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Abstract Mountain biking is a popular outdoor recreational activity and an Olympic

sport. Cross-country circuit races have a winning time of =120 minutes and are
performed at an average heart rate close to 90% of the maximum, corresponding
to 84% of maximum oxygen uptake (VO2max). More than 80% of race time is
spent above the lactate threshold. This very high exercise intensity is related to the
fast starting phase of the race; the several climbs, forcing off-road cyclists to
expend most of their effort going against gravity; greater rolling resistance; and
the isometric contractions of arm and leg muscles necessary for bike handling and
stabilisation. Because of the high power output (up to 500W) required during
steep climbing and at the start of the race, anaerobic energy metabolism is also
likely to be a factor of off-road cycling and deserves further investigation.
Mountain bikers’ physiological characteristics indicate that aerobic power
(VO2max >70 mL/kg/min) and the ability to sustain high work rates for prolonged
periods of time are prerequisites for competing at a high level in off-road cycling
events. The anthropometric characteristics of mountain bikers are similar to
climbers and all-terrain road cyclists. Various parameters of aerobic fitness are
correlated to cross-country performance, suggesting that these tests are valid for



60

Impellizzeri & Marcora

the physiological assessment of competitive mountain bikers, especially when
normalised to body mass. Factors other than aerobic power and capacity might
influence off-road cycling performance and require further investigation. These
include off-road cycling economy, anaerobic power and capacity, technical ability
and pre-exercise nutritional strategies.

Modern mountain biking started in the US in the
1970s and is now one of the most popular outdoor
recreational activities in the world. Despite some
decline in the last 5 years, mountain bikes still
represent about one-third of all bicycles sold each
year in the US and Europe.!"? Official competitions
began in the early 1980s, and the Union Cycliste
Internationale (UCI) now identifies three types of
mountain bike event: cross-country, downhill and
stage races.’! The first World Championship was
organised by the UCI in 1990, and the first World
Cup series was set the following year.!*! The cross-
-country circuit race (now named the Olympic
cross-country by the UCI) is the most popular
mountain biking competitive event and was includ-
ed as an official Olympic sport in the 1996 Atlanta
Summer Olympic Games. During a whole competi-
tive season, there are several competitions other
than the World Championship and the World Cup
(classified as category CM and WC by the UCI,
respectively): continental championships (Cat. CC),
stage races (Cat. SHC, S1 and S2) and 1-day races
(Cat. HC, CI1, C2 and C3). This racing calendar
allows mountain bikers to compete once a week for
9 months a year.

In recent years, competitive mountain biking has
attracted the interest of sport scientists, and a small
but growing number of physiological studies have
been published. The aim of this review is to provide
a synthesis of this literature and directions for future
research. An excellent review on the energy cost of
riding bicycles with shock absorption systems has
been published recently,? so this area of research
will not be reviewed here. In the literature, the terms
“mountain bikers” and “off-road cyclists” are com-
monly and interchangeably used, and are employed
in this paper to indicate cross-country cyclists unless
specified otherwise.

© 2007 Adis Data Information BV. All rights reserved.

1. The Physiological Demands of
Cross-Country Competitions

1.1 Race Characteristics

A cross-country circuit race is a mass-start endur-
ance competition that involves completing several
laps of an off-road circuit. According to UCI rules,!
the course should include forest roads and tracks,
fields, and earth or gravel paths, and involve signifi-
cant amounts of climbing and descending. Typical-
ly, the course is between 6km and 9km long, with an
average total altitude climb of about 1500m (see an
example of a course profile in figure 1). The UCI
suggests a differentiated number of laps leading to
an optimal competition winning time of 120-135
minutes for men and 105-120 minutes for women.
The starting grid is defined according to the UCI
point system (during international events) and/or the
national point system for national races. This rule
allows the best cyclists to start in the front to avoid
being slowed down by lower-standard riders. Con-
trary to road cycling, during the race, off-road cy-
clists cannot receive any technical assistance. For
this reason, mechanical problems can sometimes
cause delays that negatively and irremediably influ-
ence performance.

1.2 Exercise Intensity Profile

To date, only two studies have described the
exercise intensity profile of cross-country circuit
competitions. In the first of these studies, we used
heart rate (HR) to quantify exercise intensity during
four international races (average altitude climbed
1430m and mean competition time of 147 minutes)
in a group of high-level cross-country mountain
bikers.[®! Exercise intensity was classified in three
different zones based on the HR corresponding to

Sports Med 2007; 37 (1)
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two different lactate thresholds (LT) measured dur-
ing incremental exercise tests in the laboratory. The
first was the LT defined as the intensity that elicited
a 1 mmol/L increase in blood lactate concentration
above the average value measured during exercise
between 40% and 60% of maximum oxygen uptake
(VO2max). The second threshold was that corre-
sponding to a blood lactate concentration of 4 mmol/
L (the so-called onset of blood lactate accumulation
[OBLA]). This analysis (figure 2) revealed that ex-
ercise intensity during cross-country competitions is
high, with 82% of total race time spent above LT.
The average HR during competitions was 90% of
the maximum, which corresponds to 84% of
VO2max measured in the laboratory. Stapelfeldt et
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Fig. 1. Example of a course profile for an Olympic cross-country
circuit race. (a) Shows a 3-dimensional representation and (b) a
2-dimensional representation.
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al."! confirmed and extended our findings by mea-
suring both HR and power output over 15 races.
During the races, average HR was 91% of the maxi-
mum, and mean power output was 246W or 3.5 W/
kg. In addition, Stapelfeldt et al.”l measured high
power output oscillations (69% coefficient of varia-
tion), indicating that cross-country events are high-
intensity activities characterised by intermittent ef-
fort. The authors analysed exercise intensity using
the power outputs corresponding to the aerobic
threshold (AT) and the individual AT (IAT). The
AT was defined as the minimum lactate/VO; ratio,
whereas IAT was determined as 1.5 mmol/L above
the AT. Using this method, Stapelfeldt et al.[”! found
that 39% of total race time was spent at power
outputs below AT, 19% between AT and IAT, 20%
between IAT and the maximal power output mea-
sured during an incremental exercise test, and 22%
above this level. In spite of differences in time spent
in various intensity zones (probably as a result of the
different methods used to quantify the exercise in-
tensity), both studies suggested that cross-country
races require high rates of aerobic energy produc-
tion.

1.3 Factors Affecting Exercise Intensity in
Mountain Biking

When cross-country races are compared with
road cycling competitions,'®!?! it is apparent that
exercise intensity, with the exception of well moti-
vated professional road cyclists during time trials, !
is higher during off-road cycling. This difference
could be easily explained by the longer duration of
road stage races (4—6 hours) and the cyclists’ tactics
to cope with this.['>!4] Furthermore, although during
road competitions it is possible to reduce energy
expenditure by cycling behind other riders,!'! situa-
tions in which drafting is useful (high-speed and
group cycling) are less frequent during off-road
competitions. Other factors might also contribute to
the high exercise intensity typical of off-road cy-
cling. For example, the repeated climbs and descents
on gravel roads and field trails that characterise
cross-country competitions, and the higher mass of
mountain bikes may partly account for some of the

Sports Med 2007; 37 (1)
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Fig. 2. Percentage of total race time (147 minutes) spent at exer-
cise intensity (heart rate) below lactate threshold (LT) [easy], be-
tween LT and onset of blood lactate accumulation (OBLA) [moder-
ate] and above OBLA (high). Based on data from Impellizzeri et
al.lel

difference in exercise intensity compared with on-
road cycling.!'®) Based on an estimate of the energy
cost of cycling on a flat surface, Berry et al.l']
demonstrated a significantly higher VO2 (7-20 mL/
kg/min) while riding on difficult terrain condition
simulated in a laboratory setting by placing a 3.8cm
height bump on the treadmill belt. As the difference
in rolling resistance as a result of knobbly and larger
tyres (1-2 mL/kg/min) was accounted for, the au-
thors suggested that most of the increase in energy
cost is caused by the higher rolling resistance associ-
ated with the simulated difficult terrain conditions.
However, this important finding needs to be con-
firmed by a properly controlled study.

Higher energy expenditure might also be caused
by the intense and repeated isometric muscle con-
tractions of arms and legs required to absorb shock
and vibrations caused by difficult terrain conditions,
and for handling and stabilising the bike during off-
road cycling.l'” Isometric muscle contractions can
also increase the HR response to submaximal cy-
cling without any change in energy expenditure!'8!
and may explain, at least in part, the higher mean
HR during off-road cycling compared with on-road
cycling. However, the use of front suspension bikes
similar to those used by the majority of competitive
off-road cyclists reduces average mean HR while
cycling on a flat, looped course with fabricated
bumps, compared with rigid bikes, although VO2

© 2007 Adis Data Information BV. All rights reserved.

was not different between the two conditions.['”) In
addition, the effect of isometric muscle contractions
on HR is less evident at the high exercise intensity
typical of cross-country races.''8! More studies are
necessary to clarify the influence of isometric con-
tractions on the physiological response to off-road
cycling and to investigate the potential positive ef-
fect of strength training of the arm and leg muscles
on performance.

Another factor that may partly explain the high
exercise intensity profile of off-road cycling compe-
titions could be the dissociation between HR and
power output during the descents. Indeed,
Stapelfeldt et al.”! showed high oscillations in pow-
er output during the race while HR remained relative
constant. In particular, HR seems to decrease to a
lesser extent compared with power output during
descents.

1.4 Pacing

Although a uniform pace seems to be the most
advantageous for cycling time trials,”??! during
cross-country competitions a different strategy is
commonly used. In fact, both Impellizzeri et al.[!
and Stapelfeldt et al.””! measured HRs close to maxi-
mum soon after the start of the race. This is not
surprising, as the initial phase of cross-country com-
petitions, unlike road stage races, is crucial for over-
all performance. Mountain bikers try from the start
to place themselves in the front positions to avoid
slowing down when the road narrows into single-
track trails and overtaking becomes difficult. After
this initial very high intensity phase, HR tends to
decrease in parallel with an increase in lap time.[%23
A decline in exercise intensity during a simulated
off-road cycling competition (three 10-mile laps in
the heat) has also been demonstrated by Wingo et
al.”1 using blood lactate measurements. The authors
measured values between 8.1 and 9.1 mmol/L after
the first lap, which dropped in the last lap to 5.7-6.0
mmol/L, despite a rest period of 8 minutes between
each lap for blood sampling and other measure-
ments. A similar decline in blood lactate concentra-
tion was measured in five mountain bikers in the
Italian national team during a cross-country race

Sports Med 2007; 37 (1)
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lasting 145 minutes.?* In that study, blood lactate
values were 10—11 mmol/L after the first 45 minutes
of the race and 4.0-4.5 mmol/L in the last 20 min-
utes. A similar blood lactate profile has been report-

ed for cycling time trials with a fast starting strate-
gyl

1.5 Anaerobic Energy Confribution

The above-mentioned blood lactate data not only
confirm the decline in exercise intensity measured
with HR but also suggest a significant contribution
of anaerobic metabolism to the energy requirements
of off-road cycling. However, with the exception of
these blood lactate measurements during simulated
or actual competition, no other studies have investi-
gated the anaerobic energy system during off-road
cycling competitions. Further research using other
methods is crucial, as this information might be
useful for programming aerobic and anaerobic train-
ing in mountain bikers. For example, accumulated
oxygen deficit is likely to be high, given that direct
measures of power output during cross-country
races have shown high variations, with values up to
500W during uphill cycling.[”! Furthermore, high

power output is required at the start of the race.”

2. The Physiological Profile of
Mountain Bikers

2.1 Anthropometric Characteristics

The mean height of competitive mountain bikers
is between 176cm and 180cm (table I). The average
body mass of the first 10 off-road cyclists in the final
ranking of the Athens 2004 Summer Olympic
Games was 67kg + 4kg.>! This value is similar to
that reported in recent studies of elite and high-level
off-road cyclists (65-69kg)?*?7 [table I]. Lee et
al.?"! reported that the average body mass of moun-
tain biking world champions from 1997 to 2000 was
=60kg. However, data from the 20014 world cham-
pions revealed an average body mass of 72kg. Fur-
thermore, two of the most successful competitive
mountain bikers (at the time of the Athens 2004
Olympic Games), Bart Bretjens and Miguel Marti-
nez, have a body mass of 77kg and 55kg, respective-
ly. These data argue against an important associa-
tion between body mass per se and performance.

What seems more important is body composi-
tion. In fact, the average percent body fat has been
reported to be <6.4% in high-level off-road cy-
clists?*?7) and between 8.5% and 14.3% in elite
mountain bikers,[>33034 suggesting an association
between relative body composition and competitive
level. This is not surprising, given the advantage of
having a low inert body mass for the climbs that are
characteristic of cross-country race courses.""!

Table I. Maximum oxygen uptake (VOzmax) and anthropometric characteristics of male off-road cyclists reported in the literature

Study (year) Competitive level n Height (cm) Mass (kg) VO2max (mL/kg/min)
Impellizzeri et al. (2005)%°! Elite, high level 12 176 £ 7 66 + 6 76.9 £ 5.3
Lee et al. (2002)27] High level 7 178 £ 7 65+ 7 783+ 4.4
Impellizzeri et al. (2005)!28] Elite 13 177 £ 8 65+ 6 721 +7.4
Nishii et al. (2004)2° Elite 8 170+ 6 64+7 67.8 £5.8
Stapelfeldt et al. (2004)] Elite 9 180 £ 6 69+5 66.5 + 2.6
Warner et al. (2002)2°] Elite 16 178 £ 5 71+5 67.4 + 4.6
Impellizzeri et al. (2002)!! Elite 5 175+ 3 64+5 75.9 £ 5.0
Baron (2001)31 Elite 25 179+ 5 69+7 68.4 £ 3.8
Wilber et al. (1997)%2 Elite 10 176 £ 7 72+8 70.0 £ 3.7
Cramp et al. (2004)33] Amateur 8 179 £ 6 69 + 8 60.0 + 3.7
MacRae et al. (2000)34 Amateur 6 180 +7 77+ 4 58.4 +2.3
Berry et al. (2000)%! Amateur 8 (1 female) 178 £ 7 72+8 56.6 £ 5.2

© 2007 Adis Data Information BV. All rights reserved.

Sports Med 2007; 37 (1)



64

Impellizzeri & Marcora

However, these findings need to be confirmed by
studies of elite and sub-elite off-road cyclists using
the same method of body composition analysis.

2.2 Maximum Oxygen Uptake

VO2max is considered to be a valid indicator of
the integrated function of respiratory, cardiovascular
and muscular systems during exercise and an impor-
tant determinant of endurance performance.’”!
Therefore, it is not surprising to find in the literature
reports of VO2max values between 66.5 and 78 mL/
kg/min in competitive mountain bikers of various
levels (table I). The analysis of these reports sug-
gests an association between VO2max and competi-
tive level, with values >70 mL/kg/min a prerequisite
for high-level cross-country performance.

Data collected on downhill specialists of the Ital-
ian national team*! showed VO2max values of 63.2
mL/kg/min, suggesting that, for downhill, high aero-
bic power is less important than in cross-country
events. To the best of our knowledge, there are no
other studies on the physiological characteristics of
downhill specialists.

2.3 Ventilatory and Lactate Thresholds

The exercise intensity profile of cross-country
circuit races suggests that off-road cyclists should
possess the ability to sustain high work rates for a
prolonged period of time. This has been confirmed
by several studies on the ventilatory threshold and
LT. Wilber et al.l’?! showed an LT (defined as an
exponential increase in lactate above baseline) cor-
responding to 77% of VOamax in cyclists in the
national team of the National Off-Road Bicycle
Association. Similarly, Impellizzeri et al.[®?® report-
ed intensities at LT and OBLA corresponding to
75-77% and 85-89% of VOamax, respectively, in
competitive off-road cyclists. In top-level Austra-
lian mountain bikers, Lee et al.[*”! measured an LT
(determined using a modified D-max method*®")
corresponding to 86% of VOamax. High relative
intensity has also been reported for the respiratory
compensation point (87% of VO2max) in high-level
mountain bikers. These values are similar to the
lactate and ventilatory thresholds reported in profes-

© 2007 Adis Data Information BV. All rights reserved.

sional road cyclists.'3!* Notwithstanding method-
ological differences, all these studies demonstrate
that off-road cyclists can utilise a high percent of
their maximum aerobic power to produce the high
and prolonged work rates required for cross-country
competitions.

2.4 Anaerobic Power and Capacity

Although anaerobic power and capacity may be
important for meeting the physiological demands of
off-road cycling competitions, to date, only one
study has been published in this area. Baron’si3!l
investigation compared a group of national- and
international-level off-road cyclists with a group of
sport science students. As expected, during an incre-
mental test (40W every 4 minutes), mountain bikers
had a higher VO2max, peak power output and power
output at OBLA compared with the sport science
students. In addition, significant between-group dif-
ferences in anaerobic power were found (14.9 vs
13.3 W/kg), as measured by a series of 10-second
isokinetic cycling tests at different cadences. Un-
published data collected in our laboratory in six
national-level mountain bikers revealed a similar
peak power output of 14.2 W/kg. These preliminary
findings suggest that, once again, anaerobic power
should be further investigated, as it may have impli-
cations for training and testing of off-road cyclists.

2.5 Comparisons with On-Road Cyclists

Two published studies have directly compared
the physiological characteristics of off-road cyclists
and road cyclists.?32 Wilber et al.®?l reported
slightly lower VO2max, peak power output (25W
every | minute), and both absolute and relative
power output and VO3 at the LT in the National Off-
Road Bicycle Association team compared with the
United States Cycling Federation on-road cycle
team. More recently, Lee et al.’’! compared the
physiological and anthropometric characteristics of
Australian top-level mountain bikers and profes-
sional road cyclists and found no significant differ-
ences between groups in peak oxygen uptake
(VOzpeak), peak power output (SOW every 5 min-
utes), LT and average power output during a

Sports Med 2007; 37 (1)
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Fig. 3. Comparison of body mass and results from incremental maximal cycling tests between mountain bikers (MTB) [n = 15] and road
cyclists divided according to their role in competition (climbers [n = 9], all-terrain riders [n = 15] and flat specialists [n = 10]) using Bonferroni

post hoc test after one-way ANOVA. VO2max = maximum oxygen uptake; *

30-minute laboratory time trial expressed in abso-
lute values. However, when these parameters were
scaled to body mass, significantly higher values
were found in off-road compared with on-road cy-
clists. In addition, mountain bikers were leaner than
on-road cyclists.

The normalisation of physiological parameters to
body mass better describes cyclists’ climbing ability
compared with absolute values.[3¢3%-411 Therefore,
the results of Lee et al.?’! suggest that off-road
cyclists possess a physiological and anthropometric
profile similar to climbers. We recently presented
data collected in our laboratory to test this hypothe-
sis (figure 3, unpublished observations),'*?! where
the physical characteristics of 15 elite off-road cy-
clists were compared with 34 professional on-road
cyclists divided into climbers (n = 9), all-terrain
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p < 0.05, ** p < 0.01, *** p < 0.001.

riders (n = 15) and flat specialists (n = 10) according
to their role in competitions. All these cyclists were
tested with the same protocol, consisting of 25W
increments every minute, starting at 100W. Off-road
cyclists” body mass, VO2max and peak power output
expressed both in absolute and relative terms were
found to be similar to both climbers and all-terrain
road cyclists but significantly different from flat
specialists. These findings are in line with the litera-
ture. In fact, the body mass of high-level off-road
cyclists (65-66kg)1?%?7! is between the 68kg report-
ed by Padilla et al.!*! for all-terrain road cyclists and
the 62kg and 64kg measured in climbers by Padilla
et al.” and Lucia et al.,*”! respectively. Further-
more, the VOomax values reported in the literature
for high-level mountain bikers (table I) are similar to
the VOomax estimated by Padilla et al.*! for both
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climbers and all-terrain road cyclists (80.9 mL/kg/
min and 78.9 mL/kg/min, respectively). Therefore,
results from our laboratory and the literature suggest
that off-road cyclists have physiological characteris-
tics similar to all-terrain cyclists and climbers. This
should be taken into consideration when cyclists
consider switching from off-road to on-road com-
petitive events (e.g. the cases of off-road cyclists
such as Cadel Evans, winner of a World Cup, and
Michael Rasmussen, winner of a World Champion-
ship) and vice versa.

Finally, Warner et al.?% compared the bone min-
eral density of 16 mountain bikers and 14 road
cyclists. They found a higher bone mineral density
normalised for bodyweight in off-road cyclists in all
sites measured using dual-energy x-ray absorpti-
ometry (lumbar spine, femoral neck, greater tro-
chanter and Ward’s triangle). Warner et al.% ex-
plained that the higher bone mineral density of off-
road cyclists is the result of the higher osteogenic
stimulus provided by the loading forces caused by
ground surface irregularities. Interestingly, Warner
et al.B% found no difference in muscular strength
and power of the lower limbs, as measured on a leg
press. However, nobody has investigated the poten-
tial differences in trunk and upper limb muscular
strength.

2.6 Female Off-Road Cyclists

In the literature, very few physiological data exist
on competitive female off-road cyclists. Wilber et
al.’% tested ten females in the United States Nation-
al Off-Road Cycling Association team (including
world champions). The mean age, height and body
mass were 30 years, 162cm and 57.5kg, respective-
ly. The female off-road cyclists reached a mean
VO2max of 57.9 mL/kg/min and a peak power output
reached during incremental tests (25W every min-
ute) of 313W, corresponding to 5.4 W/kg. More
recently, Stapelfeldt et al.””! have reported the char-
acteristics of two elite female off-road cyclists in the
German national team. They were of age 27 years
and 30 years, height 169cm and 170cm, body mass
64kg and 62kg, VOomax 58.2 mL/kg/min and 60.6
mL/kg/min, peak power output 320W and 280W
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(5.0 W/kg and 4.5 W/kg). Unpublished data from
our laboratory obtained on ten female off-road cy-
clists at a national and international level using the
same incremental test protocol used by Wilber et
al.’?! revealed similar values. We found a similar
average VO2max of 61.4 +3.9 mL/kg/min and a peak
power output of 306 + 31W corresponding to 5.9 +
0.7 W/kg. The VO2max ranged from 57.4 to 70.1
mL/kg/min, with the latter value corresponding to
the most successful off-road cyclist within the
group, and several placements in the first positions
of the most important international cross-country
competitions. The mean age, height and body mass
of these female off-road cyclists were 26 + 5 years,
167 = 5cm and 52.5 £ 3.0kg, respectively. Overall,
these data are similar to those reported for elite
female road cyclists™3! and demonstrate that females
also need high aerobic power and power-to-weight
ratio to compete successfully in cross-country
events.

3. The Relationship Between
Physiological Tests and Off-Road
Cycling Performance

Physiological assessment of aerobic fitness is
widely used by sport scientists to evaluate endur-
ance athletes, to establish their training intensities,
or as a part of the talent identification process. The
validity of physiological tests in road cycling has
been demonstrated by several studies showing sig-
nificant relationships between road cycling perform-
ance and VO2max, peak power output and ventilato-
ry threshold or LT.#+491 However, the relationships
between these physiological parameters of aerobic
fitness and cross-country off-road performance have
been examined only recently in two studies of
mountain bikers characterised by heterogeneous or
homogeneous performance level.[2628]

In the first of these studies, we measured peak
oxygen uptake, peak power output, LT and OBLA
during an incremental test (40W every 4 minutes),
and the time to complete an official cross-country
circuit race in a group of off-road cyclists with large
differences in aerobic fitness (range 60.5—-84.7 mL/
kg/min) and performance (range 82.4—108.8 min-
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utes). These physiological parameters were all sig-
nificantly correlated to race time (range from —0.68
to —0.94, p < 0.05). The strongest correlations were
found when these parameters of aerobic fitness were
normalised to body mass. In the second study, we
investigated whether similar physiological parame-
ters are good predictors of performance in a more
homogeneous group of high-level mountain bikers
with high VOzmax (range 70.8-86.1 mL/kg/min)
and narrower range of performance (range
110.8-116.6 minutes). Contrary to the previous
study, maximal parameters of aerobic fitness deter-
mined using an incremental test of 25W every min-
ute were not significantly correlated to time to com-
plete an official cross-country circuit race. The only
physiological tests associated with race time were
power output and VO3 at respiratory compensation
point when normalised to body mass (ranging from
—0.61 to 0.66; p < 0.05). These two studies confirm
that (i) high aerobic power and the ability to utilise a
high percentage of it are prerequisites to competing
successfully in off-road cross-country races; (ii)
these tests are valid for evaluating aerobic fitness in
competitive mountain bikers; and (iii) physiological
parameters should be normalised to body mass. The
significant correlations between lactate and venti-
latory thresholds with race time also suggest that
highly developed oxidative muscle capacity and/or
endogenous buffering capacity are important physi-
ological characteristics of mountain bikers, which
need to be further investigated using direct methods.

It is important to draw attention to the fact that in
high-level mountain bikers aerobic fitness explains
only 40% of the variance in performance, sug-
gesting that other factors need to be considered in
the physiological assessment of these athletes.”!
We believe that these other parameters warrant fur-
ther investigation. The first is off-road cycling econ-
omy, which we define as the ability to convert
aerobic energy into speed on difficult terrains. This
ability may be measured in the laboratory using
methods similar to that employed by Berry et al.['®]
(bumps placed on the treadmill belt). In road cy-
cling, the ability to convert energy into mechanical
power (i.e. mechanical efficiency) seems not to dif-
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fer between performance levels, although debate
about this issue is still ongoing.’%331 However, in
off-road cycling, which is characterised by difficult
terrain conditions, factors such as technical ability
and trunk and upper body muscle strength and en-
durance might influence the ability to utilise aerobic
energy to generate speed. These factors are likely to
vary between riders of different performance levels,
making off-road cycling economy a potentially im-
portant parameter in the physiological assessment of
mountain bikers. Similarly, anaerobic power and
capacity may be a useful addition to the battery of
physiological tests but need to be validated in moun-
tain bikers.

4. Technical Ability

During cross-country competitions, the different
terrain conditions require that mountain bikers have
a high degree of technical ability to control and
stabilise the bicycle.['! This is particularly necessa-
ry during the several descents performed at high
speed. During the race, some riders increase their
speed downbhill, where riders can gain advantage or
decrease time lost in other parts of the course. This
strategy decreases the time to react to riding surface
irregularities and increases the technical skills re-
quired.’+>31 Difference in skill and risk tolerance
has been suggested to account for the high inter-
individual downhill speed found in a group of 10
amateur mountain bikers by Mastroianni et al.l¢!
during a simulated off-road circuit. Although the
belief that technical ability is an important determi-
nant of off-road cycling performance is widespread
between coaches and riders, there are no empirical
data to support this hypothesis. Therefore, studies in
this area are much needed, as small differences
between riders could be crucial for performance
among physiologically homogeneous off-road cy-
clists.

An interesting new concept has been suggested
by Damian Grundy, coach of the Australian national
cross-country mountain bike team (personal com-
munication, with permission). He suggested that,
differently from road cycling, the relationship be-
tween power output and speed may change in rela-
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tion to technical ability. Preliminary data collected
at the Australian Institute of Sport surprisingly
demonstrated that riders with more time to complete
a cross-county circuit track can generate more pow-
er output than riders with better performance. This
seems to suggest that technical ability can indeed
influence how much power output generated by the
cyclists is transferred into actual cycling speed. This
also agrees with our suggestion of a possible role for
off-road cycling economy in cross-country perform-
ance.

5. Seasonal Variations in Aerobic Fithess

To date, no studies on the seasonal variations in
aerobic fitness of off-road cyclists have been pub-
lished. However, we recently presented data relative
to VO2max, LT and efficiency measured on a cycle-
ergometer in a group of 12 mountain bikers tested
before and after the winter pre-season training peri-
od and twice during the competitive season until the
National Championships (figure 4).57) Table 1I
shows that both maximal and submaximal parame-
ters of aerobic fitness significantly increase in re-
sponse to 3 months of pre-season training and they
remain stable during the season. The 5% improve-
ment in VO2max is similar to that reported by Lucia
et al.’® in professional cyclists. Power output at LT
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Fig. 4. Time of the four testing sessions (T) during the season. Bars
indicate the average weekly training load of the group of mountain
bikers calculated using the session rating of perceived exertion
(RPE) method, i.e. multiplying the cyclist RPE (using the Category
Ratio Scale) referred to the whole training session by session dura-
tion in minutes.% AU = arbitrary units.
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and OBLA increased 7% in the off-road cyclists.
This compares well with the 6-8% change in power
output at ventilatory thresholds reported by Lucia et
al.B®%in road cyclists, but not with the 15% improve-
ment reported by the same authors for LT.

In addition to traditional aerobic tests, it has been
suggested recently that cycling efficiency should be
measured routinely in professional cyclists, in addi-
tion to traditional tests.P1%611 In his recent case
study, CoyleP? also suggested that the impressive
successes achieved by Lance Armstrong could be
related to an improvement in cycling efficiency over
several years. Therefore, we calculated cycling effi-
ciency in these off-road cyclists using the data mea-
sured during the incremental cycling test according
to Moseley and Jeukendrup.[%?! However, we could
not measure any change in gross efficiency or delta
efficiency during stationary cycling, even in re-
sponse to the pre-season training, i.e. when athletes
resumed training after 2-3 weeks of rest. However,
we cannot exclude that changes in efficiency might
occur in mountain bikers over more prolonged peri-
ods of time.

6. Nutritional Strategies

The optimisation of performance requires atten-
tion to be given to several factors other than physical
training. Two recent studies have investigated the
effect of pre-exercise nutritional strategies on moun-
tain biking performance.?>¥] These studies are
highly relevant for mountain biking, because during
off-road cycling competitions feeding and fluid re-
placement may be difficult because of technically
demanding courses.

Cramp et al.?*l investigated the effect of different
pre-exercise carbohydrate intake on total energy
output during a laboratory simulation of a mountain
bike race. After consuming a high-carbohydrate
meal (3.0 g/kg) mountain bikers generated 3% more
energy compared with those who had consumed a
low-carbohydrate meal (1.0 g/kg), although this dif-
ference did not reach statistical significance. How-
ever, as the effect of this nutritional strategy could
be worthwhile in a real competitive setting, further
studies with an adequate sample size are warranted.
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Table Il. Seasonal changes in aerobic fitness and other parameters in a group of competitive mountain bikers (n = 12)

Parameter November February April July

(rest) (pre-competition) (competition) (competition)
Body mass (kg) 66.2+6.9 65.8+ 6.3 65.6 + 6.5 655+ 7.1
VOzmax (mL/kg/min) 64.2 £6.2 67.8 £ 6.72 67.2 £ 6.82 68.6 £ 6.72
PPO (W) 346.8 + 37.1 365.0 + 37.4° 363.8 + 33.8° 374.0 + 34.3%
LT PO (W) 243.4 +£37.9 265.3 £ 29.1° 272.9 + 29.6° 270.9 + 30.8°
OBLA PO (W) 291.1 £45.0 319.3 + 33.8° 326.1 + 37.2° 322.4 + 35.8°
HR max (beats/min) 193.3 187.9 + 8.02 187.0 £ 7.92 189.3 + 8.42
HR LT (beats/min) 166.7 + 10.6 161.4 £ 9.12 162.8 + 8.62 160.2 + 8.92
HR OBLA (beats/min) 180.1 + 9.3 176.7 + 7.8 1775 + 8.3 175.8 £ 8.0
GE (%) 20.1£0.7 19.8 £ 0.9 20.0£0.6 20.4£0.9
DE (%) 258+ 1.4 26.1+£13 259+15 26.5 1.1
a p<0.05

b p < 0.01 significant difference from November.

¢ p = 0.08 from April; Bonferroni’s tests after one-way repeated measures ANOVA.

DE = delta efficiency; GE = gross efficiency; HR = heart rate; LT = lactate threshold (intensity that elicited a 1 mmol/L increase in blood
lactate concentration above the average value measured during exercise between 40% and 60% of maximum oxygen uptake); OBLA =
onset of blood lactate accumlulation (intensity corresponding to a blood lactate concentration of 4 mmol/L); PO = power output; PPO = peak

power output; VO2max = maximum oxygen uptake.

Off-road competitive events are sometimes com-
pleted in hot conditions. Because it is not always
possible during competitions to replace all the fluid
lost, pre-exercise hydration strategies can be very
important. In a recent study, Wingo et al.”**! investi-
gated the effects of pre-exercise glycerol hydration
and water-only hydration during a field simulation
of a mountain biking competition. After glycerol
pre-hydration, cyclists showed less dehydration and
thirst sensation compared with those who had con-
sumed water only. However, no performance bene-
fit was demonstrated. Again, more studies in this
area of research need to be conducted.

7. Conclusions and Future
Research Directions

The studies reviewed here demonstrate that
cross-country biking is a highly demanding endur-
ance sport during which the aerobic energy system
is heavily taxed. Therefore, training and testing of
aerobic fitness is of paramount importance. Further-
more, we have shown that off-road riders, as with
on-road cyclists, are characterised by high aerobic
power and capacity, with a power-to-weight ratio
and anthropometric characteristics similar to climb-
ers and all-terrain on-road cyclists. However, the
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higher exercise intensity and shorter duration of off-
road compared with on-road competitive events
suggest that different training strategies should be
employed. These should include a reduction in train-
ing volume and a concomitant increase in intensity
through, for example, interval and intermittent aero-
bic training. Well designed training studies are
needed to confirm these indications and to investi-
gate the effects of other types of training, such as
sport-specific strength training and technical ability
training.

As we have highlighted throughout this review,
important gaps in our physiological understanding
of mountain biking exist for disciplines other than
cross-country circuit races (e.g. marathon cross-
country races and downhill competitions). Investi-
gations are also needed on off-road cycling econo-
my, the relevance of high anaerobic power and
capacity for cross-country events, the physiological
aspects of female off-road cycling, and effective
nutritional strategies aimed at optimising mountain
biking performance. We hope this review will stim-
ulate further research in all these areas.
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