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Abstract The aim of this study was to examine the heart
rate (HR) response to Olympic windsurfing competition
and to check if there was any correlation between racing
HR, performance, and the variables measured during
laboratory maximal exercise. Ten elite windsurfers [age:
20.93 (3.46) years; height: 178.10 (6.34) cm; body mass:
66.79 (5.90) kg] performed a laboratory maximal oxygen
consumption (VO2max) trial and national windsurf
competitions wearing a HR monitor. One hundred and
forty-three individual races were examined. Racing HR
was expressed as a percentage of (1) HRmax (maximal
treadmill HR) and (2) HRreserve (HRmax)HRrest). The
performance (racing classification: RC, which is
inversely proportional to performance) was significantly
correlated to the racing HR response in both light
wind (LW): LW)RC=)0.12(%HRreserve)+13.03;
r=)0.71, r2=0.50, p<0.001, and medium wind (MW):
MW)RC=)0.11(%HRreserve)+10.99; r=)0.66,
r2=0.43, p<0.001. The results showed similar correla-
tions between performance and %HRmax. Post racing
lactate concentration was higher in LW compared to
MW [7.14 (0.21) and 5.18 (2.02) mmolÆl)1, respectively].
There was a negative correlation between the highest
racing HR (%HRreserve) of each athlete and the sec-
ond ventilatory threshold expressed as a percentage of
VO2max (r=–0.71, p<0.05). To summarize, this study
showed that light and medium wind Olympic wind-
surfing performances are highly dependent on the ca-
pacity of the athlete to maintain a high HR for long

periods of time. Furthermore, windsurfing is highly de-
pendent on the athlete’s physical fitness level as shown
by the correlations between racing HRs and laboratory
physiological variables.

Keywords Aerobic power Æ International-level
sailboarders Æ Lactate

Introduction

A windsurfing competition was organized in the Olym-
pic games for the first time in 1984. For the three first
Olympics (Los Angeles 1984, Seoul 1988, and Barcelona
1992) the international racing rules did not allow for
open or unlimited ‘‘pumping’’. Windsurfing was then
usually classified as a ‘‘technical’’ sport. Since November
1992, ‘‘pumping’’ has been allowed in all Olympic
windsurfing competitions (De Vito et al. 1997; Guével
et al. 1999; ISAF; Vogiatzis et al. 2002). The action of
pumping consists of moving the rig repeatedly in order
to add an extra propulsion to the board, allowing the
windsurfer to reach higher speeds and obtain a better
result. Since then, the importance of physical training
has taken up a larger part of the windsurfers’ overall
training program (De Vito et al. 1997; Guével et al.
1999; Vogiatzis et al. 2002). Indeed, pumping requires
the windsurfer to perform successive flexion–extension
movements of the upper and lower limbs during an en-
tire race, which usually lasts �25–50 min (Guével et al.
2000). In this context, Guével et al. (1999) has shown
that mean windsurfing racing HR in elite athletes was
higher than 80% of maximum heart rate (HRmax) with
higher values for light wind with respect to moderate
wind conditions [87.4 (4.3)% vs. 82.9 (5.3)% of HRmax,
respectively] for races that were usually longer than
30 min. De Vito et al. (1997) have observed even higher
values reaching 92% of HRmax and concluded that the
windsurfers could be considered as endurance athletes.
This was further confirmed by Vogiatzis et al. (2002). It
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has also been suggested that the ability of the windsurfer
to maintain continuous pumping for the whole race
duration is an important factor for performance under
conditions of light or medium wind (Guével et al. 2000).

Several authors studying the relation between exer-
cise intensity and the HR responses have shown that, in
aerobic activities, HR is a linear function of exercise
intensity (ACSM 1978; Léger 1994). Moreover, it has
been shown that the HR value expressed as a percentage
of HRmax is more representative of exercise intensity
than the absolute HR value (Gilman and Wells 1993;
Londeree et al. 1995). Furthermore, when expressed as a
percentage of HRreserve (i.e. HRmax)HRrest), the HR was
closely related to oxygen consumption (Gilman 1996).
Consequently, even if the cardiorespiratory variables are
not actually measured, the HR measurement is repre-
sentative of continuous exercise intensity. As mentioned
above, windsurfing performance depends partially on
the ability of the windsurfer to pump continuously, re-
sulting in a high HR. Then, it can be hypothesized that
windsurfing HR during competition is correlated to the
actual performance of the athlete. The aim of this study
was then to measure the HR during windsurfing regattas
in light and moderate wind conditions in order to verify
if this variable is correlated with the athlete’s perfor-
mance. Furthermore, as the ability to maintain a high
HR for long periods of time is dependent on good
physical fitness, the relation between sailing HRs and
aerobic power variables was also checked.

Methods

Subjects

Ten windsurfers (nine males and one female) volunteered to partic-
ipate in the study and provided written informed consent. The sub-
jects were reminded that withdrawal from the study was possible at
any time. For the physical characteristics of the subjects see Table 1.

All subjects were members of the Tunisian and Turkish
Windsurfing National teams. They had regularly participated in six
to eight international events per year for at least the previous
2 years (World and European Championships, and European
Olympic sailing weeks). Their averaged weekly training programs
included two running, two muscle strengthening, and four to six
windsurfing sessions. The study was approved by the University
ethics committee.

Testing protocol

Light wind (LW) and medium wind (MW) were defined as wind
speeds ranging from 5 to 9 knots (2.57–4.63 mÆs)1), and 10 to
16 knots (5.14–8.23 mÆs)1), respectively. The races with too much
wind variation switching from LW to MW were excluded from the
analysis. Wind speed was measured with an anemometer (Plastimo,

France) at the beginning of the race and every 10 min throughout
the race. These values were then averaged to obtain the mean race
wind speed. Data from 22 races (10 in LW and 12 in MW) were
analysed. The averaged wind speeds for the LW and MW races
were 6.30 (1.31) knots [3.24 (0.67) mÆs–1] and 14.25 (2.43) knots
[7.33 (1.25) mÆs–1], respectively. Ambient temperature ranged
between 22 and 27�C during the experiment. These Olympic
windsurfing courses (Guével et al. 1999; ISAF) occurred over
42 days during a national competition period (June and July). A
typical Olympic course consists of a succession of legs, such as
upwind (beating movement with the sail at ~45� to the wind di-
rection), reaching (crosswind movement with the sail angle between
~45� and 90�) and running (downwind movement in the direction
of the wind with the sail at ~90� to the wind). These last two legs are
also called ’’downwind’’. Each race consisted of two laps. Standard
Olympic boards were used (Mistral One Design, 7.5-m2 sail) and
the subjects were allowed to perform their own warm-up (Guével
et al. 1999). No changes in the usual racing procedure were re-
quired for the purposes of the experiment. As not all studied sub-
jects participated in all the races, the analysis was of data from 61
individual races in LW and 82 in MW. At the end of each race the
athletes were awarded classification points according to the current
international rules (ISAF), i.e. one point for first place, two points
for second, and so on. Each subject wore their HR monitor on land
before their warm-up period. For each individual, the exact time of
the start of the HR recording was noted. Each race was accurately
timed with its strategic events, i.e. fleet start and individual finish.
Then for each subject, the racing HR was isolated from the pre-
and post-race HRs. The mean racing durations were 26 min 45 s
(5 min 25 s) and 40 min 45 s (9 min 2 s) in LW and MW, respec-
tively. As international windsurfing rules allow only 10 min for the
fleet to complete the race after the winner’s finish, the maximum
difference of race duration between the athletes studied was 6 min
40 s and 8 min 10 s in LW and MW respectively.

On-sea HR measurements

HR was monitored with a HR monitor (Polar Vantage, Polar
Electro, Kempele, Finland). The monitor consists of an electrode
belt worn around the chest, a transmitter, and a wrist-mounted
receiver. The sampling rate was set at 0.2 Hz.

Blood sampling and determination of blood lactate concentration

Blood samples were collected 3 min after the end of one LW and two
MW races (for some subjects). A total of 4 LW and 10 MW samples
were analysed. The 20-ll samples of capillary blood were withdrawn
from an earlobe with Microzym micropipettes. They were stored in
tubes containing 180 ll of a haemolytic solution to ensure good
preservation of the samples at room temperature. Blood lactate
concentration was subsequently measured using an enzymatic
method (Microzym L, Setric Génie Industriel, Toulouse, France).

Laboratory measurements

During the competitive period, each subject came to the laboratory
to perform a maximal graded exercise test. The tests were per-
formed in the afternoon from 2 pm to 5 pm at a laboratory tem-
perature of 20�C to 22�C. The subjects were asked to abstain from:
(1) exercise the day prior to the test and (2) drinking caffeine
beverages on the day of the test.

Maximal O2 consumption measurement

A maximal graded exercise test on a treadmill allowed us to
measure the subjects’ maximum oxygen consumption (VO2max).
Prior to the test subjects lay quietly on a bed for 15 min for the

Table 1 Subjects’ characteristics (n=10)

Value Age (years) Body mass (kg) Height (cm)

Mean 20.93 66.79 178.10
SD 3.46 5.90 6.34
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measurement of their resting HR (HRrest). Then the test was per-
formed on a 0 graded treadmill (Woodway, Ergo XELG 90, Weil,
Germany). It began with a 3-min warm-up period at 9 kmÆh–1,
immediately followed by 1 kmÆh–1 increment every minute till ex-
haustion. Oxygen consumption (VO2) was considered maximal
(VO2max) if the following criteria were achieved: (1) a levelling off of
VO2 despite a treadmill speed increase; (2) a respiratory gas ex-
change ratio higher than 1.1, and (3) attainment of age theoretical
HRmax±5 bpm. All the subjects achieved physiological criteria for
VO2max. The peak HR attained at exhaustion during maximal
graded exercise was considered to be HRmax (Chamari et al. 1995).
Exhaustion occurred within 10–15 min of exercise for all subjects.
The measurement of the cardiorespiratory variables was performed
with a breath-by-breath cardiorespiratory device (ZAN 680, Obe-
rthulba, Germany). This system allowed the continuous measure-
ment of HR, pulmonary gas exchange, and ventilation during the
test. Prior to each test the gas analysers were calibrated with gases
of known concentrations. The ventilatory membrane was cali-
brated with a 1-l syringe. HR was determined from a six-lead ECG
with 12 derivations. On the test reports, HR and the respiratory
data were provided once every 30 s with the values averaged on the
ten last respiratory cycles on a sliding technique basis (Whipp et al.
1982).

Establishment of the ventilatory thresholds

The two ventilatory thresholds, Th1vent and Th2vent, i.e. anaerobic
threshold and the respiratory compensation threshold, respectively,
were established according to Beaver et al. (1986).

Expression of results

The windsurfing HR values are expressed as a percentage of:
(1) HRmax (%HRmax) and (2) HRreserve, i.e. HRmax)HRrest

(%HRreserve). For each subject, the race that resulted in the
highest HR (%HRreserve) was called RacingPeak%HRreserve.

For the maximal graded exercise, the following values were
selected: vPeak (treadmill peak velocity attained at exhaustion in
the VO2max trial), the first and second ventilatory thresholds
expressed as a percentage of VO2max (Th1vent% VO2max and
Th2vent% VO2max, respectively). As Paavolaı̈nen et al. (1999) have
shown that peak treadmill velocity is more correlated to endur-
ance performance than VO2max, VO2max,demand was calculated as
proposed by the American College of Sports Medicine (1986):

VO2max,demand (mlÆkg)1Æmin)1)=12Æv (mÆs)1)+3.5 (with 0 grad-
ed treadmill), where v is peak treadmill velocity.

Statistics

Values are expressed as mean (standard deviation). A Pearson
correlation coefficient and linear regression analysis were per-
formed between the mean HRs measured during the races and: (1)
performance (number of points obtained), the athlete’s body mass,
and race duration, and (2) the physiological variables measured at

the laboratory. A linear regression analysis was realized between
the racing HR and performance. With respect to the relationship
between racing HR and the physiological variables, a forward
stepwise multiple regression analysis was realized in order to es-
tablish which of the measured variables better explained the racing
HR. The independent variables used in this analysis were the pa-
rameters of the VO2max test, i.e.VO2max, vPeak, Th1vent% VO2max,
and Th2vent% VO2max. Statistical significance was fixed at the
p<0.05 level.

Results

Laboratory testing

For the results of the maximal graded treadmill exercise
see Table 2.

Sailing HR measurements

The mean HR for all the subjects in the LW and MW
races represented 80.51 (6.82) and 76.20 (8.47)%HRmax,
respectively. The linear regression analysis showed that
there was a significant correlation between performance
and racing HR in both LW and MW.

In LW, the relationship between racing classification
and the HR values expressed as %HRreserve were related
by the formula: Racing Classification Points
(LW)=)0.12 (%HRreserve)+13.03; r=)0.71, r2=0.50,
p<0.001 (Fig. 1). Racing HR expressed as %HRmax was
also significantly correlated to the racing classification
points (r=)0.70, p<0.001).

In MW, the relationship between racing classification
and the HR values expressed as %HRreserve were related
by the formula: Racing Classification Points
(MW)=)0.11 (%HRreserve)+10.99; r=)0.66, r2=0.43,
p<0.001 (Fig. 2). Racing HR expressed as % HRmax

was also significantly correlated to the racing classifica-
tion points (r=)0.66, p<0.001).

These correlations were not influenced by the race
duration as there was no correlation between %HRreserve

and race duration, r=0.03, p=0.70 (n=143).
For wind speeds over 12.5 knots (6.43 mÆs)1), the

correlation was significant between body mass and rac-
ing points classification (r=)0.451, r2=0.203, p<0.001,
n=54). There was no correlation between body mass
and performance in LW or MW between 10 and
12.5 knots: r=0.085, p=0.515 (n=61) and r=0.006,
p=0.975 (n=28), respectively.

Table 2 Maximal treadmill graded exercise results. [VO2max,demand

See Methods (Paavolaı̈nen et al. 1999), vPeak peak treadmill velocity
at exhaustion, HRmax peak HR at exhaustion of maximal graded
exercise, Th1vent%VO2max first ventilatory threshold, or anaerobic

threshold expressed as a percentage of VO2max, Th2vent%VO2max

second ventilatory threshold or respiratory compensation threshold
expressed as a percentage of VO2max]

Value VO2max

(mlÆkg)1Æmin)1)
VO2max,demand

(mlÆkg)1Æmin)1)
vPeak
(kmÆh)1)

HRmax

(bpm)
Th1vent%
VO2max

Th2vent%
VO2max

Mean 62.48 65.87 18.71 194.10 74.09 88.30
SD 9.23 6.84 2.05 9.57 5.05 5.66
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Post-racing lactate concentrations were higher in LW
compared to MW: 7.14 (0.21) and 5.18 (2.02) mmolÆl)1,
respectively (t=3.01, p<0.01).

Relation between sailing HR and laboratory testing

The Pearson correlation matrix showed that there were
some significant relationships between sailing HR mea-
surements and laboratory variables. When the highest
individual racing HR (%HRreserve) was plotted against
the main aerobic power variables, the stepwise regres-
sion analysis showed that 51% of the racing HR was
explained by the second ventilatory threshold:

RacingPeak%HRreserve ¼ �0:88 � ðTh2vent% _VV O2maxÞ
þ 157:83

r=–0.71, r2=0.51, p<0.05.

Discussion

The present study showed that there was a positive
correlation between the Olympic windsurfing perfor-
mance and racing HR in both LW and MW conditions.
Furthermore the relationship between windsurfing rac-
ing HR and laboratory variables showed that the higher
individual HR (expressed as a percentage of HRreserve)
was negatively correlated to the second ventilatory
threshold expressed as a percentage of VO2max.

Despite the possible effect of some non-physiological
variables on HR and the fact that HR measurement is

an indirect estimation of the cardiorespiratory respons-
es, it is widely admitted that this variable is a good
indicator of continuous exercise intensity (ACSM 1978;
Léger 1994). It has been shown that the HR expressed as
a percentage of HRmax is more representative of exercise
intensity than the absolute HR value (Gilman and Wells
1993; Londeree et al. 1995). Furthermore, when ex-
pressed as a percentage of HRreserve, i.e. HRmax–HRrest,
the HR was closely related to VO2 in continuous exercise
(Gilman 1996). It has recently been shown that even if
the exercise pattern is intermittent, in long aerobic
exercise such as tennis, HR time course is similar to that
of VO2 (Dansou et al. 2001). The present results show
that the subjects sailed with HRs representing 80.5 and
76.2%HRmax in LW and MW, respectively. This is
slightly lower than values reported by Guével et al.
(1999), namely 87.4 and 82.9%HRmax, respectively.
This may not be due to race duration, as HR was not
correlated to race duration in either study. De Vito et al.
(1997) have reported even higher values representing
about 92% HRmax, but these values were measured over
short periods of time in a race simulation. The slightly
lower %HRmax values observed in the present study may
not be explained by the presence of a female windsurfer
in the group, as De Vito et al. (1997) and Vogiatzis et al.
(2002) have shown similar %HRmax in male and female
athletes when pumping. A possible cause of the lower
relative HRs could be due to the pumping pattern of the
studied subjects. Guével et al. (2000) have shown that
two periods of 6–minutes simulated pumping with two
frequencies (1.5 vs. 1 Hz) with the same energy expen-
diture, resulted in a cardiac response representing 77.1
and 80.2%HRmax respectively. The time to exhaustion
(in a separate test) was threefold longer for the short and
frequent pumping with respect to the high amplitude
one. It is then possible that the present study subjects
used more the short pumping than the subjects of
Guével et al. (1999). It has been reported that if high
magnitude pumping is more strenuous, it is more effec-
tive at increasing board speed (Guével et al. 2000).
Lastly, an experimental difference could have caused the
observed discrepancies in racing intensity, as Guével
et al. (1999) only analysed the first race of each com-
petition day. The present study analysed all the races
sailed for a given day, which corresponded to two to
three races a day with 15–20 min of recovery in between.

Fig. 1 Linear regression between racing heart rate (%HRreserve) and
racing classification points in light wind (5–9 knots, n=61)

Fig. 2 Linear regression
between racing heart rate
(%HRreserve) and racing
classification points in medium
wind (10–16 knots, n=82)
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The cumulative effect of fatigue could have lowered
sailing intensity for the second and third races of the day
with respect to the first.

Despite its complex metabolism, lactate is thought to
be a relevant indicator of anaerobic glycolysis during
exercise (Brooks 1991). The post-racing lactate mea-
sured in the present study was similar to values reported
by Chardigny et al. (1990), Guével et al. (1999) and De
Vito et al. (1997) and confirms that Olympic windsurfing
racing involves anaerobic metabolism. De Vito et al.
(1997) have suggested that anaerobic conditions are
related mostly to pumping. The present study’s values
may have been slightly underestimated, as the samples
were taken from an earlobe whereas Guével et al. (1999)
and De Vito et al. (1997) took blood from the fingertip.
Indeed, Dassonville et al. (1998) have shown that fin-
gertip post-exercise lactate values are significantly
higher than earlobe values if the arms are involved in
the exercise. Lastly, Guével et al. (1999) have clearly
shown that the HR is significantly higher in the first half
of the race than the second, probably for strategic
purposes. Indeed, it seems that the athletes fight hard in
the first half of the race to take a position as close as
possible to the lead, and then the second part of the race
serves to consolidate the windsurfer’s position by a
somewhat defensive attitude (Guével et al. 1999). This
could have led to a further underestimate of the in-
volvement of anaerobic metabolism. Indeed, no study
has stopped a race at the end of the first half to measure
blood lactate.

The exercise HR increases could be due to: (1) the
exercise intensity per se and/or (2) to the type of muscle
contractions. Indeed, De Vito et al. (1997) have noted
that windsurfing is a mix of dynamic (e.g. arms, thighs)
and static (e.g. trunk and forearms) contractions. Fur-
thermore, the effect of the raised upper arms on the HR
increase has to be considered (De Vito et al. 1997). As
the races lasted for more than 20 min it is possible that
cardiac drift also influenced the averaged HR values
(Gilman 1996).

With respect to the relationship between sailing HRs
and laboratory variables, there was a negative correla-
tion between individual maximal sailing HR expressed
as a percentage of HRreserve and the second ventilatory
threshold expressed as a percentage of VO2max. Billat
and Koralsztein (1996) have reported that the second
ventilatory threshold is a good indicator of aerobic
power. One explanation for the observed negative cor-
relation could be that subjects with lower thresholds
have to make a greater relative effort than the fitter ones
to generate similar work, resulting in a higher HR. In
that case, it is possible that the fittest athletes were often
sailing under or just at the level of their respective an-
aerobic threshold leading to a relatively moderate HR
(De Vito et al. 1997). It is possible that the athletes with
good aerobic power need only to make a relatively low
effort during races against athletes with poorer fitness
levels. The present results confirm that Olympic wind-
surfing is an endurance activity in which physiological

variables have an important bearing on performance
(De Vito et al. 1997). Indeed it has been reported that,
depending on the part of the race, Olympic windsurfing
can be compared to a 2000-m rowing event (i.e. 90–95%
HRmax for about 6.5 min) for the downwind leg and to
what has been defined as the ‘‘efficient active recovery
stage’’ of cycling and swimming (75–80% HRmax) for
the upwind leg (Guével et al. 2000).

To summarize, the present study showed that
Olympic windsurfing performance depends upon the
level of active involvement of each athlete during a
race, indeed light and medium racing performances
were correlated to the sailing HR, i.e. exercise intensity.
These results reinforce the findings of former studies
showing that from the moment ‘‘pumping’’ was allowed
in international windsurfing events, racing intensity has
increased. From 5 to 16 knots, a windsurfer’s perfor-
mance is greatly dependent on their ability to maintain
continuous pumping, resulting in high heart rates.
Windsurfing athletes and coaches should consider these
findings when planning their physical training pro-
grams.
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