dimensions and as a consequence, VS (Vatner and Pagani, 1976).
Since we did measure neither mean arterial pressure, nor mean venous pressure
during both types of exercise, we are not able to determine the effect of total
peripheral resistance on VS during both conditions. Nevertheless, according to
Clifford (2007) a rapid vasodilatation can be observed at the onset of exercise.
The dilatation of arteries and arterioles seems to be a function of mechanical
compression frequency and compression force, as blood flow showes a positive
dose-response relationship for compression pressure and is furthermore highest
after brief periods of repeated high frequency muscle force production (Clifford,
2007). As this pattern might reflect Wingate-specific thigh arteries/arterioles
compression (high cycling cadence, combined with high pedal force), one could
speculate that during Wingate tests total peripheral resistance may be lower
than during peak graded cycling exercise.

As a third reason, the larger VS during the Wingate test may be due to a
higher venous return (Vatner and Pagani, 1976). During exercise, venous return is altered by ventilation (Harms et al., 1998) or cycling cadence (Gotshall
et al., 1996). As according to Rowland and Lisowski (2003), the effect of increased ventilation (increased negative intrathoracic pressure with increased
ventilation, and consequently, higher VS ) seems to be minimal, and as during
our Wingate tests, ventilation was significantly lower than at peak graded cycling exercise, we may exclude ventilation as the reason underlying the higher
Wingate VS . However, an altered venous return, evoked by the higher cycling
cadence during the Wingate test may explain our findings (Gotshall et al.,
1996; Rowland and Lisowski, 2001). For example, Gotshall et al. (1996) found
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a progressively increasing VS when changing cycling cadence in experienced
cyclists from 70 to 90 and 100 rpm. Therefore, the main reason for the larger
VS at the end of the Wingate test might be the higher cycling cadence.

While we could show that VS at the end of a Wingate test is higher than at
peak exercise during a cycling GXT, we cannot provide any information as to
whether VS at the end of a Wingate test exceeds maximal VS during a cycling
GXT. The reason for this is that VS at peak exercise may not correspond
to maximal VS (Gonzlez-Alonso, 2008). In fact, maximal VS during a GXT
appears to be attained between 64 (Fontana et al., 2010) and 77% peak power
(Calbet et al., 2007), and was not determined in this study. Thereafter (i.e.
at higher exercise intensity), VS flattens off or slightly decreases (GonzlezAlonso, 2008). However, according to several authors (Flamm et al., 1990;
Seals et al., 1994; Spina et al., 1992), the difference between VS at peak exercise
and maximal VS accounts to 8 to 11%. Taking into consideration that in
the present study, VS during the Wingate test was 133 ± 31% of VS at peak
exercise, we suggest that during Wingate tests, VS may be higher than maximal
VS attained at moderate submaximal power during GXTs.

In summary, we have shown that at the end (last 5 s) of a Wingate test, Q̇
is not different, VS is higher, and fH is lower than at peak exercise during a
cycling GXT (i.e. after ≈ 15 min of exercise) in healthy, untrained, young
men. We conclude that Q̇ quickly increases during a Wingate test and that
the increase in Q̇ is primarily mediated by the increase in VS . The encountered
immediate haemodynamic pattern leads us to speculate that if the pattern is
repeatedly applied (i.e. if a Wingate-based SIT is performed for several weeks),
maximal Q̇ and VS might increase as a cardio-circulatory training adaptation,
and that this possibly improved central determinant of V̇O2 peak might partly
explain the previously observed increase in V̇O2 peak following Wingate-based
HIT (Burgomaster et al., 2008).

Chapter 5

Sprint interval training improves
haemodynamics in young, healthy men

5.1 Introduction

V̇O2 peak represents a correlate of endurance performance (Astrand, 1976) and is
improved after cardiovascular training (Beere et al., 1999; Burgomaster et al.,
2008; Daussin et al., 2007, 2008; Helgerud et al., 2007; McGuire et al., 2001).
Following the Fick principle (Fick, 1870) (Equation 1.1), V̇O2 peak represents
the product of Q̇peak and avDO2 peak . Therefore, it may consist of a central and
peripheral component, if Q̇peak and avDO2 peak are considered as the central
(i.e. Q̇peak ) and peripheral (i.e. avDO2 peak ) determinant within equation 1.1.
It seems, that as a function of different exercise paradigms, improvements in
V̇O2 peak are differently encoded by its central and peripheral component: While
END, characterised by a large training volume (e.g. exercising 5 times per week
for about 60 min per session) and a moderate, submaximal exercise intensity
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≈ power at 65% V̇O2 peak , seems to only improve the peripheral component of
V̇O2 peak in terms of equation 1.1, HIT may affect the central component as well
(Daussin et al., 2007, 2008).

In particular, Daussin et al. (2007, 2008) found in originally untrained participants after 24 isonenergetic and isochronal training sessions (3 training sessions
weekly for 8 weeks) of either HIT or END, that HIT improved both, avDO2 peak
and Q̇peak , whereas END only increased avDO2 peak . A recently introduced form
of HIT is SIT (Burgomaster et al., 2005). SIT is characterised by repeated (4
to 6 per training session) Wingate tests, performed 3 times a week for several
weeks. While 2 weeks of SIT improve cycling endurance capacity, expressed as
time to exhaustion at power corresponding to 80% V̇O2 peak (Burgomaster et al.,
2005) as well as time trial performance (Gibala et al., 2006) without changing
V̇O2 peak , after 3 weeks of SIT, an increase in V̇O2 peak similar to that obtained
after END (40-60 min cycling for 5 times per week at a power corresponding
to 65% V̇O2 peak ) can be additionally observed (Burgomaster et al., 2008).

However, it is so far unknown, whether the observed improvements in V̇O2 peak
after 3 weeks of SIT are paralleled evoked by improved Q̇peak and VSpeak . Furthermore, it is as yet unclear, whether after END and SIT, altered V̇O2 peak is differently encoded by the central (i.e. Q̇peak ) and the peripheral (i.e. avDO2 peak )
component of V̇O2 peak in terms of the Fick principle (Equation 1.1). In order to
elucidate the effect of 3 weeks of SIT on haemodynamics and further to examine, whether after END and SIT, Q̇peak and avDO2 peak contribute to a different
extent to altered V̇O2 peak , we recruited 45 healthy, untrained male study participants. We randomly assigned them to 3 groups of equal size (END, SIT, and
control = no training) and determined Q̇peak , VSpeak , as well as V̇O2 peak after 3
weeks of training.
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We hypothesised that 3 weeks of SIT would, in contrast to 3 weeks of END,
increase peak haemodynamics (the central component of V̇O2 peak in terms of
equation 1.1), while V̇O2 peak would increase after both types of training. As a
consequence, we also hypothesised that avDO2 peak (the peripheral component
of V̇O2 peak in terms equation 1.1), would increase after END, while we expected
SIT to leave avDO2 peak unchanged.

5.2 Methods

5.2.1 Participants

We recruited 45 sedentary (≤ 2 h endurance training per week), male participants by placard. All participants were healthy (asymptomatic) and nonsmoking. The anthropometric data of our participants are displayed in Table
5.1. We allowed no strenuous physical activity for 48 h prior to the measurements, in order to avoid fatigue-related effects on the test outcomes and
informed the participants about all procedures involved as well as about the
associated risks. Then, the participants completed a routine health questionnaire and gave their written informed consent. The experimental protocol was
approved by the ethics committee of the ETH Zurich and was performed in
accordance with the ethical standards laid down in the Declaration of Helsinki
for human experimentation.
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Table 5.1: Anthropometric data of all study participants ± standard deviation, separated by
group (pre-intervention). CON, control group (n = 15); SIT, sprint-interval group (n = 14);
END, endurance training group (n = 15).

Age

Height

Body mass

% body fat

Peak oxygen consumption

(y)

(m)

(kg)

CON

28.3 ± 8.3

1.806 ± 0.063

74.3 ± 6.8

21.7 ± 6.7

44.5 ± 5.4

SIT

25.9 ± 5.4

1.827 ± 0.004

73.5 ± 6.8

20.0 ± 4.7

44.4 ± 5.5

END

27.3 ± 7.6

1.822 ± 0.073

77.2 ± 9.7

23.5 ± 3.8

41.6 ± 4.7

(ml·kg−1 ·min−1 )

5.2.2 Study design and experimental setup

We randomly assigned our study participants to 3 groups of equal size (SIT,
END, and control group = CON). As in SIT, 1 participant dropped out due to
a common cold, our SIT data refer to 14 participants in total. Before the training intervention, all participants performed 1 Wingate test (Ergomedic 894E
Peak Bike, Monark, Vansbro, Sweden) and 1 GXT (Ergoselect 200K, Ergoline,
Bitz, Germany) to volitional exhaustion. Furthermore, we assessed segmental
body composition by dual-energy x-ray absorptiometry (Lunar iDXATM , GE
Healthcare, Madison, USA), either before the Wingate test, or before the GXT
(pre-intervention). The exercise tests were separated by at least 48 h and performed in a randomised order. After a washout period of 72 h, SIT and END
started with 3 weeks of group-specific exercise, while CON remained sedentary. Following the training period and after a further washout of 72 h, all
participants of all 3 groups performed another Wingate test and another GXT
to volitional exhaustion, again separated by at least 48 h and in a randomised
order.
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Wingate tests: The participants started unloaded pedalling as fast as possible.
Then, as soon as they reached 130 rpm, the computer interfaced with the
test bike, automatically loaded the ergometer with a load corresponding to
7.5% of the participants body mass (Burgomaster et al., 2005). Throughout
the Wingate tests, we verbally encouraged the participants to pedal as fast as
possible until the end of the tests.

GXTs: In all participants, the GXTs started at 100 W with increments of
30 W every 2 min until volitional exhaustion. We used these tests for noninvasively determining Q̇peak by inert gas rebreathing (InnocorTM , Innovision,
Odense, Denmark), as described earlier (Fontana et al., 2009, 2010). Furthermore, we calculated VSpeak with the measured fHpeak (S610i, Polar Electro,
Kempele, Finland) and determined breath-by-breath V̇O2 peak (InnocorTM , Innovision, Odense, Denmark). Before theses tests, we equipped the participants
with a heart rate monitor, a facemask (Hans Rudolph, Shawnee, KS, USA),
an anti-bacterial filter (PALL PF30-S, Pall, East Hills, NY, USA), and an arterial oxygen saturation sensor (InnocorTM , Innovision, Odense, Denmark).
Then, we connected the participants to the InnocorTM and practiced the
InnocorTM -specific rebreathing procedure according to Fontana et al. (2009).
Subsequently, the participants rested for 2 min. Then, they started cycling at
100 W. On the 100 W stage of the pre-training GXT, we determined the individually preferred cycling cadence, which the participants then held constant
throughout both GXTs. Then, the participants cycled until volitional exhaustion, defined as the point in time, at which the participants stopped cycling.
Immediately before exhaustion, we determined Q̇peak by inert gas rebreathing.

Training: We slightly modified the training procedures of Burgomaster et al.
(2008). During the 3-week training period, the participants of SIT performed
3 SIT sessions per week, which we separated by at least 48 h (typically on
Monday, Wednesday, and Friday). While during week 1, each SIT training
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session consisted of 4 Wingate tests, we increased the number of Wingate
tests to 5 per training session in week 2, and 6 per training session in week
3. Between the single Wingate tests within a training session, participants
actively recovered by cycling at a low power (< 30 W) and a low pedalling
rate (< 50 rpm) for 4.5 min. During all Wingate tests, we set the resistance to
an equivalent of 7.5% of the participants body mass. In contrast to SIT, END
trained 5 times weekly for 3 weeks (typically Monday to Friday). Each training
was performed at power corresponding to 65% V̇O2 peak of the pre-intervention
GXT. During week 1, participants trained for 40 min per training session and
then increased training duration to 50 min per training session in week 2, and
60 min per training session in week 3.

5.2.3 Calculations

We calculated VSpeak by dividing Q̇peak by fHpeak (10 s average, recorded during
the Q̇peak rebreathing manoeuvre). For V̇O2 peak , we considered the highest 30
s mean value. Furthermore, we calculated avDO2 peak according to Fick (1870)
(Equation 1.1).

For all parameters, we averaged the individual values across all subjects.

5.2.4 Statistical analysis

We checked the data for normality by Q-Q plots using residuals and excluded
heteroscedasticity by plotting residuals against predicted values. Inter-group
effects (time × group) were examined using a mixed model. Furthermore, we
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analysed intra-group differences with Student paired t-test (P < 0.05; SPSS
16.0, SPSS, Chicago, IL, USA).

5.3 Results

Q̇peak , Figure 5.1: Q̇peak increased after SIT (P = 0.010) by 10.2%, whereas
after in END (P = 0.246) and in CON (P = 0.500), it remained unchanged.
Furthermore, the increase in Q̇peak after SIT was different to the development
in END (P = 0.004) as well as the development in CON (P = 0.012), while
between the time effect of END and CON, no difference was found (P = 0.707).

VSpeak , Figure 5.2: At peak graded cycling exercise, VS only increased after
SIT (12.0%; P = 0.009), as after END (P = 0.402) and in CON (P = 0.734),
it remained at baseline levels. The increase of VSpeak after SIT was different to
the time effect of END (P = 0.005) and CON (P = 0.012), whereas the time
effects of END and CON were similar (P = 0.744).

V̇O2 peak , Figure 5.3: V̇O2 peak increased in both training groups (SIT: 3.5%, P =
0.031; END: 7.3%, P = 0.004), but remained constant in CON (P = 0.392).
Between groups, the increase after SIT and END was similar (P = 0.176),
while V̇O2 peak increased only after END more than in CON (SIT - CON: P =
0.484; END - CON: P = 0.040).

avDO2 peak , Figure 5.4: avDO2 at peak graded cycling exercise only increased
after END (10.5%, P < 0.001), but remained unchanged after SIT (P = 0.090)
as well as in CON (P = 0.516). Furthermore, the increase after END was higher
than the time effect after SIT (P = 0.002). In addition, time effects of SIT
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Figure 5.1: Development of peak cardiac output in young, healthy men, after 3
weeks of either sprint-interval training (SIT, n = 14) or conventional constant-load
cycling at power corresponding to 65% peak oxygen consumption (END, n = 15).
The control group (CON, n = 15) remained sedentary. ∗ indicates intra-group
differences, whereas § indicates differences between groups. Statistical significance
was set to P < 0.05. ∗ SIT, P = 0.010; § CON-SIT, P = 0.012; §§ SIT-END, P =
0.004; PRE, before training; POST, after training.

and CON were different (P = 0.049), whereas we found no difference between
the effects of END and CON (P = 0.171).

fHpeak : fHpeak remained unchanged in all groups (SIT: P = 0.100; END: P =
0.184; CON: P = 0.163). Furthermore, between the different groups, no time
effects could be detected (SIT - END: P = 0.691; SIT - CON: P = 0.894; END
- CON: P = 0.788).
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Figure 5.2: Development of stroke volume at peak exercise in young, healthy men,
after 3 weeks of either sprint-interval training (SIT, n = 14) or conventional constantload cycling at power corresponding to 65% peak oxygen consumption (END, n =
15). The control group (CON, n = 15) remained sedentary. ∗ indicates intra-group
differences, whereas § indicates differences between groups. Statistical significance
was set to P < 0.05. ∗ SIT, P = 0.009; § CON-SIT, P = 0.012; §§ SIT-END, P =
0.005; PRE, before training; POST, after training.

5.4 Discussion

In the present study, we found that in previously untrained male individuals,
3 weeks of SIT increase Q̇peak and VSpeak , while the same training duration of
END left peak haemodynamics unchanged. Furthermore, we found that after
3 weeks of training, V̇O2 peak increased independently of the exercise modality,
whereas avDO2 peak only increased after END. To our knowledge, this is the
first study that compares haemodynamic adaptations to exercise between SIT
and END after 3 weeks of training, and therefore the first study that compares
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Figure 5.3: Development of peak oxygen consumption in young, healthy men, after
3 weeks of either sprint-interval training (SIT, n = 14) or conventional constantload cycling at power corresponding to 65% peak oxygen consumption (END, n =
15). The control group (CON, n = 15) remained sedentary. ∗ indicates intra-group
differences, whereas § indicates differences between groups. Statistical significance
was set to P < 0.05. ∗ SIT, P = 0.031; ∗ END, P = 0.004; § CON-END, P = 0.040;
PRE, before training; POST, after training.

the evolvements of the central and peripheral component of V̇O2 peak between
SIT and END, using the Fick principle (Fick, 1870).

Our data indicate that improvements in V̇O2 peak after 3 weeks of either SIT or
END may be differently encoded by alterations in the central and peripheral
component of V̇O2 peak , if the Fick principle (Equation 1.1) is used to distinguish between the different determinants within equation 1.1. In particular,
SIT seems to primary improve peak haemodynamics and leave avDO2 peak unchanged, whereas END seems to improve avDO2 peak and leave Q̇peak as well as
VSpeak at pre-intervention levels.
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Figure 5.4: Development of calculated systemic peak arterio-venous oxygen difference in young, healthy men, after 3 weeks of either sprint-interval training (SIT, n
= 14) or conventional constant-load cycling at power corresponding to 65% peak
oxygen consumption (END, n = 15). The control group (CON, n = 15) remained
sedentary. ∗ indicates intra-group differences, whereas § indicates differences between groups. Statistical significance was set to P < 0.05. ∗ ∗ ∗ END, P < 0.001; §
CON-SIT, P = 0.049; §§ SIT-END, P = 0.002; PRE, before training; POST, after
training.

Evidence that only SIT improves the central component of V̇O2 peak in terms
of equation 1.1 is, that Q̇peak and VSpeak increased after SIT by 10.2 and 12.0
%, respectively. Additionally, 3 weeks of END had no effect on Q̇ and VS at
peak graded cycling exercise, and also in CON, peak haemodynamics remained
unchanged. As, the inter-group time effect between SIT and CON was nonsignificant despite a significant increase of V̇O2 peak after 3 weeks of SIT, one
could argue that in our study, 3 weeks of SIT did not improve V̇O2 peak , if put
into relation to CON. However, since between SIT and END, which showed
both a significant intra-group increase in V̇O2 peak , the effects were similar (nonsignificant difference), we may consider the lack of statistical significance be-
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tween the time effects of SIT and CON as a statistical issue, which may be
based on the slight pre-post increase in V̇O2 peak in CON.

The observed haemodynamic adaptations to long-term SIT seem to be similar
to the effects of conventional non-Wingate HIT. For example, according to
Helgerud et al. (2007), 24 HIT sessions with either 0.25 or 4 min intervals at ≈
90 to 95% fHpeak increase each, Q̇peak and VSpeak after 8 weeks of training by
≈ 10%. Furthermore, Daussin et al. (2007, 2008) reported similar increases in
VSpeak and/or Q̇peak after 8 weeks of non-Wingate HIT, consisting of 24 sessions
with 5 min blocks (characterised by 4 min at power at lactate threshold and
1 min at 90% maximal power achieved during a GXT, each) in previously
untrained male participants.

A contemplable explanation for long-term cycling HIT in general being a stimulus for increasing peak haemodynamics is, that during conventional HIT, Q̇peak
may be repeatedly challenged. The basis for this assumption may be that nonWingate HIT is characterised by intermittent cycling at power close to peak
power during a GXT, or performing at power, which elicits (nearly) peak values attained during a GXT (e.g. cycling at 90 to 100% peak power or cycling
at power eliciting 90 to 100% V̇O2 peak , Laursen and Jenkins (2002). According
to several authors, cycling at or above 77 to 84% peak power elicits Q values similar to Q̇peak (Calbet et al., 2007; Mortensen et al., 2005). Therefore,
Q̇peak and corresponding VS may be repeatedly attained during non-Wingate
HIT. Whether also Wingate-based HIT challenges haemodynamics is so far unknown. However, as Wingate tests are characterised by high cycling power, and
Q̇ as well as VS seem to quickly adapt after power-stage transitions (Fontana
et al., 2010) as well as after rest-to-exercise transitions (DeCort et al., 1991;
Lador et al., 2006, 2008), we assume that also during SIT, haemodynamics
may reach peak values and thus challenge haemodynamics. In contrast to
HIT, END is not likely to invcrease Q̇ to peak levels. Therefore, one could
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expect that after END, Q̇peak and corresponding VS would remain unchanged,
as shown by our data. The fact that in our study, haemodynamics at peak
graded cycling exercise were not affected by END, is in line with previous data
who show no effect of END on Q̇peak and VSpeak (Beere et al., 1999; Daussin
et al., 2007, 2008; Helgerud et al., 2007; McGuire et al., 2001).

Evidence that END, in contrast to SIT, improves the peripheral component
of V̇O2 peak in terms of Equation 1.1 is, that avDO2 peak was only increased after
3 weeks of END. In detail, avDO2 peak improved with END by 10.5%, which is
similar in magnitude to previous results (Beere et al., 1999; McGuire et al.,
2001). In contrast, after 3 weeks of SIT, avDO2 peak remained unchanged or even
slightly decreased, whereas in CON, it tended to increase (both without statistical significance). Therefore, the lack of statistical significance concerning
the inter-group time effects between END and CON as well as the significantly
different development of avDO2 peak in SIT and CON may be statistical issues,
which seem to be primarily based on the slightly increased avDO2 peak in CON.
In any case, increased avDO2 peak may rely on improved oxygen extraction,
based on an increase of the surface area for diffusion, a decrease of the average
diffusion path length within the muscle, and an increase in the time for diffusive
exchange between muscle fibres and blood vessels (Weibel et al., 1991). Therefore, increased capillarisation (i.e. a higher capillary to muscle fiber ratio) may
positively affect avDO2 peak (Kalliokoski et al., 2001; Prior et al., 2004). Thus,
the finding that after SIT, avDO2 peak was unchanged, seems to indicate that
3 weeks of Wingate-based HIT did not improve the capillary to muscle fibre
ratio in the thighs. However, our finding that avDO2 peak remained unchanged
after SIT may be in contrast to the findings Daussin et al. (2007, 2008), who
calculated higher avDO2 peak as an adaptation to 8 weeks of conventional HIT,
possibly representing a functional consequence of the reported 21% increase in
capillarisation (Daussin et al., 2008). Nevertheless, the HIT protocol Daussin
et al. (2007, 2008) involved besides the 1 min intervals at 90% peak power also
4 min of moderate intensity cycling at power corresponding to lactate thresh-
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old (≈ 54% peak power). Consequently, extensive parts (in terms of time) of
the HIT protocol of (Daussin et al., 2007, 2008) resemble conventional END,
whereas during SIT, power between the Wingate tests was lower than 30 W
(negligible), and therefore may not be comparable to END.

Based on our results, it seems that SIT and END differently affect the central
and peripheral component of V̇O2 peak , if the Fick principle (Equation 1.1) is
used to discriminate between central and peripheral adaptations. However, in
a recent debate, Poole and Musch (2008a,b) argued that for distinguishing the
central and peripheral component of V̇O2 peak , not solely the Fick principle, but
also the Fick law of diffusion should be considered. The basis for this suggestion is that avDO2 peak is not only determined by the tissues oxygen diffusion
capacitiy, but also depends on Q̇peak (Equation 6.1). Therefore, the central
and the peripheral component in terms of the Fick principle (Equation 1.1)
may be interdependent (Roca et al., 1992). Nevertheless, in the present study,
we did neither measure oxygen diffusion capacity, nor the slope of the oxygen
dissociation curve (Equation 6.1). Therefore, we are not able to determine the
single components within equation 6.1. However, we combined reliable Q̇peak
determinations and breath-by-breath V̇O2 peak measurements using InnocorTM
inert gas rebreathing, which enables us to calculate avDO2 peak by means of the
Fick principle (Equation 1.1). Therefore, our data may allow insights into how
peak haemodynamics and avDO2 peak evolve as a function of either 3 weeks of
SIT or END.

We conclude that in untrained, young men, 3 weeks of SIT, in contrast to END,
improve Q̇peak and VSpeak , while only END seems to increase avDO2 peak . Our
findings may show that adaptations of the central and peripheral component
within the Fick principle may be training paradigm specific and that SIT
may be an effective and time efficient way to improve peak haemodynamics in
previously untrained individuals.

Chapter 6

General Discussion

In the first part of the present doctoral thesis, which served for establishing the
methodology for non-invasively measuring haemodynamics during exercise in
healthy participants, we found that Q̇ determinantions by inert gas rebreathing
using InnocorTM as well as InnocorTM measurements of breath-by-breath gas
exchange and ventilation are reliable (Fontana et al., 2009). Furthermore, we
found that during standard GXT to volitional exhaustion in healthy young
cyclists, Q̇ can be measured at moderate to high submaximal power and that
Q̇ quickly adapts after power stage transitions at moderate to high submaximal
cycling power (Fontana et al., 2010).

In particular, we found that within- as well as between-day changes in the mean
and coefficients of variation for Q̇, gas exchange, and ventilation measurements
during all conditions are low, whereas intraclass correlation coefficients are high
(Fontana et al., 2009). Additionally, we found that Q̇ can be non-invasively
determined using InnocorTM within the first as well the second minute at 69,
77, and 85% peak power during a GXT. Furthermore, it seems that Q̇ is similar
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within each stage at 46 or 103 s after the respective power stage transitions
(Fontana et al., 2010).

The high reliability of Q̇ determinations by InnocorTM at rest as well as at
submaximal and peak exercise as well as the feasibility of the rebreathings using
InnocorTM during a standard GXT indicate, that in scientific studies as well
as for performance diagnostic purposes, InnocorTM can be used. Notably, the
quick adaptation of haemodynamics to power stage transitions may indicate
that protocols with stage durations of 1 or 2 min can be used. Furthermore,
the low inter-session (between several days, e.g. 1 week) coefficient of variation
of only 7% for Q̇peak determinations is low enough to detect 10% changes in
Q̇peak after 8 weeks of training (Daussin et al., 2007, 2008; Helgerud et al., 2007)
during scientific studies with as little as 16 participants per group (Hopkins,
2000). Further, if least significant change for Q̇peak is calculated according
to Hopkins (2000), also in individuals, Q̇peak changes in the range of 10.5 to
14% can be proven for performance diagnostics purposes. Consequently, to
date, a reliable and non-invasive tool for the examination of haemodynamic
adaptations to training and/or detraining as well as for the socioeconomic,
medical, and performance related classification of individuals, based on Q̇peak ,
may be available in terms of InnocorTM . Thus, the first 2 aims of the present
doctoral thesis seem to be fulfilled.

In the second part of the present doctoral thesis, we found that haemodynamics
reach peak values during a Wingate test. Furthermore, we found that both,
END and SIT improve V̇O2 peak , but that 3 weeks of SIT, in contrast to END,
increase peak haemodynamics, whereas only END improves avDO2 peak .

In particular, our data show that Q̇ in the final phase of a Wingate test is
similar to Q̇ at peak graded cycling exercise, while VS is 33% higher and fH
is 22% lower during the Wingate test. In addition, we found that 3 weeks of
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SIT improve Q̇peak by 10.2 and VSpeak by 12.0%, whereas avDO2 peak remains
unchanged. As opposed to SIT, 3 weeks of END at power corresponding to
65% V̇O2 peak , improve V̇O2 peak by means of a 10.5% increase in avDO2 peak and
leave haemodynamics unchanged.

Our SIT related data indicate, that in fact, training based alterations in V̇O2 peak
can be exercise modality specifically encoded. Using equation 1.1, we found
on the one side, that indeed, 3 weeks of pure high intensity exercise (i.e.
SIT, consisting of repeated Wingate tests, without phases of moderate power
cycling in-between) improve the central component, but leave the peripheral
component of V̇O2 peak unchanged. On the other side, our data show that after
3 weeks of unbiased END (long duration and moderate power, without brief
periods of high intensity cycling), the central determinant of V̇O2 peak remains
at baseline levels, whereas the peripheral component significantly increases.

The finding that SIT, but not END, improves the central component of V̇O2 peak
in terms of the Fick principle (Equation 1.1), seems to be in line with the data
of Daussin et al. (2007, 2008) who showed that repeated high intensity cycling
bouts may, in contrast to continuous cycling at 61% peak power, improve
haemodynamics. The basis for these observations may be the fact, that during Wingate based as well as non-Wingate based HIT, but not END, Q̇peak is
repeatedly challenged: On the one side, SIT consist of repeated Wingate tests,
which, in turn, are characterised by Q̇peak and VS higher than VSpeak . Additionally, non-Wingate HIT is characterised by repeated cycling at power close
to peak power (measured during a GXT to volitional exhaustion; Laursen and
Jenkins 2002), which evokes Q̇peak due to the levelling-off in the Q̇ vs. power
relationship (Calbet et al., 2007; Fontana et al., 2010; Mortensen et al., 2005).
On the other side, cycling at power eliciting 65% V̇O2 peak or cycling at 61%
peak power may not challenge Q̇peak , as below 84% peak power, Q̇peak may
not be reached (Calbet et al., 2007; Mortensen et al., 2005). Based on these
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considerations, it seems that repeatedly reaching Q̇peak during the high intensity components of Wingate based and non-Wingate based HIT represents a
key stimulus for improving haemodynamics. Therefore, our finding that after 3 weeks of SIT, peak haemodynamics are improved, may rely on the HIT
specific haemodynamic pattern.

Similar to our finding concerning the central component, the fact that END,
but not SIT, increases the peripheral component of V̇O2 peak in terms of equation 1.1, may be in line with the findings of Daussin et al. (2007, 2008). The
basis for improved avDO2 peak after END may be the fact that END increases
capillarisation (Daussin et al., 2008; Hudlicka et al., 1992; Prior et al., 2004),
probably due to long-term increased blood flow and consequently, due to increased capillary shear stress (Hudlicka et al., 1992; Prior et al., 2004). Increased capillarisation, in turn, seems to improve oxygen extraction by means
of an increase of the surface area for diffusion, a decrease of the average diffusion path length within the muscle, and an increase in the time for diffusive
exchange between muscle fibres and capillaries (Kalliokoski et al., 2001; Prior
et al., 2004). However, our finding that Wingate based HIT leaves avDO2 peak
unchanged, may contradict Daussin et al. (2007, 2008), who reported avDO2 peak
as well as capillarisation (Daussin et al., 2008) to increase after non-Wingate
HIT. Nevertheless, fundamental differences in the specificity of the exercise
protocols in our study and in Daussin et al. (2007, 2008) may explain the deviations concerning the development of avDO2 peak . On the one side, our training
protocol involved pure HIT (consisting of repeated 30 s sprint bouts with rest,
i.e. unloaded (power < 30 W) pedalling, in-between), which may not provide
a sufficient stimulus (increased blood flow and thus shear stress over extended
periods of time, (Hudlicka et al., 1992; Prior et al., 2004)) for adaptations in
capillarisation. On the other side, the protocol of Daussin et al. (2007, 2008)
consisted besides the 1 min high intensity intervals at 90% peak power, also of
extended moderate power cycling periods (4 min blocks at lactate threshold).
Therefore, the protocol of Daussin et al. (2007, 2008) may, as hypothesised,
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represent a non-specific mixture of END and HIT, and may consequently be
paralleled by endurance-type, peripheral adaptations.

Considering our findings, it seems that training induced alterations in V̇O2 peak
may be differently encoded by the central and the peripheral component within
the Fick principle (Equation 1.1), if highly specific exercise paradigms are employed. In particular, it seems that if training paradigms are involved, which
strictly consist of either short high intensity cycling bouts, or extended moderate intensity cycling blocks, Q̇peak and avDO2 peak can be selectively improved.
Therefore, individuals with improved or high V̇O2 peak may not necessarily be
characterised by a (more) powerful cardiovascular system. Consequently, classifications of performance and/or health (Astrand, 1976; Shvartz and Reibold,
1990), as well as the prediction of mortality including cardiological decisions
(Costanzo et al., 1995; Kavanagh et al., 2003; Meiler et al., 1987; Szlachcic
et al., 1985) based on V̇O2 peak , should be handled with care. Furthermore, a
high VS may not only represent the primary distinguishing characteristic of
endurance athletes (Levine, 2008) and thus help to explain between-subject
V̇O2 peak differences, but may also improve as a function of HIT within an individual. Thus, the classical view of V̇O2 peak should be amended by the analysis
of its single components in terms of equation 1.1. Consequently, based on our
findings, which highlight the necessity of highly specific training paradigms
and a differentiated view of V̇O2 peak , it seems that also the second 2 aims of
the present doctoral thesis may to be fulfilled.

6.1 Technical notes

In the present doctoral thesis, we have shown that determinations of haemodynamics using InnocorTM inert gas rebreathing in healthy individuals are reliable at rest, at submaximal, as well as at peak exercise and that the InnocorTM
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Q̇ measurements can easily be performed during a standard GXT. Furthermore, we have shown that using highly specific training paradigms, Q̇peak (i.e.
the central component within equation 1.1) and avDO2 peak (i.e. the peripheral component within equation 1.1) can be separately trained. However, 2
technical and 1 methodological aspect should be addressed.

The first technical aspect represents the missing validation of the Q̇ determination with InnocorTM in healthy subjects. To our knowledge, so far, InnocorTM
inert gas rebreathing has only been validated against the gold standard (direct Fick) during exercise in heart patients (Agostoni et al., 2005). Here, the
authors showed a good agreement between the 2 methods at submaximal, as
well as at peak exercise. However, whether this holds true for healthy individuals as well, is not clear. Therefore, the validation of Q̇ determinations using
InnocorTM in healthy subjects against direct Fick may be part of a further
study. However, validating InnocorTM against direct Fick at exhaustion of a
GXT may be hampered due to the fact that, in contrast to inert gas rebreathing by InnocorTM , direct Fick requires (V̇O2 -)steady-state conditions and thus,
study participants have to exercise for up to 4 min at peak graded exercise
(Yamabe et al., 1997). Probably, this requirement can only be fulfilled by
highly trained individuals. Therefore, a validation study with InnocorTM may
involve highly trained endurance athletes.

The second technical aspect concerns the slope of Q̇ vs. V̇O2 during a GXT.
In our studies, for every litre V̇O2 , Q̇ increased between 3.6 (graded cycling
exercise tests in the SIT group pre intervention) to 4.9 litres per litre V̇O2
(graded cycling exercise tests in the END group pre intervention), if the data
points at rest and at peak exercise are considered for the calculation. These
slopes seem to be lower than previously reported by Poole and Musch (Poole
and Musch, 2008a,b), who argued that slopes of 5 to 6 litres Q̇ for every litre
V̇O2 seem to be widely accepted. However, based on an extensive literature
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review as well as based on our own data, the slope of Q̇ vs. V̇O2 may depend
on several factors.

First, the slope of the Q̇ vs. V̇O2 relationship may depend on whether the data
points used for the calculation only involve measurements within the linear
phase of the Q̇ vs. power relationship [up to 77 resp. 84% peak power, (Calbet
et al., 2007; Fontana et al., 2010; Mortensen et al., 2005)] or also comprise
values at exhaustion during a GXT. Considering values at peak graded exercise
may lead to lower slopes, due to the levelling-off of Q̇ at high relative power
(Calbet et al., 2007; Fontana et al., 2010; Mortensen et al., 2005). Indeed,
according to Johnson et al. (2000) the slope of Q̇ vs. V̇O2 decreases from
5.8 to 4.6 litres Q̇ per litre V̇O2 with direct Fick and 5.7 to 4.0 litres Q̇ per
litre V̇O2 with acetylene rebreathing in participants with various fitness levels,
if for the calculation of the Q̇ vs. V̇O2 slope the peak measurement instead
of a submaximal value is considered (rest to submaximal vs. rest to peak
values). A similar, sampling dependent and method independent decrease in
the Q̇ vs. V̇O2 slope was reported by Jarvis et al. (2007) (methods employed:
direct Fick, thermodilution, nitrous oxide rebreathing, acetylene rebreathing)
for recreationally trained, healthy participants. Furthermore, our test-retest
data in recreationally active subjects may confirm this assumption [decrease
in the slope from 4.4 (rest to submaximal) to 4.0 (rest to peak graded cycling
exercise) litres Q̇ per litre V̇O2 ].

A second factor, which influences the Q̇ vs. V̇O2 slope, may the exercise test
protocol employed. In particular, selecting a steady-state or non steady-state
protocol (in terms of V̇O2 ) may affect the Q̇ vs. V̇O2 slope (non V̇O2 steady-state
protocols may yield in higher slopes than steady-state protocols). The basis
for this assumption is the faster Q̇ kinetics in relation to V̇O2 kinetics (Davies
et al. 1972, indirect Fick; DeCort et al. 1991, Doppler ultrasound; Yoshida and
Whipp 1994, cardiac impedance). Furthermore, the findings that during ramp
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exercise, Q̇ and V̇O2 display a non-linear relationship (Stringer et al., 2005)
(direct Fick) may be further indicative of the protocol dependency of the Q̇
vs. V̇O2 slope.

Third, the slope of Q̇ VS . V̇O2 may depend on the exercise modality (running
vs. cycling), as according to Barker et al. (Barker et al., 1999) running in
recreationally trained female runners tends to be lower than in recreationally
trained female cyclists (calculated from rest and peak values and measured by
acetylene rebreathing).

A fourth, slope affecting factor may be that the Q̇ measurement method may
influence the outcome of the Q̇ vs. V̇O2 slope, as according to Jarvis et al.
(2007), slopes seem to be lower than with direct Fick, if Q̇ is measured by
acetylene or nitrous oxide rebreathing. However, it seems that even within a
specific measurement method, vast differences between different authors exist.
This assumption may hold true for e.g. direct Fick and acetylene rebreathing.
Concerning direct Fick, Q̇ vs. V̇O2 slopes (rest to peak values) may vary
between 4.2 in competitive cyclists (Barker et al., 1999) and 5.7 litres Q̇ per
litre V̇O2 in recreationally trained, healthy participants (Jarvis et al., 2007).
For acetylene rebreathing, the Q̇ vs. V̇O2 slopes (rest to peak values) seem
vary between 3.8 (Johnson et al. 2000, participants with various fitness levels;
Jarvis et al. 2007, recreationally trained, healthy participants) and 8.4 litres
Q̇ per litre V̇O2 in recreationally trained female cyclists (Barker et al., 1999).

Finally, Q̇ vs. V̇O2 slopes may differ, if absolute (i.e. within a GXT, e.g.
from rest to peak exercise) and relative (increases in Q̇ vs. increase in V̇O2
after training) slopes are compared. As shown by our own data, after specific
exercise paradigms, V̇O2 peak increases may be paralleled/evoked by increased
Q̇peak , or not. Consequently, we suggest that relative slopes should not, unlike
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proposed by Poole and Musch (2008b), be justified by within GXT Q̇ vs. V̇O2
slopes.

The methodological aspect concerns the separation of the central and peripheral component of V̇O2 peak . In our study, we measured breath-by-breath V̇O2 peak
as well as Q̇peak by InnocorTM inert gas rebreathing and calculated avDO2 peak
using the Fick principle (Equation 1.1). Therefore, we used equation 1.1 to
distinguish between the central and the peripheral component of V̇O2 peak . This
seems to be a well established procedure in exercise physiology (Daussin et al.,
2007, 2008; Lepretre et al., 2004; Nottin et al., 2002).

Nevertheless, the distinction of the central and peripheral component of V̇O2 peak
in terms of equation 1.1 was shortly questioned (Poole and Musch, 2008a,b).
This may be based on the fact that, whereas Q̇peak clearly reflects the central
component of V̇O2 peak in terms of the Fick principle (Equation 1.1; responsible
for the convective oxygen transport from the lung to the tissue, e.g. to muscle),
avDO2 peak may not purely reflect peripheral determinants of V̇O2 peak . According
to Roca et al. (Roca et al., 1992), who investigated the effects of training on
muscle oxygen transport at V̇O2 peak and combined the Fick principle with the
Fick law of diffusion, avDO2 peak can not only be described by equation 1.1, but
also by equation 6.1.

V̇O2
= avDO2 = 1 − e−DO2 /β Q̇
Q̇

(6.1)

Therefore, Q̇peak and avDO2 peak (i.e. the central and the peripheral component
of V̇O2 peak in terms of equation 1.1) may be interdependent. Consequently, on
the one side, increased V̇O2 peak after training (e.g. after SIT, without concomitant changes in avDO2 peak , but increased Q̇peak , may not necessarily indicate,
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that no peripheral adaptations occurred. On the other side, increased V̇O2 peak
and avDO2 peak , with unchanged Q̇peak (e.g. after END) may indicate improved
oxygen diffusion capacity (Equation 6.1). However, since we did not assess
the slope of the oxygen dissociation curve as a function of training, we cannot
calculate oxygen diffusion capacity by means of equation 6.1. Nevertheless,
based on our Q̇ measurements and the Fick principle (Equation 1.1), we may
clearly show that 3 weeks of SIT, but not END, improve the central component
of V̇O2 peak , whereas avDO2 only changes after END.

6.2 Outlook and open questions

Based on the present doctoral thesis, the methodology for reliably and noninvasively assessing the single components of V̇O2 peak in terms of the Fick principle (Equation 1.1) seems to be established. Furthermore, it seems clear,
how improvements in V̇O2 peak after SIT and END are encoded by Q̇peak and
avDO2 peak . Therefore, in future studies as well as in performance diagnostics, deeper insights into the performance limiting factors may be enabled.
However, some questions remain so far unresolved and should therefore be addressed in future studies. In particular, it is as yet unknown, how SIT and
END affect oxygen diffusion capacity and the slope of the oxygen dissociation
curve. Furthermore, it is unclear, how cardiac structure adapts after 3 weeks
of SIT in relation to 3 weeks of END. Therefore, we propose, that in future
studies, besides V̇O2 and Q̇, also arterial and venous oxygen content, the slope
of the oxygen dissociation curve, as well as the capillary to muscle fibre ratio
and left ventricular dimensions are determined.
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6.3 Conclusions

We conclude that InnocorTM delivers reliable measurements of Q̇ and breathby-breath gas exchange and ventilation. Furthermore, non-invasive Q̇ determinations by inert gas rebreathing using InnocorTM are feasible in healthy
individuals during standard GXT. Hence, InnocorTM can be employed, in order to non-invasively measure exercise Q̇ for scientific studies, as well as for
performance diagnostics purposes. In addition, we conclude that, as a function
of specific exercise paradigms, Q̇peak and avDO2 peak can be separately improved.
Consequently, parallel V̇O2 peak and Q̇ determinations may be superior to V̇O2
measurements alone, in order to guarantee detailed insights into within-subject
performance changes as well as into between-subject performance and health
differences.
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