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Introduction and outline of this thesis



Introduction

Oxygen uptake reflects the ability of the body to transport oxygen from ambient air to the
working muscles where it is utilised. Four systems play important roles in the oxygen uptake
(VO2); diffusing capacity, cardiac output, oxygen carrying capacity of the blood, and skeletal
muscle characteristics (5,27,72,92). The highest oxygen uptake (VO^max) of an individual
reflects the optimum interplay between these four systems and is traditionally thought to be
highly correlated with endurance performance. VO->max is reached during short-term, high-
intensity exercise (62,65,72). The demonstration of an oxygen consumption plateau, in spite
of increasing exercise intensity is thought to imply that the individual who is being tested has
reached the limits of the cardiorespiratory and oxidative system and thus has reached the
highest attainable oxygen uptake. However, in practice, despite the exhortations of the
investigator, a proportion of subjects fails to reach an intended maximum exercise because
of symptoms such as muscle weakness, pain, fatigue, and motivation. So in many subjects a
satisfactory oxygen consumption plateau cannot be demonstrated and the highest measured
oxygen uptake is then called VOipeak (72), the assumption being made that VC^max has
not been reached.
The limiting factors of the VOimax has been debated vigorously and has been recently
reviewed by Bassett and Howley (5) who discussed at length the four limiting factors of
VC^max: diffusing capacity, cardiac output, oxygen carrying capacity of the blood, and
skeletal muscle characteristics. The first three are considered to be central factors and the
skeletal muscle is considered a peripheral factor. There is widespread agreement that in
healthy humans, at sea level, the ability of the cardiorespiratory system to transport oxygen
to 1 he muscles is the factor that limits VC^max and not the ability of muscle mitochondria
to consume oxygen (5,72).
l-xereisc at VOitnax intensity can only be maintained fora limited period of time. Endurance
time in exercise demanding maximum oxygen uptake is limited to 4-10 minutes (2,5,56,72).
Consequently, continuous exercise for 10-20 min and longer must be conducted at
submaximal VOi. The limitation of exercise intensities at submaximal VO-> is set by the
occurrence of a progressive acidosis in the muscle cells which inhibits givcolytic enzymes
and the regeneration of ATP (71,82). Intra- and extra-cellular buffer capacity, lactate
transporters, and ventilatory compensation mechanisms regulate this acidosis (13,14-
18,27,71,86). These issues will be discussed in this chapter.
In fact, during prolonged high-intensity exercise, a metabolic acidosis occurs which is
compensated by the ventilatory system. Based on this concept, multiple authors attempted to
investigate the ventilator, and lactate response to exercise, in order to measure the ability for
a prolonged period of high-intensity exercise (24,27,56,65,77,85,94). The lactate and
ventilatory response are currently generally accepted as a tool for measuring performance,
fitness, training effects and for prescribing training schedules (48). In addition, numerous
confusing terms such as lactate threshold, ventilator, threshold, and anaerobic threshold
have been introduced in order to define the ability for maintaining high-exercise intensity
(27.56.65). However, the determination of the different thresholds is poorly defined and the
interpretation is influenced by the exercise protocol, method of detection, evaluator and
nutritional state of the subjects (5,21,70,81.97). The practical value of the different
parameters and the implications are often difficult to interpret in a practical training situation.
There are very few studies in which the laboratory tests have been validated for practical



field test conditions. In this chapter, the current knowledge of the lactate and ventilator?
response to exercise will be discussed. An outline of this thesis is presented at the end of this
chapter.

The lactate response to exercise

The role of lactate during eiercise: the lac tale metabolism
A few decades ago. according to main authors, lactate was considered as a dead-end waste
product of metabolism, the resulting acidosis is viewed us the major factor that causes
fatigue and exhaustion during exercise (8,27.82,85). However, several studies indicated that
lactate is not a waste dead-end metabolite during exercise and recovery (13-16.34.35.44). In
contrast, the results of these studies strongly suggest that lactate plays an important role in
metabolism during exercise (16-18,34,35). Skeletal muscle produces and removes lactate at
the same time (98). Lactate which is produced in areas with a high glycogenolytic and
glycolytic activity (type lib fibres) is used as a substrate for energy- metabolism elsewhere
and oxidised in areas with a high oxidative activity (type I and llu fibres). Brooks et al. called
this phenomenon the lactate shuttle (16). Lactate reaches the oxidative areas by diffusion
(83) or via the circulation. Lactate is actively metabolised in heart muscle (13,14.16.34).
Another function of lactate is maintaining levels of blood glucose us a precursor of liver
gluconeogenesis (14.44.52). The glycogen synlhesis in the liver is lowered during exercise
by a decreased perfusion. In addition, during exercise glucagon levels increase und insulin
levels decrease, resulting in an inhibiting effect on glycogen synthesis in the liver (32,52).
Recently, Brooks (18) expanded the concept of the lactate shuttle and introduced an
additional intracellular lactate shuttle. Brooks (18) suggests that lactate plays a key role in
the distribution of carbohydrate among various tissue and cellular compartments such as
between: cytosol and mitochondria, muscle and blood, active and inactive muscles, white
and red muscle fibres, liver, skin, heart and blood. Most lactate (75%) is disposed by
oxidation and converted to glucose and glycogen. Lactate turnover and lactate transport
across membranes occurs by means of facilitated exchange along pH and concentration
gradients involving a family of lactate transport proteins, called monocarboxylate
transporters (MCT's) (13,18,35,40,98). MCT's are abundant in Type lla and lib muscles, and
they are markedly lower in Type I muscles (13). An extensive review of monocarboxylate
transporters has recently published by Halestrape and Price (40). At present, eight different
isoforms of MCT's (MCTI to MCT8) have been identified in human tissues (40,98). Skeletal
muscle expresses MCT1 and MCT4, heart expresses high levels of MCTI in both human and
rats (40). Based on rat studies, data so far available indicate the expression ol'different M ( T
isoforms in skeletal and cardiac muscle. Further studies are required to characterise specific
cellular distributions since there is a considerably variability among species (98). Based on
the distribution of MCTI and MCT4, it has been proposed that MCTI in skeletal muscle may
reflect the need to take up lactate for oxidative purposes, whereas MCT4 may be important
for lactate efflux (40,98).

The efflux of lactate and H* from muscle is important during exercise, since it lowers the
intracellular concentration of both species and prevents cellular acidification (40,98). The
blood and plasma lactate levels during steady-state exercise are the result of the efflux and
uptake of lactate (14,34,35), so lactate levels do not reflect the net turnover of lactate. With



training, MCTI and MCT4 are increased in rat muscle (59). Less is known about human
muscle, however recently Bonen et al. (12) showed an increase in MCTI in human muscle
following training.
The physiological explanation for the accumulation of lactate during high-intensity exercise
is still not elucidated (27,72). To explain this phenomenon, local hypoxia, increasing
recruitment of type Il-fibres and a shift in the pyruvate-lactate balance has been suggested
(2,88). True anaerobic conditions with hypoxia have been viewed traditionally as the reason
for the lactate production (88). However this concept has been abandoned (5). High-exercise
intensities drive glycolysis resulting in a greater rate of carbohydrate turnover, an
accumulation of pyruvate and NADH in the cytoplasm, and an increase in lactate efflux
(43,49). The accumulation of lactate in exercising muscles influences the acid-base balance
which makes it an important contribution to an individual's overall endurance performance
(27,72).
The role of lactate as an acid is still a controversial issue. The acidosis is assumed to inhibit
All ' regeneration (82,85). It is well known that severe acidosis inhibits the enzyme
phosphofructukinase which is involved in the glycolysis (82). In contrast, acidosis shifts the
oxyhaemoglobin-dissociation curve to the right, allowing OT to unload oxygen from
haemoglobin (50). rurthermore the decreasing pH results in a vasodilatation of the vascular
bed in the contracting muscle (50). As a result, both phenomena allow an increasing amount
of oxygen to the tissues. The net result may increase rather than decrease endurance
performance. In contrast, during submaximal and maximal exercise, low lactate levels are
believed to be indicators of overtraining, which is associated with a decreased performance
(47.55,74).

l.uclalc parumctcrs: definitions and measurements in the laboratory
The usefulness of the maximum oxygen uptake as predictor of endurance performance has
been questioned and numerous authors suggested that other parameters measured during
submaximal exercise were better indicators of endurance performance than VCKmax
(23,24,53,54). They suggested that particularly the blood lactate response to exercise was a
better indicator of endurance performance (23,24,65,95). The blood lactate level during
incremental exercise shows an exponential course. In rest, blood lactate levels are around
0,5-1,5 mmol.H (10). During incremental exercise the blood lactate level first decreases
somewhat at lower workload, at higher workloads the blood lactate levels increase
exponential up to 10-15 mmol"' (10, 72, 91). During the last decades, the blood lactate
response to exercise is commonly accepted as a tool for predicting endurance performance
and designing training programs (25,46,58,75,95). The blood lactate response has been
studied thoroughly during the last decades and has been described using a variety of terms
and definitions (27,51,76.85). Since several terms are used, which is quite confusing, we will
briell\ describe them first.
The anaerobic threshold (AT) has been one of the most commonly used terms for describing
the lactate response. AT can be defined as the highest metabolic rate or the highest exercise
intensity or highest oxygen consumption at which blood lactate concentration is maintained
at a steady state during prolonged exercise (42,57,76.84,85). AT is assumed to reflect the
transition of aerobic to anaerobic conditions (2,85). An athlete is assumed to sustain exerci-
se intensities of around AT for a relatively long period of time (30 min. up to 11 hour),
bxercise intensity slightly above AT results in progressive blood lactate accumulation and the



athlete is forced to stop or lower the intensity. AT. and in particular the heart rate (MR) and
the exercise intensity at AT. has been described as a key parameter that defines the ability to
maintain high-intensity exercise (25.54.89.95). AT has been commonly accepted as a tool lor
predicting endurance performance and designing training programs (65.80.90,91).
The upper limit of blood lactate resulting in a lactate steady state during constant workload
is called the maximal lactate steady state (MaxLaSS or MISS). Ihe determination of
MaxLaSS requires the performance of several constant workloads on different days (10).
MaxLaSS is expected to correspond to the anaerobic threshold (AT).
The onset of blood lactate accumulation (OBLA) is used tor the exercise intensity or VO-. at
which the lactate concentrations begins to accumulate i.e. when the lactate production
exceeds the elimination rate (29,60.80.91.95).
Another commonly used term to describe the lactate response is the lactate threshold (IT).
IT is defined as the highest VOi or exercise intensity that can be attained during incremental
exercise before an elevation in "blood lactate is observed (24,75.88.90). Coyle et al. (22-24)
defined LT as the lactate level that was I mmol.l'' above baseline during incremental
exercise. OBLA and LT are also expected to approximate the anaerobic threshold and the
definitions are closely related.
To determine AT. LT, OBLA, and MaxLaSS during incremental exercise tests, numerous
concepts and definitions have been published in the last decades. Some investigators
proposed a fixed lactate concentration to define and detect AL Values of 2 mmol.l'' (53.73),
3 mmol.l'' (30) and 4 mmol.l'' (42.51.57,77) have been proposed. In an attempt to detect
and define AT. several mathematical models were introduced to analyse the lactate response
during incremental exercise (27.31.76). while some investigators described an individual
anaerobic threshold (IAT) (10,26,77). The average lactate concentration at AT, LT or I AT in
these studies varies from 1.7 ± 0.3 (26) to 4.2 ± 0.8 mmol.l ' (10).

The lactate response to exercise during field test conditions
It is remarkable that only few investigators described lactate levels assessed during a
practical situation using a field test. Beneke et al. (9) reported blood lactate levels of 4 - 6.5
mmol.l"' in well-trained speed skaters. Pages et al. (68) described lactate values of 4.95 * 0.5
mmol.l"' in 7 triathletes during a triathlon race. However these triathletcs were only
moderately trained and the duration of the total triathlon had an average of almost 3 hours,
so these lactate values can not be considered as the maximal steady-state values.
Furthermore, steady state was not controlled and lactate in these studies was assessed only
post-exercise.
Several authors evaluated the lactate response to steady-state exercise in a laboratory. In 8
elite cyclists. Jenkins et al. (47) observed a mean lactate concentration of 8.9 ± 1.6 mmol.l"
' on a cycle ergometer during 30 minutes exercise. However, in 6 subjects the workload
used in this experiment was decreased during the test when the initial workload could not be
maintained. For this reason, these lactate values can not be interpreted as steady-state values,
but these observations were an indication that endurance-trained cyclists can tolerate high
blood lactate levels for at least 30 minutes. Coyle et al. (24) observed lactate values of 7.2 ±
0.7 mmol.l'' in 15 elite cyclists during a laboratory test with a constant workload.
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The lactate responses and their relationship to performance
In the literature the lactate response appears to be highly correlated to various types of
endurance performance (22-25,30,53,54,95). The correlation varies from 0.80 up to 0.99.
Most studies concerned runners (30,53,54,95) and only few authors evaluated the lactate
response assessed in a laboratory with cyclists or triathletes during a field test. The problem
in these studies is that most studies concerned moderately trained subjects (22,30,65), and /
or subjects with a significant difference in performance (23,24,30,65). For example, Coyle
et al. (24) observed a high correlation (r = 0.88) between the workload during a 1 hour
duration laboratory test at a constant load and a time trial of 40 km. This workload was
strongly correlated (r=0.93) with the lactate threshold which was defined as the lactate level
that was I mmol.l"' above baseline during incremental exercise. However, in Coyle's study
(24), the road racing time of the subjects varies from 51 up to 65 minutes, and VOT at the
lactate threshold from 3.08 up to 4.40 I.min"'. As a consequence, significant correlations
between the lactate response and performance are easily found, but the predictive value is
limited due to a high interval of confidence. This problem also accounts for all previously
mentioned correlations observed by other investigators. O'Toole et al. (67) observed no
significant correlation between the VOT at the lactate threshold (according to Coyle et al.
(24); see above) and the cycling time during an ultra triathlon (180 km).

Training effects on the lactate response
The training effect on the lactate response has been studied extensively (27,48,56,91). It is
commonly accepted that following endurance training, a subject will have lower blood
lactate levels for the same work rate in combination with an increased maximum
performance. These lower lactate levels should not be confused with the lower lactate levels
during overtraining, overreaching or exhaustion which are conditions associated with a
decreased performance (48, 55).

The ventilatory response to exercise

During prolonged high-intensity exercise the intra- and extra-cellular lactate acidosis that
occurs, is compensated by the ventilatory system. The plasma and intra-muscular pH
depends on the lactate production, lactate efflux and the buffer capacity. The phosphate
buffers form the major intracellular buffering system (71). The hydrogen carbonate buffer is
the major extracellular buffering system, in which hydrogen carbonate absorbs protons and
the carbonic acid formed decomposes into water and CO-> (71,72). The excess CO-> is
removed by increased ventilation. The ventilatory response to exercise has been studied
thoroughly during the past decades (27,56.85,87) on the basis of this concept. Since the
introduction of the term anaerobic threshold (AT) in 1964 (85), AT was associated with an
increased blood lactate concentration, increased ventilation, increased CO-, excretion and a
decreasing bicarbonate concentration. It was suggested that these phenomena reflected a
shirt from aerobic to anaerobic metabolism (27.73,85,88).
Several ventilators thresholds (VI) have been described based on different ventilatory
parameters during incremental exercise tests. These ventilatory thresholds were expected to
correspond with Al. Initially, it was suggested that departures from the linearity of the
minute ventilation (VE), and the carbon dioxide output (VCCM plus an abrupt increase in



the gas exchange ratio (RQ) could be used as markers for the onset of a metabolic acidosis
(27,86). Later the criterion was adjusted as a systematic increase in the ventilator, equivalent
for VO-. (VE/VCM without a concomitant increase in VEA'CO; (19,27.87). According to
Wasserman et al. (89), AT can be determined during an incremental exercise test using the
following ventilatory parameters: 1. Steeper increase of VTO-, as compared to V();> (V-slope
method); 2. Respirator, exchange ratio = 0.95; 3. Y'E/VO; increase.

The VOj kinetics and (he Vo> response to constant-load exercise
The increase in YO; that accompanies an increase in exercise intensity is immediate, but it
takes time to reach a steady-state condition (36.38,39,93.%). The time to reach steady slute
requires several minutes depending upon the magnitude of the increment and the fitness of
the individual (39). Because of the time delay in attaining the steady-state VOi. part of the
energy must be provided by creatine phosphate hydrolysis and glycolysis to enable continued
muscle contraction. This is called the oxygen deficit (20.63.92).
The VO-> response following a step increase in work rate has been characterised as consisting
of an early cardiodynamic component with unchanged mixed-venous CK-contcnt (phase I)
and a subsequent metabolic component (phase II) starting when venous blood from the
muscle arrives at the lungs (96).
The metabolic component of the VOi response at the onset of constant-load exercise (phase
II) has been recently extensively reviewed by Xu and Rhodes (93). The response to exercise
intensity below the lactate threshold can be described by a mono-exponential mathematical
equation. During high-intensity exercise, the VOi response becomes more complex and
consists of two components. The initial response increases still exponential, however an
additional response is developed slowly after some minutes causing an increasing VOi
during the constant load (VOT drift). The possible mechanisms of these fast and slow
components are not elucidated yet. The VOi kinetics nowadays receive increasingly
attention of researchers since enhanced VOi kinetics during submaximal exercise may be an
indicator of an increased endurance-trained state in cardiovascular patients (6,41), healthy
subjects (3,37,39), and cyclists (4,66). As endurance training can decrease the time to steady
state, it also decreases the oxygen deficit (20,27,69).

The ventilatory response to exercise and its relationships to endurance performance
In the literature, the different ventilatory thresholds described above have not been compared
and validated in practice using a field test. It is remarkable that only a few investigators
compared physiological parameters assessed in a laboratory with a practical situation using
a field test. In the literature, VT (23-25,54,65) appears to be highly correlated to various
types of endurance performance.
The correlation in these studies varies from 0.70 up to 0.94. However, the problem in most
of these studies is that they concerned moderately trained subjects, or subjects with a
significant difference in performance. As a consequence, significant correlations between the
ventilatory response and performance are easily found, but the predictive value is limited due
to a large interval of confidence.

Training effects on the ventilatory response
The studies concerning the effect of endurance training on the ventilatory response are
numerous. However, these studies were all focused on the training effects of the VC^max,



and the ventilatory threshold (11,56,89). It is commonly accepted that endurance training
will improve VOimax and the V<>> at VT, and that detraining will reduce these parameters
(11,20,23,56,64). The majority of these studies concerned patients and relatively untrained
subjects.
A minority of the studies investigated the effect of training on the ventilatory response to
exercise at submaximal exercise intensity (4,11,33,37,39,41). The effect of training on the
ventilatory response in these studies are conflicting, especially concerning the VO->:
following endurance training, the oxygen consumption at submaximal levels has been
described to be higher (37,41,64), lower (4) or unchanged (39). Despite these conflicting
results, lower submaximal VO2 values for the same work rate is accepted as an indicator of
economy in various sports (1,23,24,28,33,78,79). However the studies in which economy of
locomotion was investigated and the previous mentioned studies, concerned different groups
of subjects, trained and untrained. These studies were not focused on the training effects of
the same subjects after a period of training.

Summary and questions

The lactate and ventilatory responses to exercise are described and defined in different ways
by numerous authors. The methodology of the studies that tried to compare laboratory data
to field situations is generally poor. The lactate and ventilatory thresholds are poorly defined
and the moments of occurrence are influenced by the exercise protocol (97), method of
detection, and evaluator. The VOi kinetics and lactate kinetics are still poorly understood.
Data concerning the training effects on the ventilatory response to exercise are conflicting.
V()-> kinetics in patients is now increasingly receiving the attention of researchers.
The general aim of this thesis is to investigate the lactate and ventilatory response to exercise
and evaluate the different measurements as a tool for predicting performance, measuring
training effects, and training management. This thesis consists of different chapters in which
specific research questions are addressed.

In chapter II, a study is presented in which the relationship between different lactate
responses and performance has been investigated in elite triathletes. The main question in
this study is which of the various lactate responses described in the literature during an incre-
mental exercise test is the best indicator of endurance performance assessed during a field
test.

In ehapter III, a study is presented in which the maximal lactate steady state during a field
test has been investigated in elite endurance athletes. The main question in this study is
whether the plasma lactate concentration during steady state exercise in elite endurance
athletes corresponded with the levels of lactate steady state observed by other investigators
in a laboratory setting.

In chapter IV. the ventilator.' response to exercise is investigated using a field test in elite
cyclists. The purpose of this study is to evaluate the relationships between the different
ventilatory thresholds assessed during an incremental exercise test, the heart rate, and
endurance performance assessed during a field test.



In chapter V. a study is presented in which training effects are investigated on the
ventilator, response to a one-minute incremental exercise test. The aim of this studv is to
investigate effect on the ventilator) response to incremental exercise in a group of elite
cyclists during a relatively untrained period compared to a period in which they were in an
extensively endurance-trained state.

In chapter VI, a new phenomenon in exercise physiology concerning VO; kinetics is
described: the VO2 overshoot at the onset of steady-state exercise.

In chapter VII a study is presented in which the effect of training on the VOj response to
steady-state exercise and in particular the VOi kinetics has been investigated. The main
objective of this study is to investigate the VO1 kinetics at the onset of constant-load exercise
in competitive cyclists during a relatively untrained period compared to a period in which
they were in an excellent endurance-trained state.

In chapter VIII the results of the different studies are discussed and the conclusions are
enumerated.

In chapter IX the studies are summarised.
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The lactate response to exercise has been studied thoroughly during the last decades and it
has been described using a variety of terms and definitions. Numerous investigations
observed relationships between the lactate response and endurance performance. The main
question in this study was which of the various lactate responses during incremental exercise
described in the literature was the best indicator of endurance performance.
The plasma lactate response (PLR) was assessed during an incremental exercise test on 13
male elite triathletes (age 25.5 ± 5.8 years; height 179.7 ± 5.4 cm; body mass 71.3 ± 4.7 kg)
on a bicycle ergometer. The load was started at 2.5 W.kg^' and increased by 40 W every 4
min.
We evaluated the following PLR-parameters: the workloads at the fixed lactate levels of
2,3,4,5,6,7, and 8 mmol.H, which were assessed by extrapolation from a workload-lactate-
heart rate curve (P2,P3,P4,P5,P6,P7,P8 respectively), the lactate threshold which was
defined as the workload at the point at which a non-linear increase of blood lactate occurred
(I'l l), and the workload at the lactate level that was 1 mmol.H above the baseline (P+l).
I our to seven weeks after the laboratory test, heart rate and lactate levels were assessed
during a 40-km long lasting time trial on a bicycle. Two parameters were considered as
indicative of endurance performance: the road-racing time (Tt), and the workload
extrapolated from the workload-lactate-heart rate curve at the heart rate and lactate levels
observed during the time trial (Pt).
Only P2 showed a significant correlation with Tt (r = -0.65; p<0.05; se = 72.5 s). Multiple
regression analysis with the anthropometric parameters height and body mass as additional
independent parameters did not change the predictive value. We concluded that for
predicting the cycling performance of similarly well-trained subjects the predictive value of
PLR is negligible.
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Introduction

The traditional parameter to describe endurance performance is the maximum oxygen uptake
(18.19). The usefulness o f the maximum oxygen uptake (VO^maxl as predictor of endurance
performance has been questioned since numerous authors suggested that other parameters
measured during submaximal exercise were better indicators of endurance performance than
VO^max (4,5,15.16). They suggested that particularly blood lactate response to exercise was
a better indicator o f endurance performance (4,5.19,30). Nowadays, the lactate response to
exercise is commonly accepted as a tool for predicting endurance performance and designing
training programs (6,12.23). It is also commonly accepted that following endurance training.
a subject wil l have lower blood lactate levels for the same work rate in combination with an
increased maximum performance (7). The lactate response has been studied thoroughly
during the last decades and has been described using a variety of terms and definitions
(7,14.24.27).

The anaerobic threshold (AT) has been one of the most commonly used terms for describing
the lactate response. AT can be defined as the highest metabolic rate or the highest exercise
intensity at which blood lactate concentration is maintained at a steads state during prolon-
ged exercise (11.24,26,27). An athlete is assumed to sustain exercise intensities of around AI
for a relatively long period (30 min. up to I 12 hour). Lxereise intensity slightly above AT
results in progressive lactate accumulation and the athlete is forced to stop or lower the
intensity.
To determine AT. numerous concepts and definitions have been published in the last decades.
Some investigators proposed a fixed lactate concentration to define and detect AT. Values of
2 mmol.l"' (15,21), 3 mmol.l" ' (10) and 4 mmol.l"' (11,14) have been proposed. In order to
detect and define AT, several mathematical models were introduced to analyse the lactate
response during incremental exercise (2,7,24).
Another commonly used term to describe the lactate response or AT is the lactate threshold
(LT). LT is defined as the highest V O i or exercise intensity that can be attained during incre-
mental exercise before an elevation in blood lactate is observed (23,28). C'oyle et al. defined
LT as the lactate level that was 1 mmol.l"' above baseline during incremental exercise (3).
In this study we evaluated the plasma lactate response to exercise (PLR) as a predictor of
endurance performance in 13 male elite triathletes. The main question in this study was
which of the various lactate responses described in the literature during an incremental
exercise test is the best indicator of endurance performance assessed during a field test.

Materials and Methods

Thirteen male elite triathletes volunteered to participate in this study (age 25.5 ± 5.8 years)
after giving written informed consent. The subjects were free from serious diseases and took
no drug or medication during the course of the study. On the test days no one showed any
sign of disease or infection. The subjects had trained regularly for at least 4 years (13 ± 3.5
years). The mean training duration was 16 ± 3.7 hours a week.
The mean height of the 13 subjects was 179.7 * 5.4 cm, the mean body mass was 71.3 ± 4.7
kg. The percentage of body fat, estimated using the measurements of four skinfolds
according to Dumin and Womersley (9) was 7.8 ± 1.1 %.
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The measurements in the laboratory took place under the same temperature (20° C) and
humidity (60%) conditions. Subjects had refrained from intensive exercise in the previous 24
hours and they were instructed to take a carbohydrate-rich meal before the testing day. The
sitting position on the cycle-ergometer (Excalibur-sport, Lode, Groningen) was individually
adapted for each subject to create the same position as in competition. A 12-lead ECG was
made every minute. After a warming up, in which the load increased linearly to 2.5 W per
kg body mass in 5 min, the load increased by 40 W every 4 min until exhaustion. Before the
test an elastic canula (Venflon, Helsingborg, Sweden) was inserted into the antecubital vein.
Approximately I ml of blood was taken at rest before the warming up, at the end of every
period of four minutes and at maximal performance to determine lactate concentration.
He fore every sample, I ml of blood was taken and not used for analysis. The test resulted in
6-8 samples for each subject. A workload lactate-heart rate curve was fitted to the data. The
maximal workload (Wmax) was determined using the following formula:
Wmax = Wstage + (t/240) * 40
Wstage is the workload of the last completed stage and t is the time in seconds in the final
stage. The workloads at the fixed lactate levels of 2, 3, 4, 5, 6, 7, and 8 mmol.l"' were
assessed by extrapolation from this curve (PLR parameters: P2, P3, P4, P5, P6, P7, and P8
respectively). The workload at LT (P| r) was defined as the point just before the curvilinear
increase in blood lactate occurred (24). According to Coyle et al. (3) the workload was also
assessed at the lactate level that was I mmol.l"' above the baseline (P+l)

7J/Wf f/7<//

After a period of 4 to 7 weeks following the laboratory test, the subjects were instructed to
ride an individual time trial on a flat circuit of 4.05 km that had to be covered ten times. The
subjects started at one-minute intervals. Heart rate was measured every 5 s with a heart rate
monitor (Polar, Electro ()Y, ['inland). The subjects were all motivated triathletes and they
were experienced in riding a time trial. They were instructed by their coaches to perform
maximally. Steady state was controlled by the heart rate and by timing every course run.
Before warming up, during and immediately after exercise, 1 ml of blood was taken from the
antecubital vein using a needle to determine lactate concentration. Subjects were stopped
after completing five laps and detained for 150 s while a blood sample was obtained. Every
sample was taken within 30 s. Before every sample, 1 ml of blood was taken and not used
for analysis.
The mean heart rate was determined for the last 20 min of the first, and for the last 20 min
of the second half of the time trial. The subjects were instructed not to sprint before the blood
sample was taken. To be sure that the subject had not sprinted before sampling, the mean
heart rate was also determined for the last two minutes, just before the blood sample was
taken. On the day of the contest the temperature was 14-17° C, humidity was 70%, there was
no wind and the sky was clear.
Two parameters were considered to represent endurance performance: the road-racing time
(TO, and the workload extrapolated from the workload-lactate-heart rate curve at the heart
rate and lactate level during the time trial (Pt).
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All blood assays took place in the clinical laboratory of the St Joseph Hospital, Veldhoven.
the Netherlands. The collection tubes for lactate contained potassium fluoride. All blood
samples were kept in melting ice and were analysed within one hour. 1 "he blood samples
were centrifuged immediateK after submission at the laboratorium (3000 qim. 1590 Ci.
20" C). The plasma lactate concentration was determined using a fobas en/ymalic lest kit
(Boehringer. Mannheim, Germany).

SPSS version 5.0 was used to analyse the data (17). Statistical comparisons between the
lactate levels, the heart rates, and the speeds were made using a paired T-lcsl. Pearson's
Product Moment Correlation was used to calculate correlation coefficients.
Since level cycling performance also depends on air and rolling resistance (8,25), multiple
regression analyses were performed with performance as dependent variable and height,
body mass and PLR parameters as independent variables. The level of significance was set
at 0.05.

Results

The mean maximum and resting lactate levels are shown in Figure 1. The mean maximum
heart rate was 183.5 ± 7.9 beats.min'. The mean maximum workload (Wmax) and the
workloads according to the different PLR definitions described in the section Material and
Methods are shown in Figure 2.

The mean road-racing time (Tt) was 3551 ± 88 s (speed 41.1 ± 1.0 km.rr'). There was no
difference in the speeds during the two parts of the time trial. The standard deviation of the
10 course run times varied per subject with a range from 1.9 s up to 3.4 s indicating an almost
constant speed for each subject. The mean and standard deviation of the performance
parameter Pt is shown in Figure 2. Between Pt and Tt we observed a significant correlation
(r = -0.67;p<0.01).
The mean resting lactate level and the mean lactate level in the first part (20 km) of the time
trial and in the second part (40 km) are shown in Figure I. The difference of 0.6 mmol.l"'
between the 2 values during the time trial was not statistically significant and they showed a
significant correlation (r = 0.93; p<0.00001). The mean of the two values for plasma lactate
during the time trial was 7.9 ± 2.4 mmol.l''.
The mean heart rates during the first part of the time trial showed no significant difference
from the second part (171.3 * 8.6 and 170.9 ± 7.2 beats.min' respectively). The mean heart
rate in the last two minutes prior to the two blood samples showed no significant difference
(171.4 ± 9.3 and 171.7 ± 7.0 beats.min'' respectively), nor was there a difference from the
previous period.
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Figure 1
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The correlations between PI R parameters and the parameters of endurance performance Pt
and It are shown in Table I. Multiple regression with Pt and Tt as dependent and the PLR-
parameters and the anthropometric parameters height and body mass as independent
variables did not improve the correlations or standard errors. Multiple regression with Tt as
dependent and Wmax, height and body mass as independent parameters showed a significant
correlation. (r=0,8l; p<0.05; se 62 s).
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There was no significant difference between the resting levels of lactate before the laboratory
test and the levels before the time trial. The mean lactate level, estimated for each subject
from the lactate curve at the mean heart rate during the time trial, was 7.4 ± 2.0 mmol.l" '.
Compared with the mean lactate levels during the time trial there was a difference of 0.5
mmol. l ' ' . This difference was not significant and the two levels showed a positive
correlation (r = 0.91; p<0.00l). There was no significant correlation between the resting
levels and the maximum lactate levels in the laboratory and the lactate levels during the time
trial.

Table 1

P-H

Ptr
P2
P3
P4
P5
P6
P7
P8
Wmax

* = p<0.05

The correlations between
performance parameters

PI

0.36
0.37
0.49
0.38
0.38
0.33
0.36
0.37
0.38
0.58

the different plasma lactate responses and the
Pt and Tt. For abbreviations see test.

Tt

-0.15
-0.27
-0.65 •
-0.37
-0.36
-0.34
-0.36
-0.38
-0.40
-0.45

Discussion

In the current study we evaluated the relationship between the plasma lactate response to
exercise (PLR) and endurance performance. Main question in this study was which of the
various lactate responses during incremental exercise described in the literature was the best
indicator o f endurance performance.
In the literature the lactate response appears to be highly correlated to various types of
endurance performance (3-6,10,15,16,30). The correlation in these studies varies from 0.80
up to 0.99. However, most studies concerned runners (10,15,16,30), so the results of these
studies can not be easily compared with the current study.
Only few authors evaluated the lactate response assessed in a laboratory with cyclists or tri-
athletes during a field test. Coyle et al. (5) observed a high correlation (r = 0.88; p<0.00l)
between the workload during a I hour lasting laboratory test at a constant load and a time
trial of 40 km. This workload was strongly correlated (r=0.93; p<0.00l) with the lactate
threshold which was defined as the lactate level that was 1 mmol.l"' above baseline during
incremental exercise. However, in Coyle's study, the road-racing time of the subjects varies
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from 51 up to 65 minutes, and VO2 at the lactate threshold from 3.08 up to 4.40 I.min"'. As
a consequence, significant correlations between the lactate response and performance are
easily found, but the predictive value is limited due to a high interval of confidence. This
problem also accounts for the previously mentioned correlations observed by other
investigators, in which most studies concerned moderately trained subjects (3,10,19), or
subjects with a significant difference in performance (4,5,10,19). OToole et al. (20)
observed no significant correlation between the VO2 at the lactate threshold (according to
Coyle; see above) and the cycling time during an ultra triathlon (180 km). The results of this
study are also not comparable with the current study since the duration of the field test was
significant longer.
In the current study, only P2 showed a slight correlation with Tt. The predictive value of this
correlation is limited (90% interval of confidence = ± 130 s). Multiple regression analyses
with the anthropometric parameters as additional independent variables did not change the
predictable value of the different Pl.R parameters. Although multiple regression with height
and body mass as additional independent parameters showed a significant correlation for
Wmax, the predictive value of this regression equation value is also limited. (90 % interval
of confidence = ± 114 s). The data suggest that in similarly well-trained subjects, endurance
performance is not predictable from Pl.R or Wmax.
An additional important observation in the current study was that the mean lactate level
during the time trial was 7.9 ± 2.4 mmol.l"'. The large level of individual variability is
conspicuous (range 4.5 - 12.2 mmol.l"'). Since the heart rate and the course-run times
remained almost constant during the time trial, we considered that the intensity remained at
a steady slate. Three subjects maintained plasma lactate levels which exceeded 10 mmol.l"'
or more for almost I hour. These values exceeded all previous data from other investigators
and the levels are significantly higher than the Pl.R parameters commonly used for
predicting a steady-state intensity. The individual variability will complicate every attempt
to predict endurance performance and design training programs from a single lactate curve.
Coyle et al. (5) observed lactate values of 7.2 ± 0.7 mmol.l'' in 15 elite cyclists during a
laboratory test with a constant workload. However, these values are not quite comparable
with our data since the standard deviation is significantly lower. Furthermore, the initial
workload in Coy le's study was altered during this test. The initial workload was started at the
lactate threshold, defined according to Coyle's definition (see above). It is remarkable that
the authors did not explain the difference between the lactate level at Coyle's lactate
threshold and the lactate levels during the constant workload test.

It should be considered that the lactate concentration in the current study was assessed in
plasma while in some of the above mentioned studies lactate was assessed in whole blood
(4.5.6.10.20). Since it is known that there are differences in the lactate concentrations of
whole blood and plasma (29), this may have influenced the comparison with the data of other
studies. However, the resting values, the maximum levels and the plasma lactate values at
PH and P| | in the current study arc comparable with the studies which assessed lactate
concentration in whole blood (2,5,23,26). so a significant error may be excluded.
When we compare laboratory findings with field tests we have to consider that
environmental factors like temperature and humidity may influence the results (1). For
example, the temperature in the laboratory was 20° C while outdoor temperature was
14-17 ' C. This difference may have affected the comparison of heart rates during the time
trial and the incremental exercise test and this can explain the difference between the
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calculated lactate levels and the measured lactate concentration during the time trial.
However, this difference was not significant and both variables showed a significant
correlation, so the data of our stud> ma> be valid.
Summarising, we have observed in similarly well-trained triathlctcs that endurance perfor-
mance is not significantly related to Pl.R. Although measurements of lactate may be useful
to indicate early overtraining (13,22) and the monitoring of training effects, the role ofl'LK
as parameter of endurance performance is questionable.
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Summary

The upper limit of blood lactate resulting in a lactate steady state during prolonged exercise
is called the maximal lactate steady state (MaxLaSS). The purpose of this study was to
investigate the lactate response to steady-state exercise during a field test in elite endurance
athletes. Plasma lactate levels were assessed in 13 elite triathletes and 13 elite cyclists (mean
± sd; age 23.7 ± 5.1 years; height 180.2 ± 6.3 cm; body mass 70.3 ± 5.9 kg; VOimax 68 ±
3.7 ml.min"' .kg"') during a 40 km-long lasting time trial on a bicycle (10 times 4 km). Steady
state was demonstrated by monitoring the heart rate and by timing every course run. The
lactate levels were expected to correspond to MaxLaSS. The mean level of lactate during the
time trial was 7.4 ± 2.5 mmol.H. Five athletes maintained plasma lactate levels, which
exceeded 10 mmol.Hor more for almost 1 hour. The large level of individual variability was
conspicuous (range 3.2 - 12.2 mmol.l"'). These values exceeded all previous reported levels
for MaxLaSS from other investigators. Our observations are important in sport medical
practice since the dilTerent lactate responses to exercise are used as parameters in training
management.
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Introduction

The upper limit of blood lactate resulting in a lactate steady state during constant workload
is called the maximal lactate steady state (MLSS or MaxLaSS). The detemiination of
MaxLaSS requires the performance of several constant workloads on different days (3).
MaxLaSS is expected to correspond to the anaerobic threshold (AT) which reflects the
transition of aerobic to anaerobic conditions (10,25). An athlete is assumed to sustain exerci-
se intensities of around AT and MaxLaSS for a relatively long period of time (20 min up to
I 1/2 hour). The lactate level during steady-state exercise is assumed to be within defined
values. Some investigators proposed a fixed lactate concentration of 4 mmol.l"' (10). In an
attempt to define AT, some investigators described an individual anaerobic threshold (IAT)
(3.9) and a lactate threshold (LT) (8,26). The average lactate concentration at AT. l.T or I AT
in these studies varies from 1.7 ± 0.3 (9) to 4.2 ± 0.8 mmol.l'' (3). It is remarkable thut only
very few investigators compared these laboratory data with the values assessed during a
practical situation in a field test (2,19). However, these studies concerned moderately-trained
subjects. In addition lactate in these studies was assessed only post exercise, and steady state
was not controlled. Therefore in this study we determined the lactate steady-state level in
elite endurance athletes during a field test. The main question was whether the plasma lactate
concentration during steady-state exercise in elite endurance athletes corresponded with the
limited levels of lactate observed by numerous investigators in a laboratory setting.

Materials and methods

Thirteen elite triathletes and 13 elite cyclists (mean ± sd; age 23.7 ± 5.1 years; height 180.2
± 6.3 cm; body mass 70.3 ± 5.9 kg) volunteered to participate in this experiment after giving
written informed consent. The mean VOimax, determined 4 weeks before the time trial
during an incremental exercise (20W.min'') on a cycle ergometer, was 68 ± 3.7 ml.min''.kg"'.
The 26 subjects were free from serious diseases and took no drug or medication during the
course of the study. On the test days no one showed any sign of disease or infection. The 26
subjects had trained regularly for at least 4 years (10 ± 3 years). The mean training duration
was 14 i 4.2 hours a week. The percentage of body fat, estimated using the measurements
of four skinfolds according to Durnin and Womersiey (10) was 8.1 ± 3.3.

After a period of 4 weeks following the laboratory tests the subjects were instructed to ride
an individual time trial on a tlat circuit of 4.05 km which had to be covered ten times. On the
day of the triathletes contest, the temperature was 14-17" C, humidity was 70%. there was
no wind and the sky was clear. On the day of the cyclists contest, the temperature was 15-
18° C, humidity was 40%, there was no wind and the sky was clear. The subjects had
refrained from intensive exercise in the previous 24 hours and they were instructed to take a
carbohydrate-rich meal before the day of the time trial. The subjects started at one-minute
intervals. Heart rate was measured every 5 seconds with a heart rate monitor (Polar, Electro
OY, Finland). Steady state was demonstrated by the heart rate and by timing every course
run.
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Before warming up, during and immediately after exercise, 1 ml of blood was taken from the
antecubital vein with a needle to determine lactate concentration. Subjects were stopped after
completing five laps and detained for 150 seconds while a blood sample was obtained. Every
sample was obtained within 30 seconds.
The mean heart rate was determined for the last 20 minutes of the first and second half of the
time trial. The subjects were instructed not to sprint before the sample was taken. To be sure
that the subject had not sprinted before sampling, the mean heart rate was also computed for
the last two minutes just before sampling. .„

The collection tubes for lactate contained potassium fluoride. Plasma lactate concentration
was determined using a Cobas enzymatic test kit (Boehringer, Mannheim, Germany). All
blood samples were kept in melting ice and were centrifuged (3,000 rpm, 1590 G, 20° C) and
analysed within one hour.

The mean lactate levels and mean heart rates in the first part of the time trial were compared
with those in the second part using a paired t-test. Pearson's Product Moment Correlation
was used to calculate correlation coefficients. The level of significance was set at 0.05.

Results

The mean speed was 41.3 ± 1.0 km.lr' and 41.5 ± 1.0 km.h"' respectively during the two
parts of the lime trial. According to the course run times of each individual, all subjects
performed at nearly constant exercise intensity. The standard deviation of the 10 course run
times varied per subject with a range of 1.9 s up to 2.9 s.
The mean resting lactate level was 1.4 ± 0.4 mmol.Hand the mean lactate level of the 2
samples during the time trial was 7.4 ± 2.5 mmol.l'' (Figure 1). The mean lactate concentrati-
on in the first part was (20 km) 7.7 ± 2.6 mmol.l"', and in the second part (40 km) 7.2 ± 2.5
mmol.l"'. The difference of 0.5 mmol.l"' between the two lactate values during the time trial
was not statistically significant and they showed a significant correlation (r=0.89,
p-0.00001).
The mean heart rate during the first and second part showed no significant difference (173.7
± 7.1 and 174.3 ± 8.1 respectively). The mean heart rate in the last two minutes before the
two blood samples showed no significant difference, nor was there a difference between the
previous periods (173.4 ± 7.6 and 174.2 ± 7.4 respectively).
There was no significant difference between cyclists and triathletes considering height, body
mass, percentage of body fat, and speeds during the time trial. Considering the lactate levels
at rest and during the time trial, there was no significant difference between triathletes and
cyclists. The heart rates during the time trial did not show significant differences between the
2 groups. We observed no correlation between anthropometries, speed, resting levels of
lactate, and the lactate levels during the time trial.
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Discussion

The most important observation in this study was that the mean plasma lactatc level during
steady-state exercise was extremely high. The large level of individual variability was
conspicuous (range 3.2 - 12.2 mmol.l"'). Three triathletes and two cyclists maintained
plasma levels which exceeded 10 mmol.Hor more for almost 1 hour. These values exceeded
all previous lactate levels at AT, LT, IAT and Maxl.aSS observed in a laboratory
(3.9,12,18,19,21,22). Since it is known that there are differences in the lactate concentration
of whole blood and plasma, this may have influenced the comparison with other studies (27).
However, in the studies we compared, lactate was assessed in plasma (12,18,21,22) as well
as in whole blood (9,14,19). In addition, it would be theoretically possible that some subjects
did not reach their maximal steady state during the time trial for psychological reasons. This
possibility makes our data even more remarkable.
The time trial in the current study is considered to be a steady-state exercise since the course
run time and the heart rate remained constant during the whole time trial. Since all subjects
were experienced cyclists to ride a time trial at maximal steady-state intensity, the measured
lactate values during the time trial should approximate MaxLaSS.
Only a few investigators described lactate levels assessed during a field test. Beneke et al.
(2) reported blood lactate levels of 4 - 6.5 mmol.l"' in well-trained speed skaters. Pages et al.
(19) described lactate values of 4.95 * 0.5 mmol.l'' in 7 triathletes during a triathlon race,
which is considerably lower than our observations. However these triathletes were only
moderately trained and the duration of the total triathlon had an average of 2.50 hours, so
these lactate values can not be considered as maximal steady-state values.
Several authors evaluated the lactate response to steady-state exercise in a laboratory. In 8
elite cyclists, Jenkins et al. (14) observed a mean lactate concentration of 8.9 ± 1.6 mmol.l"
' on a cycle ergometer during 30 minutes exercise. However, in 6 subjects the workload used
in this experiment was decreased during the test when the initial workload could not be
maintained. For this reason, these lactate values can not be interpreted as steady-state values,
but these observations were an indication that endurance-trained cyclists can tolerate high
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blood lactate levels for at least 30 minutes. Coyle et al. (8) observed lactate values of 7.2 ±
0.7 mmol.l"' in 15 elite cyclists during a laboratory test with a constant workload. However,
the lactate values of Coyle et al. (8) are not quite comparable with our data since the standard
deviation is significantly lower than ours. Furthermore, the initial workload in Coyle's study
was altered during this test.
The current study was a field test study. When we compare laboratory observations from
other investigators with the field test in the current study, we have to consider that
environmental factors like temperature and humidity may influence the comparison (1).
The results of the current study are not easily explained. According to many authors, lactate
is seen as a dead-end waste product of metabolism. The resulting acidosis is viewed as the
major factor, which causes fatigue and exhaustion during exercise (1,10,25). However,
several studies indicated that lactate is not a waste dead-end metabolite during exercise and
recovery (5,6). In contrast, the results of these studies strongly suggest that lactate plays an
important role in metabolism during exercise (5,6). Lactate which is produced in areas with
a high glycogenolytic and glycolytic activity (type lib fibres) is oxidised in areas with a high
oxidative activity (type I and Ha fibres). Brooks et al. called this phenomenon the lactate
shuttle (6). Lactate reaches the oxidative areas by diffusion (24) or by the circulation. The
lactate levels during steady state exercise are the result of the production and elimination of
lactate (4), so these levels do not reflect the net turnover of lactate. A second function of
lactate is maintaining levels of blood glucose as a precursor of liver gluconeogenesis (4). The
glycogen synthesis in the liver is lowered during exercise by a decreased perfusion. In
addition, during exercise glucagon levels increase and insulin levels decrease, resulting in an
inhibiting effect on glycogen synthesis in the liver (13).

The role of lactate as an acid is still a controversial issue. Acidosis is assumed to inhibit ATP
regeneration (1,23). There have been indications that acidosis inhibits the enzyme phosphof-
ructokinase which is involved in the glycolysis (23). However, plasma lactate levels does not
reflect intracellular acidosis which can be regulated by lactate efflux out of the cell and by
several buffering mechanisms (7,16). In addition, another consequence of acidosis is a shift
of the oxyhaemoglobin dissociation curve to the right allowing oxygen to unload from
haemoglobin (16). Furthermore the decreasing extracellular pH results in a vasodilatation of
the vascular bed in the contracting muscle (16). As a result, both phenomena allow an
increasing amount of oxygen to the tissues and a better endurance performance. So it may be
favourable to have high levels of lactate in combination with a high intracellular buffer
capacity.
The physiological explanation for the accumulation of lactate during exercise is also still not
elucidated (10). To explain this phenomenon, local hypoxia, increasing recruitment of type
II-fibres and a shiH in the pyruvate-lactate balance has been described (10).
This study proved that endurance-trained athletes could maintain extremely high levels of
lactate during steady-state endurance exercise. Our data suggest an individual lactate toleran-
ce with a great individual variation. Of course, high levels of lactate during steady-state
exercise do not prove that lactate plays a positive role but the high values of plasma lactate
concentration in this study certainly do not support a negative role. We hypothesised that
high levels of lactate during exercise may be necessary to provide a concentration gradient
for some tissues to maintain the higher metabolic demand (for example the heart and the
contracting muscles). This hypothesis may be supported by recent studies in which
measurements of lactate concentrations may be very useful to indicate early overtraining
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(15.21): low submaximum and maximum lactate levels are believed to be indicators of
overtraining, which is associated with a decreased Performance.
In our opinion, the results of the present study are in contradiction with those of previous
investigators and the different definitions of the lactate response to exercise. According to
these definitions and observations the lactate concentration during steady-state exercise is
expected to be within defined levels (ref. see introduction). Therefore it must be concluded
that these definitions may be not valid for a practical situation. This may be caused by the
fact that in most studies the different definitions were based upon empiricism and different
scientific backgrounds. Furthermore most studies were not evaluated fora practical situation
or were concerned moderately-trained subjects. The only way to approach the lactate steady
state in a laboratory seems the performance of several constant workloads on different days
(3).
Summarising, endurance athletes can tolerate extreme high levels of lactate during stcady-
state exercise. We hypothesised that lactate may not be a waste product but a major
metabolite during steady-state exercise. It is possible, and it may be favourable and even
necessary, for an athlete to have high levels of lactate during steady-state exercise. This view
is very important in sport medical practice since the lactate response has been accepted as a
measure of endurance capacity (26,28). Our data strongly suggest that the practical
usefulness of these parameters is less significant than has been assumed.
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Summary

The purpose of this study was to investigate the validity of the ventilator, response during
incremental exercise as indicator of endurance performance during prolonged high-intensity
exercise under field test conditions in elite cyclists.
The ventilatory threshold (VT) was assessed in 14 male elite cyclists (age 22.4 ± 3.4 years,
height 181 ± 6 cm, body mass 69.2 ± 6.8 kg, VCKmax 69 ± 7 ml.min^.kg"') during an
incremental exercise test (20 W.min''). Heart rate and oxygen uptake were assessed at the
following ventilatory parameters: I. Steeper increase of VCOT as compared to VOT (V-slope
method); 2. Respiratory exchange ratio (RQ) = 0.95 and 1.00; 3. VE/VOo increase without
a concomitant VE/VCO2 increase (VE/VOi method). Three weeks following the laboratory
tests, the ability to maintain high-intensity exercise was determined during a 40 km time tri-
al on a bicycle. During this time trial the mean heart rate (HRp-p) and the road-racing time
(IT) were assessed.
The V-slope method and the VE/VOi method showed significant correlations with TT (V-
slone: r=-0.82; p<0.00l; 90% interval* of confidence = ± 82 sec; VE/VCK : r=-0.81; p<0.0l;
90% interval of confidence = ± 81 sec). Heart rate at the ventilatory parameters and at the
maximum heart rate (HR,„.,^ ) showed significant correlations with HR-p-p. The V-slope
method is the preferred method to predict heart rate during prolonged high-intensity exercise
(r=0.93; p<0.000l; 90 % interval of confidence: ± 4.8 beats.min''). For predicting heart rate
during prolonged high-intensity exercise using an incremental exercise test (20 W.min'),
without assessment of ventilatory parameters, we recommend to use the regression formula:
HR,-, = 0.84 . HR,„ax + 14.3 beats.min-' (r=0.85; pO.001).
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Introduction

The anaerobic threshold has been studied thoroughly during the past decades and it has been
described using a variety of contusing terms and definitions (6.20). Since the introduction
of the term anaerobic threshold (AT) in 1964 (20). AT was associated with an increased blood
lactate concentration, an increased ventilation, an increased l'(K excretion and a decreasing
bicarbonate concentration. It was suggested that these phenomena reflected a shirt from
aerobic to anaerobic metabolism (6,20.23). A common definition of AT is the highest
metabolic rate (or the highest exercise intensity or the highest oxygen uptake) at which Mood
lactate concentration is maintained at a steady state during prolonged exercise
(9,13.16,19,20). AT, and in particular the heart rate (HR) and the exercise intensity at AT. has
been described as a key parameter that defines the ability to maintain high-intensity exercise
in (5.11.23.25). AT has been commonly accepted as a tool for predicting endurance
performance and designing training programs (23,24).
Several ventilatory thresholds (VT) have been described based on different vcntilatory
parameters during incremental exercise tests. These ventilatory thresholds (VT) were
expected to correspond with AT. Initially, it was suggested that departures in the linearity of
the ventilation (VH), and the carbon dioxide output (VCOj) plus an abrupt increase in the
gas exchange ratio (RQ or RliR) could be used as markers for the onset of a metabolic
acidosis (6,21). Later the criterion was a systematic increase in the ventilatory equivalent for
VOi (VE/VOi) without a concomitant increase in VK/VCOi (2,6.22). According to
Wasserman et al (23), AT can be determined during an incremental exercise test using the
following ventilatory parameters: I. Steeper increase of VCOT as compared to VC>2 (V-slope
method); 2. Respiratory exchange ratio = 0.95; 3. VE/VOi increase.
In the literature, the different VT's described above have not been compared and validated
in practice using a field test. Therefore, the aim of this study was to investigate the
relationship between the above-described VT's assessed during an incremental exercise test
and the ability to maintain high-intensity exercise during prolonged exercise.

Materials and Methods

Fourteen male elite cyclists volunteered for this study (age 22.4 ± 3.4 years) after having
given written informed consent. The subjects were free from serious diseases and took no
drugs or medication during the course of the study. On the test days, none showed any sign
of disease or infection. The subjects had trained regularly for at least 4 years (6.1 ± 2.5 years
The mean training duration was 13 ± 4.2 hours a week.
Mean height of the 14 subjects was 181.0 ± 6.0 cm, mean body mass was 69.2 ± 6.8 kg. The
percentage of body fat, estimated using the measurements of four skinfolds according to
Dumin and Womersley (7) was 8.3 ± 4.2%.

All measurements took place over two days under the same conditions of temperature (20°
C) and humidity (55%). Subjects refrained from intensive exercise in the previous 24 hours
and they were instructed to take a carbohydrate rich diet before the laboratory test and the
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field test. The sitting position on the cycle ergometer (Excalibur-sport, Lode, Groningen) was
adapted individually for each subject to create the same position as in competition. A 12 lead
ECG was performed every minute.
After a warming-up period, in which the workload increased linearly to 2.0 W per kilogram
of body mass in 5 minutes, the load increased by 20 W every minute until exhaustion. The
subjects breathed through a mask, which was connected with an elastic tube to an oxymeter
(Oxycon, Jaeger BeNeLux BV, Breda, Netherlands). The volume transducer was calibrated
before every test using a calibration syringe. The COi and OT gas analyser was calibrated
manual by means of a gas bag with a known calibration gas sampled via the twin tube, and
automatically using a bottle of calibration gas by means of a computer controlled manoeuvre.
A fully automatic pneumatic system check of the analysers and sampling system was
performed every test including the tubes and valves and the calibration factors of the
analysers.
Expired gases were continuously sampled and analysed for O2, CO2 and volume. These
instruments were coupled w ith a computer, which plotted workload against VO-», VCO% and
heart rate. The heart rate and VO2 used for statistical calculations was the mean of even 30
seconds.
Heart rate and VOT were assessed at the following ventilatory parameters (see Fig 1): 1.
Clear steeper increase of VCO, as compared to VOi (V-slope method); 2. Respiratory
exchange ratio (RQ) = 0.95, and 1.00; 3. VE/VOi increase without concomitant increase in
VE/VC'OT (MKysi ; " R R O O<)S. " R R Q - loo- aw* HRvpyyoT respectively). The curves were
analysed by two independent observers.
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After a period of 2-3 weeks following the laboratory tests, the subjects were instructed to ride
an individual time trial on a flat circuit of 5.0 km. which had to be covered 8 times. The lime
of every course run and the total road racing time (TT) was registered. The subjects started
at one-minute intervals. All subjects were experienced cyclists and able to perform a time
trial at a maximum attainable level.
Heart rate was measured even. 5 seconds with a heart rate monitor (Polar. Klectro OY,
Finland). On the day of the test the temperature was 15-18° C, humidity was 40%. and (here
was no wind.

The SPSS version 5.0 was used to analyse the data (12). Differences and relations between
the heart rates were analysed with a paired T-test and using Pearson's Product Moment
Correlation. The relation between road racing time and laboratory parameters was analysed
using Pearson's Product Moment Correlation. Since level cycling performance depends on
air and rolling resistance (18). multiple regression analysis was performed with IT us
dependent variable and height, body mass and laboratory parameters as independent
variables. The level of significance was set at 0.05.

Results

7771'
The mean duration of the laboratory test was 20 ± 1.8 min. The mean maximum workload
was 440 ± 33 W, the mean VO^max was 69 ± 7 ml.min"'.kg"'. A clear levelling off of VO-,
occurred in all subjects. Mean maximum heart rate (HR„iax> and the mean of HRysi..
H R < ; , MRRQ=| .00' ^nd HRv£/Vo2 *™ shown in Table I.

77me
The average speed was 41.6 ± 1.0 km.h''. The mean duration was 3478 ± 82 sec. There were
no significant differences between the speed of each course run time for each individual. The
mean heart rate during the time trial was 175.3 ± 7.1 beats.min''. The mean heart rates during
the first and second parts of the time trial showed no significant differences (175.4 ± 6.9 and
175.1 ± 7.2 respectively).

/»erween /«Aora/orv/wa/neterv am///?/<//etf/wramfterv
The correlations between the laboratory parameters and the field test parameters TT and
HR^r are shown in Table 1. There were no significant difference between MR 11 HR^st and
HR\E/VO2 H R R Q H ^"^ HRRQ=0.95 showed a significant difference to IIR| | The
regression formula that describes the relation between HR |-| and the maximum heart rate
( H R ) during the incremental exercise test was:

= 0.84 . HR^„ + 14.3 beats.min' (s.e. « 4.3 beats.min')

Multiple regression analyses with TT as dependent variable and the laboratory parameters
and the anthropometries as independent variable did not change or improve the correlations
or the standard errors.
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Table 1

V-Slopc

RO ~ 0.95

KQ 1.00

VI VOj

Max

* p<0.0l

The laboratory test. Oxygen uptake and heart rate assessed in the
laboratory at the different ventilatory parameters (for abbreviations see
text), and their correlation with the time trial measurements. TT=road
racing time, HR-pp = heart rate during the time trial.

Oxygen uptake

ml.min"'.kg"'
mean ± sd

4299 ± 336

3435 ± 555

3998 ± 373

4350 ± 340

4775 ± 484

• • - p<0.00l

%o f
VC^max

90.0

72.9

83.7

91.1

100

correlation

withTT

-0.82**

ns

ns

-0.81*

-0.71*

ns = not significant

Heart rate

beats.min"' % of
mean ± sd I I R ^ ^

174 ± 9 90.1

152 ±13 79.2

166 ±10 86.5

176 ± 8 91.6

192 ±8 100

correlation
with IIR^-,

0.93**

ns

0.76*

0.90**

0.85**

Discussion

The purpose of this study was to evaluate the relationships between the different ventilatory
thresholds assessed during an incremental exercise test and the heart rate and endurance
performance assessed during a field test.
It is remarkable that only a few investigators compared physiological parameters assessed in
a laboratory with a practical situation using a field test. In the literature, VT (3,4,5,11.14)
appears to be highly correlated to various types of endurance performance. The correlation
in these studies varies from ±0.70 up to ±0.94. So the correlations observed in the current
study can be compared with those of other investigations. The most significant indicator of
performance in the current studs is the VO-> obtained by the V-slope method (r=-0.82;
|v 0.001; W o interval of confidence = ± 82 sec). It is obvious that the interval of confidence
is too large to use this parameter to predict performance in similar-trained individuals.
As far as we know, no investigator compared the heart rate at VT assessed in a laboratory
with the heart rate during a field test. A few investigators described the heart rate at the
anaerobic threshold based on the lactate response. Craig et al. (5) observed a mean heart rate
of 144 ± II beats.min"' at the lactate threshold in 18 elite endurance and sprint cyclists. This
was 73° 0 of the maximum heart rate (197 ± 9). Foster et al (8) observed a percentage of 84-
92% HR,,,,,^ at the onset of blood lactate accumulation. Kindermann et al. (10) reported a
heart rate of 174 ± 8 at the 4 mmol.l"' lactate threshold in elite cross country skiers (91 %
IIK,,,.,^). Comparable values are reported by Lehmann et al. (11) in marathon runners and by
Stegmann and K. indermann (17) in rowers. In our study HRj-r was expected to correspond
with the heart rate at AT and/or VT. Apart from the observations of Craig et al. (5), the above-
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described values are comparable with the present study.
In the current stud> the heart rates at the different ventilator, thresholds and HR,,,.^ in both
tests showed usable correlations with HRJ-J-. For training management we recommend using
the V-slope method to assess HRp, (r=0.93; p<O.OOI; 90% interval of confidence - * 4.8
beats.min"')- The relation between HRpj and HR„,^ is not simply a fixed percentage (see
section results). For predicting the heart rate during prolonged high-intensity exercise
(HR-pr) in elite endurance athletes without assessment of VR parameters, we recommend to
assess HR^^x during an incremental exercise test (20 W.min"') and the use of the regression
formula shown in the results section.
The use of a one-minute incremental exercise test may have inllucnced the results of the
current study. One minute may have been too short to reach a steady state. Thus, on the
measured values the ventilator) and circulatory variables may have lagged behind. I low ever.
Zhang et al. (26) compared the ventilator, response (VO% VCO;, Vl-, and AT) in four
different protocols of increasing work rate (ramp and I-min, 2-min, and 3-min steps) to
maximum exercise. He and his co-workers observed no significant differences among the
four work rate protocols. Therefore, we think that our observations will not have been
influenced by the shortness of the steps in our exercise protocol.
When laboratory parameters, in particular the heart rate are compared with measurements
during a field test, we have to consider that environmental factors like temperature, and
humidity may have influenced the results in the current study (I >. Furthermore training
effects in the period between the tests may have influenced the results. However, concerning
temperature, Potteiger and Weber (15) showed that during steady-state exercise in cyclists,
there were no differences between the heart rate at the onset of blood lactate accumulation at
different environmental temperatures (14, 22. and 30° C).
In the current study we investigated the practical value of different ventilatory thresholds
assessed in a laboratory. We concluded that in elite cyclists, VT assessed using the V-slope
method and the VE/VOT method are preferred as indicators of performance and for the use
of heart rate training management. We think that the results of this study are usable in sports
medicine practice and training management of elite endurance athletes.
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Summary

The purpose of this study was to investigate the effects of endurance training on the
ventilatory response to acute incremental exercise in elite cyclists. Fifteen male elite cyclists
(age 24.3 ± 3.3 years, height 179 ± 6 cm, body mass 71.1 ± 7.6 kg) underwent two exercise
tests on a cycle ergometer. The first test was assessed in December, 6 weeks before the
beginning of the cycling season. The second test was performed in June, in the middle of the
season, during which period the subjects where expected to be in a highly endurance-trained
state. The ventilatory response was assessed during an incremental exercise test (20 W.min'
') . Oxygen consumption (VCty, carbon-dioxide production ( V C O T ) , minute ventilation
(VE), and heart rate (HR) were "assessed at the following points: 200 W, 250 W, 300 W, 350
W 400 W, maximal, at a respiratory exchange ratio of 1.00, and at the ventilatory threshold
(VT) determined using the V slope-method.
The mean post-training VO->max was increased from the pre-training level of 69 ± 7 ml.min'
'.kg"' (range 61.4 - 78.6) to 78 ± 6 ml.min*'.kg"' (range 70.5-86.3). The mean post-training
V()i was significantly higher than the pre-training value (p<0,0l) at all work rates, at VT and
at RQ=I. VCO2 was also higher at all work rates except for 200W and 25OW. VE was
significantly higher at V land RQ=I. HR at all workloads was not significantly changed post
training. An explanation for the higher post-training VOT at the same workload is not clear,
but it may be caused by accelerated VOi kinetics.
The results of this study suggest the following practical recommendations for training
management in elite cyclists: I. During a short-step incremental exercise test (20 W.min"'),
the V()T for a subject at the same work rate may be an indicator of the endurance-training
state: the higher the VOT. the higher the endurance-trained capacity. 2. The need for multiple
exercise tests for determining HR at VT during a cycling season is doubtful since this
parameter does not differ much following endurance training.
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Introduction

The ventilatory response to exercise has been studied extensively during the last decades
(6,8.20,26). The maximum oxygen consumption (VO-.max) and the ventilator) threshold
(VT) have been commonly accepted as key parameters for the capacity of endurance
performance (2.20,21). VT has been described based on different ventilatory parameters
during incremental exercise tests. The ventilator) threshold (VT) is expected to correspond
to the anaerobic threshold (AT), which can be defined as the highest oxygen consumption at
which blood lactate concentration is maintained at a steady state during prolonged exercise
(18.20).
The studies concerning the effect of endurance training on the ventilator) response are
numerous. These studies were all focused on the training effects of the V()-.max. and the
ventilator) and lactate threshold (7.20.26). It is commonly accepted that endurance training
will improve VO^max and the VCK at VT. and detraining will reduce these parameters
(7,11.20). The majority of these studies concerned patients and relatively untrained subjects.
Several studies investigated the effect of training on the ventilator) response to exercise at
submaximal levels (4,7,13,15,16.23,24.28). The effect of training on the ventilator)* response
in these studies are conflicting, especially concerning the V()v following endurance training,
the oxygen consumption at submaximal levels during incremental and submaxinial exercise
tests has been described to be higher (15,17,24), lower (4) and unchanged (14).
Despite these conflicting results, lower submaximal VO-. values for the same work rate is
accepted as an indicator of economy in various sports (1,11.16.23). However, the studies in
which moving economy was investigated and several of the previous mentioned studies
concerned different groups of subjects, trained and untrained, were not focused on the
training effects of individual subjects after a period of training. I urthennorc different
protocols were used.
The aim of this study was to investigate the ventilatory response to incremental exercise in
a group of elite cyclists during a relatively untrained period compared to an extensively
endurance-trained state.

Materials and Methods

Six male elite amateur and nine professional cyclists volunteered for this study (age 24.3 ±
3.3 years) after having given written informed consent. The subjects were free from serious
diseases and took no drugs or medication during the course of the study. Since a drug-free
state of elite cyclists is not easily ascertained, some blood was taken before every test to
determine hematocrite values. The subjects were all familiar with the testing procedure in a
laboratory and all of them had been tested here four times or more before.
The subjects underwent two incremental exercise tests. The first test was assessed in
December, six weeks before the beginning of the cycling season (= pre training). The second
test was performed in June, in the middle of the season in which the subjects where expected
to be highly-endurance trained (= post training).
On the test days, none showed any sign of disease or infection. The subjects had trained
regularly for at least 4 years (8.1 ** 3.5 years.). The exact volume of training and competition
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can not easily be established. The mean training duration including competition was 13.3 ±
4.6 hours a week before the first test and 23.7 ± 6.4 in the period before the second test.
Competition started in February. The period between the two tests they had 40-60 days of
competition with a range in length of 120-220 km a day. In the period of 5 months between
the two laboratory tests 11 subjects suffered from a common cold.

All measurements took place under the same conditions of temperature (22° C) and humidity
(55%). Subjects refrained from intensive exercise in the previous 24 hours. The diet before
the tests and between the test was not changed and they were instructed to take a
carbohydrate rich diet before the exercise tests. In the three days before the testing procedure
the subjects had not competed. The sitting position on the cycle ergometer (Excalibur sport.
Lode, (ironingen) was adapted individually for each subject to create the same position as in
competition. A 12-lead ECG was performed every minute.
After a warming-up period of 5-10 minutes, the workload increased linearly to 140 W in 5
minutes, then the load was increased by 20 W every minute. They were expected to have
reached their maximum when the subjects couldn't maintain a pedalling speed above 80 rpm
or when the oxygen uptake did not increase despite a higher workload. The subjects used
their own choice of pedalling speed but above 80 and below 110 rpm, in which range the
workload remains constant.
The subjects breathed through a mask, which was connected by an elastic tube to an
oxymeter (Oxycon, Jaeger BeNel.ux BV, Breda, Netherlands). The mask dead space was 70
ml. Expired gases were continuously sampled and analysed tor U->, l U i and volume. I hese
instruments were coupled to a computer, which plotted workload against VO->, VCO->, and
heart rate (Sottware Jaeger, Netherlands). The heart rate and VO2 used for sampling and
statistical calculations was the mean of every 30 seconds.
The volume transducer was calibrated before every test using a calibration syringe. The CO-,
and OT gas analyser was calibrated manual by means of a gas bag with a known calibration
gas sampled via the twin tube, and automatically using a bottle of calibration gas by means
of a computer controlled manoeuvre. A fully automatic pneumatic system check of the
analysers and sampling system was performed every test including the tubes and valves and
the calibration factors of the analysers.
VOT, VCOT, minute ventilation (VE), and heart rate (HR) were assessed at the following
workloads:'at 200 W, 250 W, 300 W, 350 W 400 W, and at maximal performance.
Furthermore. VOi. VCOi, minute ventilation (VE), and heart rate were assessed at a
respiratory exchange ratio of 1.00 and at the ventilators threshold. The ventilatorv threshold
was assessed at a steeper increase of VCOi compared to VO-» (V-slope method). The curves
were analysed by two independent observers. The maximum work rate (Wmax) was
determined using the following formula: NVmax = Wstage + (t/60) * 20, where W'stage is the
work rate of the last completed stage and t is the time in seconds in the final stage.

Differences and relations between the different ventilatorv parameters, the heart rate,
hematocrite values, and cadence rate were analysed using a paired T-test and using Pearson's
Product Moment Correlation respectively. The level of significance was set at 0.05. Unless
stated otherwise, the results arc given as the mean * standard deviation.
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Hematocrite values were assessed using a Coulter STKS by means of a conductivity
principal (Coulter, Mijdrecht, Netherlands.

Results

The mean height of the 15 subjects was 179 ± 6 cm. In Table I. mean maximum work rale,
VO^rnax, work rate at VT, body mass and percentage of body fat, estimated using the
measurements of four skin folds according to Dumin and Womersley (12). are shown pre and
post training.

A clear levelling-offof VOi curve occurred in all subjects in both tests (Pig I and 2). A
representative pre- and post-training test of one of the subjects is shown in Figure I and 2.
The mean of V ( K VCOi VE. and heart rate at the different loads and at VT and RQ = I arc
shown in Figure 3 to 6 respectively. In these figures, the level of significance between the
two tests is indicated. Since 3 subjects did not reach 4(M) W, the mean at this point of
measurement was computed for 12 subjects.
Post training, the mean increment in VC^max was 10 ± ft % and 1 1 * 6 % at VT. There was
a significant correlation between the increment in VT and the increment of VO-, at 200. 250.
300 and 35OW (r = 0.60; 0.71; 0.72; 0.77 respectively and p-0.01; 0.01 " 0.01; 0.001
respectively). There was no significant correlation between the increment in VChmax and
the increment of VOi at the different parameters. There was a correlation of 0.79 (p- 0.001)
between HR^,^ and pre- and post-training HRy |.
The post-training VE/VOi was significantly lowered at 250, 300 and 350 W (p--().00l).
VE/VCCK was post training significantly lowered at 350W and at RQ=I (p- 0.001).
The pre-training cadence rate was 91.7 ± 3.6 rpm (range 85 - 97) and post training 92.1 ±
3.5 rpm (range 86 - 97). The difference between these values was not significant.
The mean pre-training hematocrite value was 43.7 ± 3.2% and the post-training value was
42.9 ± 2.3%. There was no difference between these values.

Table 1. The body mass, percentage of fat, maximal oxygen
maximum work rate (Umax), and work rate at the
(VT). Data are expressed as the mean ± sd.

Body mass (kg)

Fat percentage (%)

VOimax (ml.min"' kg'')

Wmax (W)

Work rate at VT (W)

Pre training

71.1 ±7.6

10.5 ±2.1

69 ± 7

449 ± 46

376 ± 38

Post training

69.4

9.3

78

459

396

±7.0

± 1.4

± 6

±46

t 3 6

consumption VOj,
ventilator} threshold

significance

not significant

rK 0.001

p< 0.001

p^ 0.05

p< 0.001
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Discussion

In this study, the ventilatory response to acute incremental exercise was investigated in elite
cyclists. A curious observation in this study is the higher VCK value for the same work rate
and at the same heart rate following endurance training. This observation is not easy to
explain and the results from the literature are conflicting. Astrand and Rodahl (2) has
described the linear relation between workload and VCK but they did not describe training
effects. I sing an incremental exercise test, higher VO-. for the same work rate has been
described to occur following endurance training in patients with heart failure (17), untrained
healthy subjects (3,15), elite runners (23) and trained subjects (24). Burbeau et al. (4)
observed lower post-training VCK in elite cyclists, while (ireen et al. (14) did not observed
changes in oxygen consumption at the same work rate following endurance training in
healthy males. An explanation for the conflicting results may be that in the studies of (ireen
et al. (14) and Barbeau et al. (4) the incremental exercise tests consisted of steps with a
significant longer duration than those used in the other studies and in the present study. The
ventilatory response in the first minute of each step was not reported in the studies of
Barbeau et al. (4) and Green et al. (14). In addition the subjects in the different studies were
not similar-trained.

Bhambhani et al. (7) reported lowered equivalents for VOi ( V K / V O T ) and VCOi
(Vh'VC'Oi) at submaximal work rate following endurance training. Phis was primarily the
result of lowered ventilation volume. In the current stud}, the Vf./VOi was lowered post-
training at 250. 300 and 350 W. VE/VCOi was lowered post training at 350W and at R(.) I.
However, both equivalents in the current study were decreased, caused by a significantly
increased VGs and VCGv This difference may be due to the fact that in Bhambhani's study
(7), the subjects concerned were moderately trained subjects.
Gissane et al. (13) studied the response to standardised exercise on a cycle ergometer and
observed in untrained males a tendency that post-training oxygen consumption may be
reduced due to an increased efficiency. Also in elite swimmers (16), runners (I), and cyclists
(II), efficiency has been associated with lower VOi values for the same work rate. At first
sight, this does not appear to be the case in elite cyclist. Perhaps, in elite cyclists, efficiency
has already been well developed in the previous years of training and efficiency does not,
therefor, play a role during the competition season. A major point in this discussion is that in
the above mentioned studies (1,11,16), the observed lower VOT values were associated with
different groups of subjects, i.e. trained and untrained, while in the current study, training
effects are described for the same group of subjects.
The dynamics and interpretation of ventilation and gas exchange during exercise have been
studied thoroughly, and these issues are very complicated, so an explanation for the higher
VOT cost for the same work rate cannot easily be given (10,22,28). Based on lick's
principles, an increased oxygen uptake is the result of an increased cardiac output or arterial-
venous oxygen difference: (a-v)O->. In the current study the post-training heart rate did not
change so the increased oxygen uptake should be the result of an increased stroke volume or
an increased (a-vjGs. Both mechanisms are possible or a combination of the two. Stroke
volume is likely to increase since it has been described as a consequence of training (9). In
addition, increased capillarisation could enhance muscle perfusion resulting in faster and/or
more oxygen extraction. In the present study the increased VGs is established without
increased ventilation, which suggest more efficient ventilation expressed by the equivalents
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for oxygen uptake (VE/VO2).
A possible explanation may be that in an endurance-trained state, the ventilator, adaptation
to an exercise stimulus with higher intensity occurs faster than when the subject is less
trained. Lowered oxygen kinetics in untrained patients compared to trained subjects has
already been described by Bauer et al. (5). In addition faster VO-> kinetics has also been
described following training in older men (3) and cyclists (24). The use of a one-minute
interval ramp protocol may have influenced the oxygen kinetics and thus the results of the
current study. The measured values of the oxygen uptake may have lagged behind. The
differences in oxygen uptake at a certain pre- and post-training workload might not have
been observed using a protocol with longer steps. On the contrary, using longer steps, VO2
might even have been lower following endurance training. Even if this were true, the
observations are still usable. Concerning this issue, Zhang et al. (29) compared the
ventilatory response (VO2, VCO2, VE, VT) in four different protocols of increasing work
rate (ramp and I-min, 2-min. and 3-min steps) to maximum exercise. He and his co-workers
observed no significant differences among the four work-rate protocols.
Another explanation may be that, at higher workloads, the work power in the less endurance-
trained state has to be overcome using a significantly higher anaerobic part. This will result
in a higher ()->-dcficit compared to a trained subject. In practice, this phenomenon can be
most clearly observed when an untrained subject is compared with a highly trained subject.
At the maximum load of the untrained subject, for example 250 W, the trained subject will
overcome the major part of the load aerobically and the VO> curve will not show a levelling
oft". In the untrained subject, a significant part of the work power is generated anaerobically
and the VOT will stagnate a few minutes before reaching VO->max. Consequently, oxygen
uptake at 250 W is clearly lower in the untrained subject. This would explain at least the
higher VOT observed at loads above the anaerobic threshold.

Kurther investigation may possibly clarify the observations in the current study. Apart from
the possible mechanism, the results of the present study suggest that training effects can
already be observed using a short-step incremental exercise test without reaching the
maximum workload. While it is not permissible to extrapolate these observations to patients
or fully untrained subjects, the results of this may also be a major observation in training
management and invalidation schedules in patients.
The effect of endurance training on the heart rate response at submaximal levels has already
been described but the literature is conflicting. Barbeau et al. (4) and Wilmore and Costill
(27) reported a lowered post-training heart rate at the same work rate. Babcock et al. (3) and
Norris and I'etersen (24) did not observe a change in heart rate post endurance training,
which is in accordance with the results of this study. Little is known about the heart rate at
VT. In the current study the heart rate at VT remained unchanged pre and post training which
is comparable with the literature (4). The heart rate at VT showed a significant correlation
with the maximum heart rate, which has already been described in a recently presented study
(I'M.
The study protocol of the current study without a control group may be a point of criticism.
However, a control group implies an untrained group, which is difficult to achieve in
professional cyclists. Also when a group of non-cyclists were used as control group one
would expect training differences between summer and winter since most people are more
physically active in the summer. In the discussion mentioned previously, only Hambrecht et
al. (16) studied cardiac patients and used a control group and observed exactly the same
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pattern as in the current study. In the present study the training intensity between the two tests
of the subjects was not clearly described. However, the mean training duration in a cycling
season normally is progressive!) increased from Januan until June, so in this study the
subjects were all expected to have an improved endurance capacity.
When laboratory parameters, in particular the heart rate, are studied we have to consider that
environmental factors like temperature, and humidity ma\ have influenced the results in the
current study. However, concerning temperature. Potteiger and Weber (25) showed that
during steady state exercise in cyclists, there were no differences between the heart rate at
the onset of blood lactate accumulation at different environmental temperatures (14, 22, and
30° C).
Another point that has to be discussed is the assumption that an error was systematically
made between the pre and post-training tests. However, the equipment was calibrated for
every test and the last three years I have observed the same pattern in athletes and patients
(unpublished data). Furthermore, it would be unlikely that the observed post-training
increase in Wmax could be attributable to a systematic error.
To summarise, in the study presented here, the effect of endurance training on the ventilatory
response to short-step incremental exercise was investigated in elite cyclists. A key Unding
was an increased oxygen uptake for the same work rate following endurance training.
Another observation was that the heart rate at VT does not differ much during a cycling
season. The results of this study are useful in sports medicine practice and training
management of elite endurance athletes. These results suggest the following practical
recommendations in the training management of elite cylists: I. Using a one-minute ramp
protocol, the oxygen consumption for an individual at a certain subimiximul work rate is an
indicator of the endurance training state, such that the higher the oxygen consumption at a
certain work rate, the higher the endurance-trained capacity, and 2. The need for multiple
determinations of the heart rate at VT during a cycling season is doubtful since the heart rate
at VT does not appear to differ much during the season.
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Summary

The VO2 response following a step increase in work rate can be characterised as consisting
of an early cardiodynamic component and a subsequent metabolic component. The
metabolic component is expected to fit into a mono- or bi-exponential mathematical
equation. In previous exercise tests in two independent laboratories we observed a
remarkable VOT overshoot at the onset of constant-load exercise in well-trained cyclists. The
purpose of this study was to investigate this remarkable phenomenon.
Fifteen male elite cyclists (age 26.3 ± 3.3 years, height 180.7 ± 5.3 cm, body mass 72.5 ± 3.6
kg) underwent a constant-load exercise test (250W) on a cycle-ergometer. Ventilation and
gas exchange kinetics were determined during this constant-load exercise. Gas exchange
data were measured breath-by-breath and signal-averaged data were fit with a sixth degree
polynomial function.
The mean submaximal VO7 during steady state was 3320 ± 120 ml.min''. The mean R- of
the polynomial functions was 0.93 ± 0.04. The mean maximum VOi at the curve maximum
derived from the polynomial function was 3528 ± 144 ml.min"'. The mean maximum VO->
overshoot was reached at\er 76.9 ± 13.0 s (range 65-90 s) following the onset of exercise. In
three subjects we did not observe a clear VO2 overshoot and the curve clearly showed a
mono-exponential pattern.
The VOi overshoot is in contrast with the classic exponential kinetic models in which the
VO2 is continuously increasing. The VOi-overshoot phenomenon will highly influence the
analysis of the VOi response with mono- or bi-exponential models and the determination of
the oxygen deficit. In this article, we introduce an additional switch-on component at the
onset of exercise. For analysing the VOi response in the future we advise to add the
mathematical equation of this component to the classic equations. The physiological
mechanism of the VOi overshoot has to be investigated.
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Introduction

The oxygen uptake kinetics has been extensively studied since the first report of the
exponential nature of gas exchange responses during constant-load exercise in 1 *»13 (8-
10.13.15.16). The oxygen uptake (VCM following a step increase in work rate can be
characterised as consisting of an early cardiod) namic component with unchanged mixed-
venous O-»-content (phase I) and a subsequent metabolic component (phase II) starting when
venous blood from the muscle arrives at the lungs (9,10,1 S.I6). The cardiodynamic
component plays a role in VOT kinetics in the first 20-30 s following a rest-exercise
transition (9.16).
Xu and Rhodes (15) have recently reviewed the second phase or metabolic component of the
VO-> response at the onset of exercise. The response at exercise intensity below the lactate
threshold can be described by a mono-exponential mathematical equation (see discussion).
During heavy exercise the VO-, response becomes more complex and consists of two
components. The initial response increases still exponentially, however after some minutes
an additional component is developed slowly causing an increase in VO-, during the constant
load (VO-, drift). The possible mechanisms underlying these fast and slow components are
not quite clear.
Over the last few years and in two independent laboratories we observed in very well-trained
endurance athletes a remarkable phenomenon at the beginning of constant-load tests. Just
before reaching the level of steady state, in the first two minutes of exercise, the VO-, peaks
clearly above the steady-state level reached in the following minutes. As far as we know this
observation has never been described before. This VOi overshoot would be in contrast with
the conventional mono- or bi-exponential model.
The purpose of this study was to describe and discuss this remarkable phenomenon at the
onset of constant-load exercise. The initial VO-, response was investigated in well-trained
endurance cyclists and the characteristics and the possible mechanisms are discussed.

Materials and Methods

Fifteen professional and elite amateur cyclists volunteered to take part in this study (age 26.3
± 3.3 years, height 180.7 ± 5.3 cm, body mass 72.5 ± 3.6 kg) and gave their written informed
consent. The subjects were free from serious diseases and took no drugs or medication
during the course of the study.
On the test days, none showed any sign of disease or infection. The subjects had been
training regularly for at least 6 years (9.1 ± 3.6 years.). The exact volume and intensity of
training and competition can not easily be established. The mean training duration including
competition was 13.3 ± 4.6 hours a week in the period before the test.

The subjects refrained from intensive exercise in the previous 24 hours. They were instructed
to take a carbohydrate rich diet before the exercise test. In the three days before the test the
subjects had not competed. The subjects underwent a constant-load test of 250 W. Before
starting, a warming-up of 5 minutes was allowed. After the warming-up period of 5 minutes
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the subjects took a two-minute rest without pedalling. Subsequently, the workload increased
to 250 W for 5 minutes.
All measurements took place under the same conditions of temperature (22° C) and humidity
(55%). The sitting position on the cycle-ergometer (Excalibur-sport, Lode, Groningen) was
adapted individually for each subject to create the same position as in competition. A 12-lead
ECG was performed every minute.
The subjects used their own choice of pedalling speed but above 80 and below 100 rpm, in
which range the work load remained constant, but they were not allowed to change this
pedalling speed during the test.
The subjects breathed through a mask, which was connected by an elastic tube to an
oxymeter (Oxycon, Jaeger BeNeLux BV, Breda, Netherlands). The mask dead space was 65
ml. Expired gases were continuously sampled and analysed for Oi , COT and volume. These
instruments were coupled to a computer, which plotted workload against VO2, VCOi,
minute ventilation (VE) and heart rate (Software Jaeger, Netherlands).
The volume transducer was calibrated before every test using a calibration syringe. The CO-.
and () ; gas analyser were calibrated manual by means of a gas bag with a known calibration
gas sampled via the twin tube, and automatically using a bottle of calibration gas by means
of a computer controlled manoeuvre. A fully automatic pneumatic system check of the
analysers and sampling system was performed every test including the tubes, valves, and the
calibration factors of the analysers.
Gas-exchange data were continuously measured breath-by-breath and signal-averaged data
were fit with a sixth degree polynomial function using Microsoft Excel 1997. The VOT used
for sampling and calculations was the mean of every 5 seconds (Fig I). Heart rate, VE, and
VCOi were analysed by the same way. Steady-state values at the different workloads were
defined as the mean values in the last 120 seconds.
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Results

The percentage of body fat, estimated using the measurements of four skin folds according
to Durnin and Womersley (4) was 9.3 ± 1.4 %. The mean VO;. VCO-» VE, and heart rate
during steady state are shown in Table 1. The mean maximum of the VO; curve using the
pohnomial function was 3528 ± 144 ml.min"'. The maximum of the VOi overshoot was
reached at a time of 76.9 ± 13.0 s (range 65-90 s) after the onset of exercise (Fig I). The
highest 5 second VO; average (Fig I) was 3655 * 188 ml.min"' and this maximum was
reached after 73.1 ± 11.4 s (range 58-88 s). The mean R- of the polynomial function was 0.93
±0.04.
The cadence rate was 91.5 ± 3.1 rpm (range 85 - 96). The curves of VK. V('O> and heart
rate did not show any sudden increase and tit well into a mono-exponential model. In three
subjects we did not observe a clear VO; overshoot and the curve clearly showed a mono-
exponential pattern (Fig 2).

Table

VO-,

VCO2

VE

HR

1. The mean and
VK. and heart

ml.min"'

ml.min''

l.min"'

beats.min"'

slandarc deviation of the steadv-stite level* of V() j , V( ( ) ,
rate during

mean

3320

3129

75

134

±

±

±

±

the constant-load excrci.se.

sd

120

113

11

11
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Discussion

In this study, the initial VOT response to constant-load exercise was investigated in trained
cyclists. A curious observation in this study is the VOT overshoot within the first two minutes
before reaching the steady-state VOT. The VOT overshoot has been also demonstrated in the
data of Cireen and Dawson (5) and Brunner-La Rocca et al. (3), however they did not remark
on and describe this phenomenon.
The VOT response following a step increase in work rate can be characterised as consisting
of an early cardiodynamic component with unchanged mixed-venous Oi-content (phase I)
and a subsequent metabolic component (phase II) starting when venous blood from the
muscle arrives at the lungs (9,10,15,16). Yoshida et al. (16) investigated the rest-exercise
transitions and observed that VOT rapidly increased with time constants of 6.8-7.3 s. The
cardiac output (CO) also showed a similar rapid increment with time constants of 6.0-6.8 s
with an apparent increase in stroke volume (SV). In Yoshida's study (16) VO-t increased in
phase I up to 30%-34% of the steady-state value and CO increased up to 58%-87% of the
steady-state value. Thereafter, some 20 s after the onset of exercise, a mono-exponential
increase to steady-state occurred both in VOT and cardiac output with time constants of 26.7-
32.3 and 23.7-34.4 s, respectively. Leyk et al. (9) also observed a first, mainly cardiovascular
component over the first 30 s, followed by a second, metabolic component at constant CO.
l.cyk et al. (9) postulated two early features. First, a very rapid VO-. increase during the
initial breathing cycles al the onset of exercise. This was probably caused by events in the
lungs or the pulmonary circulation. Second, the CO attained its steady-state level in about 10
s. This suggested a sudden increase in venous return (9).
In the current study the maximum of the VOi overshoot was reached between 55 - 90 s,
while the early cardiodynamic phase is finished within 20-30 s (8,15). Furthermore the VOi
reached in phase II is only about 30% (16). So the early fast cardiodynamic phase will
probably not be responsible for the overshoot in VOi in the current study.
The metabolic component of the VOT response (phase II) at the onset of exercise has been
thoroughly studied and was recently extensively reviewed by Xu and Rhodes (15). The
response at exercise intensity below the lactate threshold can be described by a mono-
exponential mathematical equation (Formula I). During heavy exercise the VOi response
becomes more complex and consists of two components (Formula 11). The initial response
increases still exponential. However after some minutes an additional response is developed

Formula I and II

The bi-exponential model is the sum of the fast mono-exponential component and the slow
component, (see discussion). The bi-exponential model (2) included two amplitudes (A |
and A T ) , two time constants ( t | and Ti and two not-fixed delay times (Td | and Td->). A j ,
x I and Id | are an indication of the primary, fast component, while A2 T-» and Td-> express
the slow component.
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slowly causing an increasing V(>> during the constant load (VO; drift). The possible
mechanisms underlying these fast and slow components are not clear. In both formulas, the
VO; as a function of time always increases. So this theoretical mode I does not til with the
observations in the current study in which a VCh peak occurs between 50 and UK) s after the
onset of exercise. In addition, the curve fitting in the exponential models will be highly
affected by the VO2 overshoot and it will influence the calculation of the O-. deficit (6).
The dynamics and interpretation of ventilation and gas exchange during exercise have been
studied thoroughly (10,11.15). These issues are very complicated and not easy to explain.
Perhaps the V(>2 overshoot is a mechanism to overcome the early O-. deficit. Since other
authors already described faster VCK kinetics following training and in already trained
subjects the VCK overshoot may be also an indication of an endurance-trained state
(1.2.7,12.13). Based on Pick's principles, an increased oxygen uptake is the result of an
increased cardiac output or arterial-venous oxygen difference: (a-v)O->. In the current study
the heart rate did not show a sudden initial increase in the first minutes so the increased
oxygen uptake should be the result of an increased stroke volume or an increased (a-vKK
Both mechanisms are possible or a combination of the two. Since heart rale did not show a
sudden initial increase, the oxygen pulse showed the same phenomenon as the Vü i . Thus a
temporary maximum in stroke volume remains a possibility.
Another possible explanation may be that a sudden opening of artcriolcs and pre-capillary
sphincters would enhance muscle perfusion resulting in faster and or more oxygen
extraction. Experiments in humans indeed have shown a sudden increase in perfusion of
exercising muscles at the onset of work intensity (5,14). Therefore, muscle perfusion is a
good possibility to explain the new-described overshoot phenomenon. In addition, a peak of
catecholamines or the activation of the muscle pump itself may play a role in the enhanced
peripheral perfusion.
Another explanation may be the extra oxygen that is needed for the legs to start moving and
for accelerating the pedals. However this counts only for the first seconds. Furthermore rest-
exercise transitions are sometimes associated with contractions of trunk or arm muscles,
which may induce effects on ventilation and circulation.
Apart from the question concerning the possible mechanism, it should be pointed out that the
classic mono-and bi-exponential models do not agree with our observations. Our method of
analyses using a polynomial function can be an issue of discussion but this mathematical
function certainly fits well in the observed curves and made the analysis of the curves easier.
A point of discussion in the present study may be that the sampling time of the ventilatory
parameters was the mean of every 5 seconds. This may be a too short period at the beginning
of the exercise when the breathing frequency is low. Indeed, some parameters using 5-second
means showed fluctuations at the beginning. However, we calculated the ventilatory
parameters also over a period of 10, 15 and 20 s but the overshoot phenomenon remains and
the polynomial function did not differ much.
To describe the VO-> response and VOi kinetics to constant-load exercise, we introduce an
additional component. The behaviour of this third component can be viewed as a switch-on
phenomenon as a result of the start of a linear dynamic system. A possible mathematical
equation is shown in formula III and an example of the curve of this component is shown in
Figure 3. In this equation a delay time can be inserted and a time constant can be used instead
of the constant factor B. In Figure 4 this component is added to the fast component of the
classic mono-exponential model (Formula 1). This results in the typical V(>> overshoot
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observed in the current study. At higher loads, the classic slow component can be added
(second part of Formula 2). Our model with two or three components fits better than the
classic mono-and bi-exponential model. For analysing VOT kinetics in the future, we advise
to use our theoretical model. Since computer programs to analyse this three-component
model are not yet available, curve fitting with a higher degree polynomial function is an
alternative.
To sum up, in this study we have described the VOT response to constant-load exercise. We
have observed a remarkable VOi overshoot during the first minutes before reaching the
steady-state VOi. The possible physiological explanations of this phenomenon have been
discussed but are not clear. Further research will be necessary to clarify the observations of
the current study. Especially the area-under-the-curve, representing the real amount oxygen
overshoot or deficit, needs further investigation.

Formula

VO2 (t) =

In which A
substituted

V(>2 (t) -

I I I

A

(see also text and

,,C-Bt

and H arc constant
h»y a time constant (T)

A (t-Td).e-(»Td)/t

Figure 3).

factors. A
resulting

delay time (Td) can be added and
in:

(HI)

B can be

Figure 3

Time
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Summary

The purpose of this study was to investigate the effects of endurance training on VOT kinetics
in already endurance-trained subjects. Thirteen male competitive cyclists (mean ± sd: age 31
± 3.7 year, height 185 ± 7 cm, body mass 78.9 ± 8.8 kg) underwent 2 exercise tests on a cycle
ergometer. The first test was assessed in February, 4 weeks before the beginning of the
cycling season. The second test was performed in July, in the middle of the season, during
which period the cyclists were expected to be in a highly endurance-trained state.
Ventilation and gas exchange kinetics were determined during an incremental exercise test
(100 W per 5 min). Ventilation and gas exchange data during every load were measured
brcath-by-breath and signal averaged data were fit with a sixth degree polynomial function.
The mean post-training VO^max was increased from the pre-training level of 56.2 ± 4.8
ml.min''.kg-' (range 49.2-65.8) to 60.4 ± 5.3 ml.min"'.kg"' (range 50-66) post training
(p- 0.01). The mean post-training VOT during steady state was lower than the pre-training
levels at 100 W (p<0.05), and was not changed at 200 and 300 W. Steady-state VCO2 levels
at 100, 200 and 300 W were decreased post training (p<0.05).
Pre training, 3 subjects did not show a VOT overshoot at 100 W, post training only one
subject did. The post-training VOT overshoot at 100 and at 200 W reached its maximum
significantly earlier (duration 69 ± 13 s at 100 W, 69 ± 18 s at 200 W) than pre training
(duration 77 ± 12 s at 100 W, 79 ± 17 s at 200 W). During both tests, the VOi overshoot was
clearer at lower loads: at the transition from 100 to 200 W only 7 subjects showed an
overshoot pre and post training, at 300 W only 2 subjects showed a VOi overshoot.
The results of this study suggest the following practical implications for training
management: increased oxygen kinetics and lowered submaximal VOi and VCOi levels at
a workload with a low percentage of VtKmax (about 40%) are indicators of an increased
endurance-trained state. The need for a maximal incremental exercise test for the purpose of
training monitoring may no be necessary.
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Introduction

The studies concerning the effect of endurance training on the ventilator» response are
numerous. The majority of these studies were focused on the training effects of the maximal
oxygen uptake (VCKmax). the ventilatory threshold (YT). and lactaie threshold (IT)
(7,21,29). It is commonly accepted that endurance training will improve VOimax and the
VO2 at VT. and that detraining will reduce these parameters (7.10.21). The V O , kinetics has
also been extensively studied (3.15.19.25.31.32) since the first report of the exponential
nature of gas exchange responses during a constant-load exercise in 1913 (20). The VO-»
following a step increase in work rate can be characterised as consisting of an early
cardiodynamic component with unchanged mixed-venous ()i-conlent (phase I) and a
subsequent metabolic component (phase II) starting when venous blood from the muscle
arrives at the lungs (31,32). The cardiodynamic component plays a role in VO-. kinetics in
the first 20-30 s following a rest-exercise transition (31.32). The VO-, during the metabolic
component (phase II) during moderate-intensity exercise, below the ventilator* or lactate
threshold, increases exponentially toward a steady-state level. During hcav\ exercise
intensity the oxygen kinetics are more complex and a additional slower component causes
V(>2 to increase progressively and delays the attainment of a steady-state level (31). The
possible mechanisms, which may influence these two components, arc not yet elucidated
(19.31.32). In a recent study we reported a remarkable VO-, overshoot at the onset of
constant-load exercise (19). This phenomenon was not in agreement with the traditional
exponential model. This VOi overshoot was also clear in the data of (ireen and Dawson (I ft),
however they did not remark on and describe this phenomenon. We added an additional
component to analyse the VOi kinetics mathematically. The VO->-respon.s fitted better into a
higher degree polynomial function then in the widely accepted exponential function (14,31).
Few authors have investigated the effect of endurance training on the oxygen kinetics. In
untrained healthy older subjects (2), and trained subjects (23,25) faster kinetics has been
described following endurance training. Otsuka et al. (24) and Bauer et al. (6) described
faster oxygen kinetics following training in patients with chronic obstructive pulmonary
disease and peripheral arterial disease, respectively.

The purpose of this study was to investigate the effect of endurance training on the VO2
kinetics, in particular the VC^-overshoot phenomenon, and the steady-state levels in
competitive cyclists.

Materials and Methods

Fifteen male competitive cyclists volunteered for this study (mean ± sd: age 31 ± 3.7 years,
height 185 1 7 cm, weight 78.9 ± 9.9 kg) after having given written informed consent. Two
subjects complained of impaired performance and showed signs of overtraining during the
course of the study and suffered from it during the post-training test. They were excluded
from the study. The remaining 13 subjects were in good health and took no drugs or medica-
tion during the course of the study. Since a drug-free state of competitive cyclists is not easily
ascertained, some blood was taken before every test to determine hematocrite values in order
to rule out a major change in hematocrite value. The subjects underwent two incremental
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exercise tests. The first test was assessed in February, four weeks before the beginning of the
cycling season (= pre training). The second test was performed in July, in the middle of the
season in which the subjects where expected to be highly endurance trained (= post training).
Ihe subjects had trained regularly for at least 4 years (8.1 * 3.5 years.). The exact volume of
training and competition could not easily be established. The mean training duration
including competition was 5 ± 3 hours a week before the first test and 12 ± 3 in the period
before the second test. Competition started in March. The period between the second test
they had 20-34 days of competition with a range in length of 60-125 km a day.

All measurements took place under the same conditions of temperature (22° C) and humidity
(55%). Subjects refrained from intensive exercise in the previous 24 hours. The diet before
the tests and between the test was not changed and they were instructed to take a
carbohydrate rich diet before the exercise tests. In the two days before the testing procedure
the subjects had not competed. The sitting position on the cycle-ergometer (Excalibur-sport,
Lode, (ironingen) was adjusted individually for each subject to create the same position as
in competition. A 12-lead FCCi was performed every minute.
After a warming-up period of 5 minutes at 50 W the subjects took a two-minute rest without
pedalling and then the workload increased was to 100 W for 5 minutes. Subsequently, the
load was increased by KM) W for every 5 min. They were expected to have reached their
maximum when the subjects could not maintain a pedalling speed above 80 rpm or when the
oxygen uptake did not increase despite a higher workload. Ihe subjects used their own
choice of pedalling speed in the range of 80 and 110 rpm, in which range the workload
calibrated. It was not allowed to change the chosen pedalling speed during the test.
The subjects breathed through a mask, which was connected by an elastic tube to an
oxymeter (Oxycon, Jaeger BeNeLux BV. Breda, Netherlands). The mask dead space was 65
ml. Expired gases were continuously sampled and analysed for O^, CO2 and volume. These
instruments were coupled to a computer, which plotted workload against VOi, VCOi, and
heart rate (Software Jaeger, Netherlands).
The volume transducer was calibrated before every test using a calibration syringe. The COi
and ()_i gas analysers were calibrated with a calibration gas. A fully automatic pneumatic
system check of the analysers and sampling system was performed every test including the
tubes and valves and the calibration factors of the analysers.
(ias exchange data during every work load increment were measured breath-by-breath and
signal averaged data were fit w ith a sixth degree polynomial function using Microsoft Excel
1997. The measurements used for sampling and calculations were the mean of every 5
seconds. Heart rate, VF and VCO-» were analysed in the same way. Submaximal steady-state
values at the different workloads were defined as the mean values of the last 120 seconds.

Differences and relations between the VOi levels, VE. heart rate, hematocrite values, and
cadence rate were analysed using a paired T-test and using Pearson's Product Moment
Correlation. The level of significance was set at 0.05.
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Hematocrite values were assessed using a Coulter STKS by means of a conductivity
principal (Coulter, Mijdrecht, Netherlands.

Results

The pre- and post-training mean maximum work rate.VO^max. body mass and percentage of
body fat. estimated using the measurements of four skin folds according to Dumin and
Womerslcy (11). are shown in Table 1. The steads -state VOi levels at I (X) and 2(K) arc shown
in Table 2. At 300 Wan only 4 subjects showed a steady state during both tests, at 400 W no
one did. The VOi at 100 W was decreased post training (p<0.05). at 200 W the decrease was
not significant and at 300 Watt there was a tendency to a post-training increase in VOi (only
4 subjects).
Table 2 shows the highest mean 5-s VOT average and the mean maximum of the polynomial
curve (VOi-curve max). Although there is no absolute post-training difference, the VO2
overshoot is relatively increased compared to the post training decreased sleady-state levels.
During both tests, the VCh overshoot was clearer at lower loads: at the transition from 100
to 200 W 7 subjects showed an overshoot pre and post training. At 300 W only 2 subjects
showed a VOi overshoot.
Table 2 also shows the time needed for reaching the maximum levels of Vo^ after the onset
of VOT increasing, for both the polynomial function and the 5-second average maximum.
Both duration times were decreased significant!) post training, indicating faster kinetics.
In Table 3, VE, HR, VCCX and the equivalents for VO, and VCOi at the different workloads
are shown. At 300 W 7 subjects showed a VCOi steady state. V C O T levels at 100, 200, and
300 W were decreased post training (p<0.05).
There was no significant correlation between the difference in pre- and post-training
VOimax and the difference in pre-and post-training steady-state levels, neither was there a
correlation between the difference in pre-and post-training VO->max and the difference in
pre- and post-training VOT -overshoot levels.
The mean pre- and post-training R* of all the polynomial functions was 0.93 ± 0.04 and 0.95
± 0.04 respectively.
The mean cadence rate was pre training 91.7 ± 3.6 rpm (range 85 - 97) and post training 92.1
± 3.5 rpm (range 86 - 97). The difference between these values was not significant. The
mean hematocrite values pre training was 43.7 ± 3.2% and post training were 42.9 ± 2.3%.
There was no significant difference between these values.

77



C/wp/er 7

Table 1. The body

Body mass (kg)

Fat percentage (%)

VOimax (ml.min'')

Wmax (W)

Height (cm)

mass, fat percentage.

Pre training

mean ± sd

78.9 ± 8.8

11.5 ±3.1

4413 ±422

389 ± 45

185 ± 7

VC^max and maximum

Post training

mean ± sd

77.9 ±8.5

9.3 ±2.4

4679 ±411

407 ± 29

work rate.

p<0.05

p<0.01

p<0.01

p<0.05

Table 2.

V(>2 steady

VO-,-curve

Reached at

Highest 5-s

Reached at

Average pre- and post-training V(>2 levels; the highest mean 5 S-VO2
average and the mean maximum of the polynomial curve (VOj-curve
max). From 0 to 100 W 10 subjects showed an overshoot, from 100 W to
200 W 7 subjects did.

?

state (ml.min"')

max

(s)

VOT average

(s)

/MM/ /nr/ning

VOi steady

V(">2 -curve

Reached at

Highest 5-s

Reached at

* p < 0.05

** p < 0.01

state (ml.mirr')

max

(s)

VO2 average

(s)

100 W

1870

2032

86

2056

77

1786

2021

75

2062

69

*

±

±

±

±

±

±

±

±

176

190

19

198

12

143

188

15*

183

(n=l3)

(n=10)

(n=10)

*(n=13)

(n=10)

(n=10)

13**

200 W

2912 ±

3037 ±

85 ±

3130 ±

79 ±

2863 ±

3099 ±

76 ±

3378 ±

69 ±

227

205

23

166

17

116

174

24*

186

18*

(n=13)

(n=7)

(n=7)

(n=7)

(n=7)
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Table 3. Average pre- and post-training steady-state
equivalents and heart rate. At 300 \V, only
state for V(*Oi and heart rate.

/wr /r<i//imjp

VCO^ (ml.min')

VE( l .min ' )

Heart rate (bcats.min-')

VE/VCOj

VE/VO,
VO2 HR

VCO2 (ml.min-')

V'E (1.min')

Heart rate (beats.min-')

VE/VCO2

VE/VO-,

VCVHR

• p < 0.05
•• p<0.01

100 V.

1695

40

108

23.7

21.5

17.6

1578

39

109

24.8

21.9

16.5

± 193

± 6

± 8

±2.2
±2.5
± 1.6

± 122»
± 3

± 11

± 1.9

±2.0
± 1.9

200

2889

64

140

21.9

21.9

21.2

2790

62

141

22.2

21.6

20.4

levels of VF., V C O J .

7 subjects showed a steady

W tn=13)

±278

± 8

± 11

±3.1

±3.2

± 2.3

± 113*

± 5

± 10

±2.1
±2.3
± 1.9

300 V

4471

167

4300

163

k (n-7)

±240

± 9

± 160*

± 6

Discussion

In this study the effects of endurance training on the oxygen kinetic response to exercise
were investigated in competitive cyclists. The most important observations in this study are
accelerated VO^ kinetics and lowered steady-state VO2 and VCO2 levels following
endurance training.
The occurrence of faster kinetics following training is in accordance with the observations
of other investigators. Babcock et al. (2) observed faster kinetics of gas exchange in older
men following an aerobic training schedule of six months. In untrained men Philips ct al.
(25) showed that oxygen kinetics was accelerated already after 4 days of training. In already
trained cyclists, Norris and Petersen (23) described increased oxygen kinetics following
endurance training. Otsuka et al. (24) and Bauer et al. (6) described faster oxygen kinetics
following training in patients with chronic obstructive pulmonary disease and peripheral
arterial disease respectively. Philips et al. (25) and Norris and Peterson (23) stated that the
adaptation of the post-training oxygen kinetics occurred before changes in VC^peak and / or
muscle oxidative potential.
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We recently described the VOi-overshoot phenomenon for the first time (19). Although there
is no pre- and post-training difference in the absolute maximum values of the VO-> overshoot
in the current study, the VOi overshoot compared with the decreased post-training steady-
state levels has increased. So the current study shows that the post-training VOT overshoot
has been increased relatively at 100 W and 200 W. The overshoot phenomenon is less clear
when the increase in workload is changed from 100 to 200 W: at 200 W only 7 subjects
showed an overshoot pre and post training, at 300 W 2 subjects showed a VO-> overshoot. In
an earlier publication we reported a clear overshoot in elite cyclists when the load was
increased from 0 W up to 250 W, which exercise intensity was about 60% of the VC^max of
the subjects. In the present study the overshoot phenomenon was clearly at an intensity of up
to 40 % VOitnax.
In the current study the steady-state VO2 at 100 W was significantly decreased post training,
at 200 W the decrease was not significant and at 300 Watt there was a tendency to a post-
training increase in VO, (only 4 subjects showed steady state and the increase was not
significant). Harbcau et al. (4) studied the ventilatory and the heart rate response in elite
cyclists during submaximal exercise during the season. V0->max and ventilation during
steady-state exercise did not differ during the season in Barbeau's study (4) while heart rate
and submaximal oxygen consumption was significantly lower in the period of May and July.
Using a one-minute ramp protocol we observed in an earlier study higher post-training
submuximul ()i costs for the same work rate (18). However, at lower workloads this may be
explained by an accelerated VOi overshoot, since the overshoot occurs within 50-70
seconds. The post-training maximum overshoot is reached earlier and consequently higher
VOi values arc observed after I minute. Using longer steps, the post-training VO-> levels
probably would have been lower. At higher workloads the increase in post-training VOT (18)
is in accordance with the current study. Bhambhani et al. (7) reported lowered equivalents
for VOi (VLV/VOT) and VC'OT (VK/VCOT) at submaximal work rate following endurance
training. This was the result of lowered ventilation volume, which is not observed in the
current study. The possible mechanisms that explain the post-training accelerated kinetics
and the lower VOT costs at workloads below about 50% VO->max are not clear. The oxygen
intake at any moment is determined by four systems: diffusing capacity, cardiac output,
oxygen earning capacity of the blood, and skeletal muscle characteristics (5,22,28,31). The
dynamics and interpretation of ventilation and gas exchange during exercise have been
studied thoroughly and these issues are complicated (9,22,31,32). The oxygen uptake (VO->)
following a step increase in work rate can be characterised as consisting of an early
cardiodynamic component with unchanged mixed-venous On-content (phase I) and a
subsequent metabolic component (phase II) starting when venous blood from the muscle
arrives at the lungs (31.32). The cardiodynamic component plays a role in VO-. kinetics in
the first 20-30 s following a rest-exercise transition (31,32). Since the overshoot of VO->
takes place later than 30 s, it seems unlikely that the cardiodynamic component explains the
accelerated kinetics.

Based on Kick's principles, an increased oxygen uptake is the result of an increased cardiac
output or arterial-venous oxygen difference: (a-v)Oi. Stroke volume is likely to increase
since it has been described as a consequence of training (8). A post-training faster adaptation
of cardiac output ma\ explain the taster kinetics. An accelerated opening of arterioles and
pre-capillan sphincters could enhance muscle perfusion resulting in faster and or more
oxygen extraction. Experiments in humans have shown a sudden increase in perfusion of
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exercising muscles at the onset o f work intensity (13,26). Thus a post-training accelerated
opening of arterioles and pre-capillary sphincters remains a possibility to explain the
fastened overshoot phenomenon. It would suggest that accelerated kinetics and or a more
expressed VCK overshoot might indicate the endurance-trained state of the muscles: i.e. a
better oxygen uptake caused by more capillaries and or more mitochondria. In addition, a
post-training increased peak of catecholamines or faster or a more powerful activation of the
muscle pump might play a role in the enhanced peripheral pcrfusion follow ing training.
Anther (or supplemental) factor that may have played a role is perhaps the extra energy that
is needed for the post-training increased-lrained legs that have to start moving and for
accelerating the pedals. Furthermore, contractions of trunk or arm muscles ma\ induce
effects on ventilation. Gissane et al. (12) studied the response to standardised exercise on a
cycle ergometer and observed in untrained males a tendency that post-training oxygen
consumption may be reduced due to an increased efficiency. Also in elite swimmers (17),
runners (1), and cyclists (10), efficiency has been associated with lower V ( ) i values for the
same work rate. The results of the current study are in accordance with these studies,
especially at lower percentages of VO->max. The increased post-training efficiency might
explain the post-training decrease in O-> costs for the same (submaximal) workload in the
current study. The lower post-training V C O T at 100, 200, and 300 W steady-state exercise
may be explained by an increased fat oxidation. In addition, at higher workloads a post-
training decreased COi production may be the result of a decreased anaerobic part of the
energy supply resulting in a decreased lactate production and less bicarbonate bulVcring.
In the present stud) the post-training heart rate was not significantly changed. I lie clVect of
endurance training on the heart rate response at submaximum levels has already been
described but the literature is conflicting. Barbeau et al. (4) and Wilmore and (ost i l l (30)
reported a lowered heart rate at the same work rate post training. Babcock et al. (2) and
Morris and Petersen (23) did not observe a change in heart rate following endurance training
which is in accordance with the present study. Using a one-minute ramp protocol we also
observed unchanged post-training heart rates (18).

A point of discussion in the present study may be that the sampling time of the ventilatory
parameters was the mean of every 5 seconds. This may be a too short period at the beginning
of the exercise when the breathing frequency is low. Indeed, some 5-second means showed
some fluctuations at the beginning. However, we calculated the ventilatory parameters also
over a period of 10, 15 and 20 s but the results were the same as when the mean of 5 seconds
were used.
Summarising, in this study the effect of endurance training was investigated on the oxygen
response to exercise. The key finding is an accelerated V O i overshoot and a decreased
steady state level fol lowing endurance training. The implications and practical
considerations o f our observations concerning the training effects on oxygen kinetics are
schematically shown in Fig 1. Apart from the possible mechanism, the increased post-
training oxygen kinetics may be a key finding leading to a short-duration submaximal test to
evaluate the effects of endurance training in competitive cyclists. Although it is not
permissible to extrapolate these observations to patients or fully untrained subjects, the
results of this may also be a major observation in training management and revalidation
schedules in patients. The results of this study are usable in sports medicine practice and
training management of endurance athletes. The present study suggests the following
practical recommendations in training management: the oxygen kinetics at submaximal work
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rate is an indicator of the endurance training state. Faster kinetics and / or a more pronounced
VO2 overshoot in combination with lower VO2 and VCO2 levels at lower workloads indicate
a higher endurance-trained capacity. , .

Figure 1
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General Discussion

During prolonged high-intensity exercise, a metabolic acidosis occurs which is compensated
by several buffering systems and by the ventilatory system. Based on this concept, many
authors have attempted to investigate the ventilatory and lactate response to exercise in order
to measure the ability of prolonged high-intensity exercise (10-12,14,38,39). In this thesis, a
number of studies have been described concerning the lactate and ventilatory response to
exercise by athletes participating in endurance sports. The main objective of this thesis was
to gain insight into the reliability of the various lactate and ventilatory responses described
in the literature as indicators for measuring performance, prescribed training schedules, and
to assess the effects of training.
One of the issues of this study was to investigate the lactate response during maximum
steady-state exercise. It was found that the plasma lactate levels during maximum steady-
state exercise were remarkable high and there was a considerable individual variability
(23,24). The lactate levels during steady-state exercise did not correspond with the levels of
the different lactate parameters derived from a lactate curve (lactate threshold, individual
anaerobic threshold, onset of blood lactate accumulation) postulated by other investigators
(5,6,10-14). The predictive value of the endurance performance of the different lactate
parameters was poor, mainly because of the high individual variability. The high plasma
luctute levels during steady state in the present studies (24,25) were not in accordance with
the limited levels during steady-state exercise observed by other investigators (5,6,14,39). As
discussed in chapter III, this discrepancy may be due to the fact that these other studies
involved moderately trained subjects, furthermore the studies were not validated for a
practical situation. The results of Coyle et al. (10) who measured maximum lactate steady
state (MaxI.aSS) in a laboratory setting in less-trained subjects were in accordance with the
observations made in the current study. The determination of an individual MaxLaSS in a
laboratory entails the performance of several constant workloads on different days (5,6).
Only then will the results be comparable with our observations (23,24), and those of Coyle
et al. (10). This procedure is expensive and often does not fit into an athlete's training
schedule.

There is no easy explanation for the high levels of lactate during steady-state exercise. The
lactate metabolism is an extensively debated subject, and this issue has recently been the
subject of different authors (9,15,28). Brooks (9) recently expanded his lactate-shuttle theory
and introduced an additional intracellular lactate shuttle. The lactate levels during steady-
state exercise arc the result of the production and elimination of lactate (9,15,44), so these
levels do not reflect the net production of lactate. In addition, plasma or blood lactate levels
do not reflect intracellular acidosis since the pH also depends on the intracellular buffer
capucitv \ possible mechanism that explains the high levels of plasma lactate during steady-
stale OM.II. isc may be the intracellular lactate transport mechanism. Lactate turnover and
lactate transport across membranes occurs by means of facilitated exchange along pH and
concentration gradients involving a family of lactate transport proteins, called
monocarboxylate transporters (MCTs) (8.9.15.21,44). MCTs are abundant in Type lla and lib
muscles, and they are markedly less in Type I muscles (8). Eight different isoforms of MCTs
(MCTI to MCTS) have been identified in human tissues (21.44). Skeletal muscle exhibits
MC II and MCT4. heart muscle exhibits high levels of MCTI in both human and rats (21).
Based on the distribution of MCTI and MCT4, it has been postulated that MCTI in skeletal
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muscle may reflect the need to absorb lactate for oxidative purposes, whereas M0T4 may be
important for lactate efflux (21,44). The lactate efflux across the membrane regulates
intracelluiar muscle pH. With training. MCT1 is increased in human muscle (7.8) while in
rat muscle the isoforms MCTI and MCT 4 are increased following training (8). In humans,
the training-induced increase in MCTs may be associated with an increased lactate efflux
from the muscle (7.21.32). Consequently, the results of the study by McDermott and Honen
(32) may be an explanation for the high plasma lactate levels observed in highly endurance-
trained subjects described in chapters II and HI. Training may induce an increase in lactate
efflux out of the muscle into the blood causing higher levels of lactate during steady slate.
Furthermore, we hypothesised that the high plasma lactate levels during exercise may be
necessary to provide a carbohydrate energy source for tissues to compensate for the higher
metabolic demand. The heart is particularly a major consumer of lactate during exercise
(9.15.44). In addition, a slight acidosis may be necessary for a shirt of the ox\ haemoglobin
dissociation curve and a vasodilatation of the vascular bed in the contracting muscle.
Some aspects that have to be considered with respect to studies with lactate measurements,
are the sampling and measurement sites in whole blood or in plasma. The lactate
concentration in the studies presented in chapter II and III was assessed in plasma while in
some of the studies mentioned above, lactate was assessed in whole blood (10-12.14). Since
it is known that there is little difference in the lactate concentrations of whole blood and
plasma (31,41), this may have influenced the comparison with the data of other studies. In
addition, persistent diffusion after storage and over-protracted cooling of the samples could
also have influenced the results (31). However, the resting values and maximum levels of
plasma lactate in our studies were comparable with those studies, which assessed lactate
concentration in whole blood (10,11,38), so a significant error may be excluded. With respect
to the possibility of persistent perfusion and the cooling-down procedure, we demonstrated
that these factors did not play a role in our measurements in an experiment in our own
laboratory (25).

In summary, the studies of this thesis concerning the lactate response suggest that it is
difficult to derive a certain threshold from a single lactate curve (23,24). Although
measurements of lactate levels may be useful to indicate early overtraining (37) and
monitoring training effects (13,27), the role of lactate parameters as an indicator of
endurance performance is questionable. Concerning endurance performance, lactate
parameters do not contribute more information about performance than for example the
maximum workload. A single exercise test with a short-step incremental protocol including
lactate assessment will not result in usable parameters for training management. The
different lactate parameters described are poorly defined and the exercise protocol, the
method of detection, and the evaluator influence the determination. The determination of an
individual MaxLaSS in a laboratory is a time-consuming alternative since it requires the
performance of several constant workloads on different days (5,6).
In future, investigations will have to be focused on the muscle metabolism, lactate transport,
and the different buffer systems in order to elucidate the limits of endurance performance.

The present study also addressed the value of ventilatory parameters as indicators of
performance and the maximum steady-state intensity exercise. In chapter IV, the ventilatory
parameters measured during a short-step incremental exercise test seem to be a better
predictor of performance and the ability to maintain high-exercise intensity than lactate
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measurement is. This is in accordance with the observations of Wasserman et al. (40) in
patients. The V-slope method using heart rate, in particular, can be used as an indicator of
performance and in heart rate training management. This parameter is usable in sports
medicine practice and training management of elite endurance-sports athletes. As in other
publications (10,11,14), the predictive value of performance in similarly trained subjects is
limited owing to a large interval of reliability, since the variation in performance is
considerable.
The progressive carbon dioxide output (VCCM by ventilation can be viewed as an ultimate
mechanism to compensate for the intra- and extracellular acidosis. The hydrogen carbonate
buffer is the major extracellular buffer system in which hydrogen carbonate absorbs protons
and the carbonic acid formed decomposes into water and COT. Consequently, when the
intraccllular buffering system and the extracellular buffering system fail to maintain an
adequate pH. an excess of COi has to be removed. Consequently, a progressive VCOT is
perhaps a better marker for an acidosis then lactate is, resulting in a better predictive value
of the ventilatory parameters.
One of the observations of this study was that training appears to have an effect on the
vcntilalory response to a stepwisc (20 W.min'') increase in workload (26). Endurance
training results in a higher VO2 for the same workload during a short-step incremental
exercise test. This observation is not easily explained, but the newly described overshoot
phenomenon and its training effect in chapter VI and VII may be a key finding in the solution
to this problem. This phenomenon is present at the beginning of a certain workload: just
before reaching the steady-state level, in the initial minutes of exercise, the VOT clearly
peaks above the steady-state level reached in the following few minutes. This overshoot
phenomenon is also clearly demonstrated by the data of Green and Dawson (18), however
they did not remark on and describe this phenomenon.
The observed overshoot phenomenon does not easily fit into the current theoretical models
of oxygen kinetics. The V O T response following a rest-exercise transition can be
characterised as consisting of an early cardiodynamic component with unchanged mixed-
venous O^-content (phase I) and a subsequent metabolic component (phase II) at constant
cardiac output which occurs some 20 s after the onset of exercise (29,30,43). Yoshida et al.
(43) investigated rest-exercise transitions and observed that VO-. rapidly increased with time
constants of 7.0 s. The cardiac output (CO) also showed a similar rapid increment with time
constants of 6.5 s with an apparent increase in stroke volume (SV). In Yoshida's study (43)
VOT increased in phase I to about 30%-34% of the steady-state value and CO increased to
about 58%-87%. This may be caused by events in the lungs or the pulmonary circulation.
The VOT kinetics of the metabolic phase II that occurs after 20-30 s is expected to fit into a
mono-or bi-exponential mcxlel (42). In both formulae, the VOi as a function of time is
always increasing. So this theoretical mcxlel does not fit with the observed response in which
an initial rise occurs between 50 and 100 s after the onset of exercise. In addition the curve
fitting in the exponential models will be highly affected by the VOT overshoot and it will
influence the analyses of curves and the calculation of the O; deficit (3,18,33).
The physiological background of the overshoot phenomenon described above is not easy to
explain. Based on Kick's principles, an increased oxygen uptake is the result of an increased
cardiac output or increased arterial-venous oxygen difference: (a-vK)i. In our study the heart
rate did not exhibit a sudden increase so it is reasonable to assume that the increased oxygen
uptake is the result of an increased stroke volume or an increased (a-v)O->. Since heart rate
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did not exhibit a sudden initial increase, the oxygen pulse, which reflects the stroke volume,
exhibited the same phenomenon as the VO^. Thus a temporary maximum in stroke volume
in the first minutes remains a possibility. The cardiodynamic phase at the onset of exercise
may play a role in the occurrence of a V'O-> overshoot. However, in the current shuh the
maximum of the VO. overshoot was reached between 55 - 90 s, while the cauliiulv n.unic
phase is finished within 20-30 s (29,30,43). Furthermore, the VOi reached in phase II is only
about 30% (43). So the early fast cardiodynamic phase will probably not be responsible lor
the overshoot in VOi in the current study.
A sudden opening of arterioles and pre-capillary sphincters could enhance muscle pel fusion
resulting in faster and or increased oxygen extraction, Experiments in humans luve shown
a sudden increase in perfusion of exercising muscles at the onset of work intensity (16,36).
Consequently, it is quite likely that a sudden opening of arterioles and pre-capillary
sphincters provide an explanation for the newly described overshoot phenomenon. In
addition, a peak of catecholamines or the activation of the muscle pump itself may play a
role in the enhanced peripheral perfusion. Perhaps a part of the oxygen deficit in the muscles
is compensated by the overshoot phenomenon. Another (or supplemental) possibility may be
the extra energy that is needed for the legs, which have to start moving, and for accelerating
the pedals. However this only counts for the first few seconds and not for the transition from
100 - 200 W presented in chapter VII. Furthermore rest-exercise transitions are sometimes
associated with contractions of trunk or arm muscles, which may induce effects on
ventilation and circulation, but this would also not explain the phenomenon during the
transition from 100 - 200 W presented in chapter VII.
As already mentioned, the overshoot phenomenon and its earlier occurrence following
endurance training observed in chapter VI and VII may explain the higher post-training VOi
for the same workload during the incremental exercise test described in chapter V. Given that
the pre- and post-training VOi in chapter V was assessed during a one-minute incremental
exercise test, near the moment of maximum VOi overshoot.
The overshoot phenomenon is not present in every subject and it is more pronounced at
lower exercise intensity (up to 60% of VC^max and lower) and after training. Faster kinetics
following endurance training has already been described (20,34,35), and since the V(>2-
overshoot phenomenon is a component of the kinetics it is not surprising that it is also
enhanced following training. The physiological explanation may be, that in the higher
endurance-trained state, the capillarisation of the muscle has increased resulting in an
increased peripheral perfusion and an increased (a-v)O2 (22). A higher post-training
production of catecholamines may play a role as well.
In chapter VII, we also observed that the steady-state levels of VOi at low workloads (up to
about 50% of VOitnax) reached after a few minutes, decreased following endurance
training. Post-training VCOi levels were lowered also at higher loads (up to 80 % VOimax).
For VO-) this phenomenon has already been described (1,2,10,11,27) and it may be an
indication a better trained-state or an enhanced efficiency. In the present study, VOi levels
remained unchanged at higher workloads. This is not in accordance with the observations of
Jones and Carter (27) who observed a decrease in post-training VOi at higher loads due to a
reduction of the slow component of VOi kinetics. Hagberg et al. (20) reported unchanged
steady-state VOi levels following training. However, in both studies (20,27) the subjects
were moderately trained. The lower post-training VCO2 at 100, 200, and 300 W steady-state
exercise may be explained by an increased fat oxidation. In addition, at higher workloads a
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decreased post-training COT production may be the result of a decreased anaerobic part of
the energy supply resulting in a decreased lactate production and less bicarbonate buffering.
The observations in chapter VI and VII explain the conflicting results concerning the training
effects on the submaximal VOi levels in the literature during incremental exercise test
(4,19,26) i.e: using a short-step (< ± 2 min) incremental exercise test, post-training
submaximal VOi will be higher due to the faster kinetics (and overshoot). If longer steps are
used, post-training submaximal VOT will be lower. At higher loads (about 50% of V0->max),
there is no clear difference between pre- and post-training VO->, and no overshoot
phenomenon is observed.
The results of the studies presented in chapter V, VI, and VII suggest that for the monitoring
of training effects only a short submaximal exercise test is needed. The knowledge of VO,
kinetics and the VO, during a 5-min lasting submaximal (40% VOimax) exercise test may
be sufficient for the determining of the endurance-training state of an athlete. Although it is
not permissible to extrapolate the results of athletes to patients, the increase of the kinetics
in patients compared to healthy subjects has already been described (4). A short lasting
exercise test is efficient and untaxing for patients and athletes.
In the near future investigations have to be focused on VO-> kinetics in patients with different
disubilities and athletes with overtraining syndromes. Concerning the VO-> overshoot, the
area-uncler-the-curve representing the real oxygen overshoot or deficit, needs further
investigation. I urthermorc a computer program has to be developed for the analysing of VCH
kinetics.
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Summary

During prolonged high-intensity exercise, a metabolic acidosis occurs which is compensated
by several buffering systems and by the ventilatory system. Based on this concept, many
authors attempted to investigate the ventilatory and lactate response to exercise in order to
measure the ability of prolonged high-intensity exercise. Numerous confusing terms and
definitions have been introduced in order to define the ability for maintaining high-exercise
intensity. The determination of the different parameters is poorly defined and the
interpretation is difficult. The different parameters and the implications are often difficult to
interpret in a practical training situation. The main objective of this thesis was to gain insight
into the reliability and usefulness of the various lactate and ventilatory responses described
in the literature as indicators for training prescription, measuring performance, and to assess
training effects.

In chapter I I , a study is presented in which the relationships are described between different
lactate responses and performance in elite triathletes. The main question in this study was
which of the various lactate responses described in the literature during an incremental
exercise lest was the best indicator of endurance performance assessed during a field test.
The conclusion of this study was that the different proposed lactate responses as indicators
of performance, and for prescribing training schedules, are less reliable than generally
assumed. Especially when similar-trained subjects arc involved, lactate parameters do not
add information concerning performance. In moderate-trained subjects, when the
performance of subjects varies considerably, significant correlations between the lactate
response and performance are easily found, but the predictive value in similar-trained
subjects is limited due to a large interval of confidence.

In chapter I I I . a study is presented in which the maximal lactate steady state (MaxLaSS) is
described during a field test in elite endurance athletes. MaxLaSS is expected to correspond
to the anaerobic threshold (AT) which reflects the transition of aerobic to anaerobic
conditions. In this study the observed plasma lactate levels during maximal steady-state
exercise did not corresponded with the levels of lactate observed in a laboratory setting by
other investigators. The plasma lactate levels during MaxLaSS were high and there was a
remarkable individual variability. The determination of an individual MaxLaSS in a
laboratory requires several constant workloads on different days. Only then, the results may
be comparable with our observations. This procedure is expensive and it often does not fit
into an athlete's training schedule. It is difficult to derive MaxLaSS and heart rate at
MaxLaSS from a single lactate curve.
Although measurements of lactate concentrations may be useful to indicate early
overtraining and the monitoring of training effects, the role of lactate parameters as indicator
of a certain threshold or endurance performance in well-trained subjects is questionable.
Concerning performance, lactate parameters do not add more information about performance
than a maximal workload attained during an incremental exercise test. A single exercise test
with an incremental protocol including lactate assessment will not result in usable
parameters for training management.



Sum/nun'

In chapter IV. the ventilator, response to exercise was evaluated using a field test in elite
cyclists. The purpose ot" this study was to evaluate the relationships between the different
ventilatory thresholds assessed during an incremental exercise test, the heart rate, and
endurance performance assessed during a field test. I'sing a one-minute incremental
exercisetest (20 W.min'') the V-slope method and an increasing VE/VO-. are the preferred
methods to predict heart rate during prolonged high-intensity exercise. Using a one-minute
incremental exercise test (20 W.min'') the V-slope method and an increasing V!•! VO-. are the
preferred methods to predict endurance performance. However, in this group of similar
trained subjects the predictive value was limited due to the high interval of confidence. An
additional observation in this study was that the maximal heart rate during the incremental
exercise showed a relationship with the heart rate during prolonged high-intensity exercise.

In chapter V, a study is presented in which the effect of training on the ventilatory response
to incremental exercise test has been described. The aim of this study was to investigate the
ventilatory response to incremental exercise in a group of elite cyclists during a relatively
untrained period compared to an extensively endurance-trained state. Using a one-minute
incremental exercise (20 W.min'), the post-training VO-> levels at a certain work load were
higher as a consequence of increased kinetics which is described more extensively in chapter
VI and VII. The need for multiple determinations of the heart rate at the ventilalory threshold
(VT) during a cycling season is doubtful since the heart rate at VI docs not appear to differ
much during the season.

In chapter VI, a new phenomenon in exercise physiology concerning VOi kinetics has been
described: a remarkable VO2 overshoot at the onset of steady-state exercise. This
phenomenon is characterised by an increase in oxygen uptake that occurs within the first two
minutes after the onset of exercise. The VOT overshoot is more pronounced at lower exercise
levels. The maximum level of the VOT peak shows a higher level than the steady-state level,
which is reached after 2 minutes. The metabolic phase of the VOT kinetics is expected to fit
into a mono-or bi-exponential model. In both models, the VO-> as a function the time is
always increasing. So this theoretical model does not fit in the observed response in which
an initial rise occurs between 50 and 100 s after the onset of exercise. In addition the curve
fitting in the exponential models will be highly affected by the VOi overshoot and it will
influence the analysing of curves and the calculation of the OT deficit.
In this chapter, we have introduced an additional component for describing the VOi kinetics
to constant-load exercise. The behaviour of this third component can be viewed as a switch-
on phenomenon as a result of the start of a linear dynamic system. This component is added
to the fast component of the classic mono-exponential model. This results in the typical VO2
overshoot that we have observed. This model fits better than the classic mono-and bi-
exponential model.
The physiological background of the overshoot phenomenon is, like the classic model, not
easy to explain. A sudden opening of arterioles and pre-capillary sphincters could enhance
muscle perfusion resulting in faster and / or more oxygen extraction, which seems to be a
likely possibility. In addition, a peak of catecholamines or the activation of the muscle pump
itself may play a role in the peripheral vasodilatation. Other possibilities that have to be
mentioned may be the extra energy that is needed for the legs that have to start moving and
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for accelerating the pedals, and contractions of trunk or arm muscles. The early
cardiodynamic response seems not responsible for the overshoot phenomenon since it is
known to occur in the first 20 seconds.

In chapter VII , a study has been presented in which the effect of training on the
response to steady-state exercise has been investigated. Main objective of this study was to
investigate the earlier described VOi-overshoot phenomenon at the onset of constant-load
exercise in a group of competitive cyclists during a relatively untrained period compared to
an extensively endurance-trained period. Post training, an earlier maximum of the VOT
overshoot was observed. The steady-state levels reached after several minutes were lowered
following endurance training. The overshoot phenomenon and its earlier occurrence
following endurance training may explain the higher post-training VOT for the same
workload in chapter V, since the VOi in chapter V was assessed during a one-minute
incremental exercise test, near the moment of the maximum of the VOT overshoot. Steady-
state levels reached after several minutes are lowered following endurance training. If longer
Steps (> 2 min) during an incremental exercise test are used, post-training submaximal VOi
will be lower. The results of the studies presented in chapter V, VI, and VII suggest that for
the monitoring of training effects only a short submaximal exercise test is needed. This is
efficient and untaxing for athletes, and perhaps applicable in patients.

In chapter VI I I , the different studies are overviewed and the possible mechanisms to explain
the observations arc discussed. Especially the recent discovered lactate transporters are
discussed and they may explain the high lactate levels during steady-state exercise.

Conclusions

The main conclusions from the various studies described in this thesis are:

• The lactate responses proposed in the literature as indicators of performance and for
prescribing training schedules in endurance athletes, are less reliable than generally
assumed.

• The plasma lactate level during the maximal lactate steady state in endurance athletes is
higher than expected and there is a large individual variability in lactate level.

• A single incremental exercise with lactate measurements does not provide reliable
information for training management.

• The determination of the maximal lactate steady state in a laboratory requires the
performance of several constant workloads on different days. Only then the steady-state
levels are comparably with those in practice.

• Using a one-minute incremental exercise test (20 W.mirr'). the heart rate assessed using
V-slope method and an increasing VE/VOi are the preferred methods to predict heart rate
during prolonged high-intensity exercise.

• Using a one-minute incremental exercise test (20 W.min"'). the VOT assessed using the
V-slope method and an increasing VE/VO;> are the preferred methods for predicting
endurance performance.



Summon'

Without the assessment of ventilator, or lactate parameters, the heart rate during
prolonged high-intensity exercise can be predicted out of the maximum heart rate during
an incremental exercise test (20 W.min"') using the formula in chapter V.
The need for multiple exercise tests for determining HR at VT during a cycling season is
doubtful since this parameter does not difler much following endurance training.
The VOT overshoot is a new phenomenon in VOi kinetics and occurs w ithin the first two
minutes after the onset of exercise.
I sing a one-minute incremental exercise (20 W.min*'). the post-training VOj levels at a
certain workload are higher as a consequence of increased kinetics.
The VO-. overshoot occurs more pronounced at lower exercise intensity and disappears
at higher exercise intensity ( • 60% V'Oimax)
The post-training VOT overshoot at submaximum workload is fastened.
At lower workloads, the post-training VOi and VCO; during submaximal steady-state
exercise intensity for a certain workload are lowered.
The accelerated post-training VO^ overshoot and the decreased steady-state VOi make it
possible to describe training effects using an exercise test of short duration (minutes).
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Samenvatting

Tijdens intensieve fysieke inspanning ontstaat een metabole acidose die gecompenseerd
wordt door diverse buffersystemen. Gebaseerd op dit concept hebben vele onderzoekers de
lactaat en ventilatoire respons tijdens inspanning onderzocht om parameters tc verkrijgen
voor het prestatievermogen. trainingseffecten en trainingsbegeleiding. I)e/e parameters
worden op verschillende manieren gedefinieerd en de preeie/e interpretalie is voak
onduidelijk. De verschillende parameters zijn vaak niet getoetst aan dc pntktijk. In dit
proefschrift worden een aantal onderzoeken beschreven bij zeer goed getraindc duursporters.
Een aantal geaccepteerde methixlen om duursporters te testen en tc adviseren worden
getoetst aan de praktijk. De ventilatoire respons en de V()-,-kinetiek worden uitgcbrcider
onderzocht en beschreven. Doel van dit proefschritt was om de diverse lactaat en de
ventilatoire responsen te beschrijven en te analyseren om /odoende praktische handvattcn te
verkrijgen voor het geven van trainingsadviez.cn, het beoordclen van dc trainingstocstund en
het voorspellen van prestaties.

In hoofdstuk I I worden de diverse in de literatuur gepropageerdc lactaatparameters. bcpaald
in een laboratorium, vergeleken met een praktijktest in de vorm van een tijdrit. De plasma
lactaatrespons bleek geen goede indicator te zijn voor het prestatievermogen van
toptriathleten. Wat het prestatievermogen betreft, levert het maximaal vermögen tijdens een
inspanningstest met een oplopend vermögen (20W. min"') meer inlormatic dan lactaatpara-
meters.

In hoofdstuk HI wordt de maximale lactaat steady-state bij topwielrenners en toptriatleten
bepaald gedurende een tijdrit van 40 km. De lactaatwaarden tijdens doze tijdrit vertoonden
een enorme individuele spreiding en de gemiddelde lactaat waarden overtroflen die van
eerdere publicaties.
De eerste twee hoofdstukken suggereren sterk dat een eenmalige laboratorium test met
lactaatbepalingen weinig bruikbare informatie oplevert voor begeleider en atlect. Met behulp
van lactaatcurven zijn wel overtrainingstoestanden of trainingseffecten aan te tonen, maar
een lactaatcurve levert geen bruikbare informatie voor de advisering ten aanzien van
bijvoorbeeld trainen met de hartslag.

In hoofdstuk IV worden de in literatuur gepropageerde ventilatoire drempels bepaald in een
laboratorium getoetst aan een praktijktest. Geconcludeerd wordt dat bij topwielrenners de
zogenaamde V-slope methode en een stijgende V E / V O T indicatoren zijn voor het
prestatievermogen en de hartslag tijdens een tijdrit. Ook de maximale hartfrequentie bepaald
in het laboratorium bleek een redelijke indicator voor de hartslag tijdens dc tijdrit.

In hoofdstuk V worden de trainingseffecten op de ventilatoire respons beschreven tijdens
een inspanningstest met snel oplopend vermögen (20 W.min''). Opvallend was dat er na een
periode van training een hogere VOT wordt waargenomen bij een zelfde vermögen. Bij het
gebruik van een 1-minuten protocol blijkt een hogere VO2 bij een bepaald vermögen een
indicator te zijn voor een betere trainingstoesiand. Waarschijnlijk is dit het gevolg van een
toegenomen VO->-kinetiek. Dit wordt duidelijk door de observaties gepresenteerd in
hoofdstuk VI en VII. Het nieuw beschreven VOi-overshoot fenomeen valt namelijk rond de
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minuut, precies op het moment van verzwaren van de belastingt. Lit dit onderzoek blijkt
tevens dat het niet zinvol 1 ijlet om vele malen de hartslag bij de ventilatoire drempel
gedurende het seizoen te bepalen aangezien deze hartslag niet duidelijk verändert.

In hoofdstuk VI wordt een nieuw fenomeen besproken wat optreedt bij het begin van een
steady-state belasting. tr is een initiele korte stijging met een maximum tussen 50-100
seconden met nadien een dating van de zuurstofopname naar de steady-state waarde. In de
discussie van dit art ike I wordt dit fenomeen ingebouwd in het klassieke exponentiele model
van de V()2-kineliek tijdens submaximale inspanning. De mogelijke verklaring is een
verhoogde perifere doorbloeding door opening van de pre-capillaire sphincters aan het begin
van de inspanning. Hen ander mogelijkheden om dit fenomeen te verklaren is de extra
energic benodigd voor het in gang zetten van de trappers en de benen of het gebruik van
rompmusculatuur.

In hoofdstuk VII worden de trainingseffecten onderzocht op de VOi-kinetiek en in het
bi jzonder op het VC^-overshoot fenomeen. Dit fenomeen verloopt sneller na een periode met
duurtraining. terwijl de submaximale steady-state VOT na training iets lager blijkt te liggen
bij de lagere bclastingen. De Vüi-overshoot is meer uitgesproken bij lagere belastingen. Het
ten gevolgc van training eerder optredende VOi-overschoot en de lagere steady-state VOT
zijn bclangnjkc indicatoren voor de trainingstoestand. De resultaten verklaren de eerdere
observatics in hoofdstuk V. Met protocol gebruikt in hoofdsluk V laat het vermögen per
minuut een stap omhoog gaan, terwijl het overschoot fenomeen optreedt rond de eerste
minuut. Indien längere stappen waren genomen had de VOT bij een zelfde belasting na
training niisschicn wel lager geweest.

In hoofd.stuk VIII worden van de diverse onderzoeken de mogelijke mechanismen die aan
de wuarnemingen ten grondslag liggen besproken. Met name de recent beschreven
lactaattransporters worden aangehaald als mogelijke verklaring voor de hoge lactaatwaarden
tijdens steady-state inspanningen. Verder wordt de VCK-kinetiek in de nabije toekomst een
belangrijke rol toebedacht voor de bepaling van de trainingstoestand. Het fenomeen van de
VOt-overshoot treedt al op bij zeer läge belastingen en is daarom ook een ingang voor verder
ondcr/oek bij palie'nten. lien korte inspanningstest met een submaximale belasting is immers
genoeg om de trainingstoestand te monitoren. Een submaximale test om de conditie te meten
is efficient, tijdsparend en patient- en sporter- vriendelijk.

( onclusies

De bclangrijkste conclusies en praktische richtlijnen voor de begeleiding van wielrenners
van dit proefschrift /ijn:

• De waarde van lactaatmetingen als indicator voor het prestatievermogen en voor
trainingsadvisering bij duursporters is beperkt.

• IX* plasma lactaatwaarden tijdens een inspanning met een intensiteit rond de maximale
lactaat steady-state zijn bij getrainde duuratleten veel hoger dan beschreven in de
literatuur.
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De maximale lactaat steady-state is met een eenmalige lactaattest niet te bepalen en
vereist meerdere lactaattesten op verschilfende dagen.
Bij topwielrenners is de ventilatoire rcspons (V-slope methode en een stijgende VE/VO2)
tijdens een inspanningstest met opiopend vermögen (20W.min''l een indicator voor hct
prestatievermogen en de hartslag tijdens een duurprestatie met zo hoog mogclijke
intensiteit.
Bij wielrenners is de hartslag gedurende een duurprestatie met een zo hoog mogclijke
intensiteit te bepalen door middel van een maximale inspanningstcsl met opiopend
vermögen (20W.min"'), met behulp van de maximaal behaalde hanslag.
Het is niet nodig om vele malen in een wedstrijdsei/oen de hartslag bij dc ventilatoire
drempel te bepalen aangezien dc/c hartslag door het sci/oen weinig verändert.
Tijdens een inspanningstest met opiopend vermögen (20W.min"') is dc VO^ bij een
bepaald vermögen na een trainingsperiode hoger door een tocgenomen VX^-kinctick.
Lr wordt in dit proefschrift een nieuw t'enomeen beschreven bij de aanvang vun cen
inspanning, de VCK-overshoot. Dit t'enomeen is aanwezig bij inspanningen met een
intensiteit tot ongeveer 60% van de VO^max.
Na een periode van training bij wielrenners bereikt dc VOi-overshoot sncller cen
maximum.
Na een periode van training is de zuurstofopname en dc kooldioxidc at'gifk bij cen/clldc
submaximale steady-state bel&sting verlaagd.
De versneide VO^-kinetiek en de lager submaximale waarden voor VO2 cn VCOi als
gevolg van training maakt het mogelijk een submaximale test voor duuratlctcn en
wellicht ook voor patienten te ontwikkelen.
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-1/?.

van vun

A/C.

A/C. .-I//, .A/7. C

vaw

6. Wirr/ier A/7, //oo^^vff/r .4Ä. .4/ /

Z/ete«AM/j 799/. i . /7.5-tfO

7.

Ä.

9.

. .?. /rtV-7.?

A/C A7

/99J. i.

/I/?, //«/j?f A/C, //»tf#vfcwi 7. t'* wu«r t/c n-oort/t' van </<f
van /w/ 5/nr 7r«f^n Z/t'At'nnw/.v

,4/r, f/u/^r A/C.
van n

7, .ScAcp G Dr mav;/Maa//t'.v; />// M/

van
nees/tunae

A/L.
. 6

en .

ana"

van /n.v/?ann/nji>.'
, 2. J7-42

/2

/ i .

/I/?, G Tne p/a.v/na
.v /n

re?/?on.vc /o cjcerc/.st' anc/
/n/ 7 .S/7or/.v A/ca"

G 77w max/zna/
. 47

.v/eat/v 5/a/e /n ^/;
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74. #/oo#.ffe«n 7, &A«/> G //«/#* MC,
A'A/. ,4/r/M/w ///»/-///tren en <7«wrs/w/7. CarJ/o/og/e 7997; 4: 506-70

75. //»ff#<w«i /4Ä, ScA«p G l^«/?r f/Z_ T/7e />ro/)/e/w5 /o

/4/f, //oo^vre^« 7, .9cA«p G Df A/müc/ie /oe/HM.v/w^en von ;w.
e/ 5/?;>6»-ox>mt'/r/c. A/e*//jc/7 yowrwaa/ von A

2. 60-4

77. # / #
twJwrty/7ct' /ÄT/«rmüna'. rt'/a//on.v/j//7\ /w t//7e cw/uft. /«/y5por/.? A/e<7 7999. 20.
7

Ay /xj/Zew/m A/e£//5c/j Jowrwaa/ van
.v 2000. /. 72-J

79. //»ff/fcivf/r /I/?. 7V»f t/7«7 o/"em/wrance /raimng on /ne ven//7a/on' response /o
/n t?7/7t' f.vt-7/*/.v. fcj/r y .-f/>/'/ PA.v«o/ 2000. «2. 45-57

-/ra/>;t'(/ t;vc7/'.v/.v.

27. //«w^'»'t'«'/i .-1Ä, ÄMi/icrv //, Är i»r Z/-4. TAt? £/^t?c/ o^£nc/wrancf /ra/n/ng on /Ae Vür-
/ /At' Üw.Ytrf o/ ConÄ/an/-£oa<7 7£xerc/5e exerc/se /n we7/-/ra//ie</ cvc//s/s. 7n

22. AfM/jierv / / , //»»^'<'»'f^« /I/?, AV/'zw //>4, 5cA^p G
/';).v/><;n;»n
/ / » / ; / • / « /
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"Physiology has a unique language that depends on abbreviations and symbols.

These abbreviations and symbols allow for rapid reading and expression of ideas

and mathematical relationships, but trying to accurately represent the symbols in

a word processing document can result in maddening problems."

Will Hopkins, April 2000
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VE/VCO

1
Ik pak mijn spullen uit de auto en zet mijn fiets in elkaar.

/^Wanaf terrasjet kiiken toerföten/enflnwoners t

I
Niet-wielrenners.

De leegheid van die levens schokt mij.

I Renner I

Krabbe 1978

VE/VCO




