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Introduction
Mountain bike cross-country Olympic (XCO) is one of four disci-
plines of mountain biking (MTB). XCO races get started with a mass 
start and are held over undulating circuits with technical descents, 
forest roads, rocky paths, and obstacles. Elite athletes have to fin-
ish 4–7 laps on a course, which is 4–6 km long, leading to race du-
rations from 80 up to 100 min [1]. This cycling event is regarded as 
a highly intensive intermittent activity due to its large number of 
alternating climbs and descents [2–5]. Because the race duration 
was shortened several times in recent years and the technical sec-
tions of the course continuously increased, the race profiles became 

physiologically more irregular and technically more demanding 
with regard to the athletes' requirements [1, 6]. Today, training in 
mountain biking is focused on performance-based training levels 
and modified high-intensity training zones to address short- and 
medium-term high-load events, especially in XCO racing [6, 7].

These physiological requirements should be reflected in perfor-
mance tests to improve the training prescription and to evaluate 
the effectiveness of the training, especially in competitive athletes 
[8, 9]. Laboratory tests should assess a cyclist’s maximum capacity 
to produce power over durations that are typically encountered 
during races. Consequently, findings of specific laboratory tests can 
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Abstr act

Mountain bike cross-country Olympic has an intermittent per-
formance profile, underlining the importance of short-term but 
high cycling power output. Previous findings indicate that pow-
er output during sprint tests differs between laboratory and 
field-based conditions and that cycling cadence rises with in-
creasing workload. The aim was therefore to examine power 
output and cadence in short-term efforts under laboratory and 
field conditions. Twenty-three competitive athletes (17.9 ± 3.7 
years) performed a laboratory power profile test and a simulated 
race within one week. Power output and cadence during the 
power profile test were compared to corresponding short-term 
efforts during the race over durations of 10–300s (TT10–300). Dif-
ferences were TT10 + 8 %, TT30 + 7 %, TT60–15 % and TT300–12 % 
for power output and + 10 %, + 8 %, + 19 %, + 21 % for cadence 
respectively. Compared to the race, we found higher power 
output during the power profile test for the shorter efforts but 
lower for TT60 and TT300. Confirming previous results, cadence 
was higher during the power profile test compared to the re-
spective intervals of the race and increased with increasing 
workload or shorter time trial duration. Future research should 
take into account that compared to the field, a higher cadence 
is used in laboratory settings to produce similar power output.
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be directly compared to the cyclists’ performance during compe-
tition. However, laboratory conditions are standardised. In con-
trast, competitions can take place in a variety of environmental and 
tactical conditions, and during the competition it is not always re-
quired that a given cyclist provides maximal efforts across the range 
of durations assessed in the laboratory test. Thus, the power pro-
duced during laboratory tests may differ from those produced in 
competition. This may have led to studies using sprints or time-
trails in field-based conditions instead of real competitions when 
comparing cyclists’ performance with data achieved during labo-
ratory tests. Some earlier studies have concluded that, at least for 
longer time trails (lasting more than 20 min), the average power 
produced during laboratory tests is not different to the cycling 
power output (PO) produced during real cycling time trials in the 
field, and is therefore a valid predictor [10–12]. However, some re-
cent studies investigating the difference in cycling performance 
during sprint tests under laboratory and field-based conditions led 
to inconsistent results. Quod et al. [13] compared laboratory PO 
and cycling cadence (CAD) data with road race data of ten male cy-
clists and found no maximum mean PO differences for durations of 
60–600 s. In contrast, the authors reported normalized differences 
of 3–9 % for 5, 15, and 30 s duration sprints. Although PO achieved 
in the lab and field were at least similar in this study, the self-select-
ed CAD to produce these efforts was remarkably higher in the lab 
(7–27 rpm). Gardner et al. [14] reported neither PO nor CAD dif-
ferences during laboratory 6 s “all-out” sprints and 65 m sprints in 
seven elite track cyclists, and therefore concluded that velodrome 
performance can be accurately modelled using laboratory-based 
data. Bertucci et al. [15] reported both higher ( + 6 %, standing po-
sition) and lower (–4 %, seated) PO records during field compared 
to stationary ergometer sprinting. Their results indicate that later-
ally oscillating the bike can improve performance during short 
sprint tests in a standing position because in this position a higher 
perpendicular force can be applied to the crank and thus a higher 
propulsive force is generated.

Whether cycling in the laboratory, under field conditions, or in 
competition, the highest PO is reached with optimal values of force 
and pedalling cadence [16–19]. In order to achieve a certain PO, 
the athlete can choose either a high CAD and transfer a low force 
to the pedals, or vice versa. For many decades, researchers have 
been trying to find the optimal CAD in cycling. Most of them exam-
ined the effect of CAD on the economy, but other measures are also 
taken. The term "optimal cadence" has quite different meanings 
depending on whether it refers to the most economical, maximum 
power producing, less tiring, or most comfortable CAD [16, 17, 20]. 
Several factors, including age, PO, and gradient, have been shown 
to affect the choice of CAD in cycling to some extent [21]. It is long 
known that there is an optimal contraction rate for muscle contrac-
tions [22]. Whether this leads to a given “optimal cadence” at var-
ious workloads during cycling is not obvious because the efficiency 
of the entire muscle could change with different force-speed ratios 
[23].

A number of studies that examined the relationship between 
CAD and performance or cycling economy suggest that the most 
economical CAD in cycling rises with increasing workload 
[18, 20, 21, 23–26]. However, they refer almost exclusively to low, 
moderate, or submaximal cycling intensities, and performance 

does not only depend on cycling economy but also in a large part 
on the maximum energy turnover rate. Therefore, the most eco-
nomical CAD is not necessarily the optimal one, especially for short-
term intervals as they frequently occur at XCO. Summarizing the 
findings through today, it can be assumed that a higher CAD (100–
120 rpm) improves sprint cycling performance, because muscle 
force and neuromuscular fatigue are reduced and PO is maximised 
[16], whereas the most economical CAD for submaximal workloads 
seems to be much lower (~80 rpm) and rises with increasing work-
load. To the best of our knowledge, there are no comparable stud-
ies at XCO competitions.

Based on the aforementioned findings, the present study aimed 
to compare PO and CAD during short-term time trials (TT; 10–
300 s) under laboratory and field conditions. In addition, we aimed 
to describe the relationship between PO and CAD when cycling at 
higher intensities. We hypothesised that i) PO during laboratory 
and field conditions is not significantly different, ii) CAD is higher 
in the laboratory setting, and iii) CAD increases with increasing 
workload in both laboratory and field conditions.

Materials and Methods

Participants
The study meets the ethical standards required [27]. Ethical ap-
proval was received from the local ethics committee number 
472/2016BO1 and the study was registered in the national data-
base number PR020160800134. Suitable participants were recruit-
ed via trainers, clubs, and personal contacts within the MTB com-
munity. Following a telephone screening, 30 XCO athletes were in-
vited to an initial visit ▶Fig. 1S. All participants signed an informed 
consent and were examined for medical contraindications to exer-
cise by a medical doctor.

Procedures
Following the medical examination and anthropometric measures, 
all athletes performed a mountain bike-specific performance test 
(MTB-PT, ▶Fig. 1), similar to the one elaborated by Ahrend et al. 
[28] and recently examined in XCO athletes [9]. The authors report-
ed that the MTB-PT explained 57 % (TT10), 72 % (TT30), 70 % (TT60), 
and 74 % (TT300) of the variance in PO during an XCO race [9].

Within one week, this laboratory test was followed by a simu-
lated XCO race (Race). The athletes were advised to avoid strenu-
ous physical activity, alcohol, and other drugs for at least 24 h prior 
to the MTB-PT and the Race and to follow their usual preparation 
for competitions.

Power Profile Test (PPT)
On a Cyclus2 ergometer (RBM elektronik-automation, Leipzig, Ger-
many) a standard MTB frame was adjusted to the specific demands 
of the athlete (seat post, stem slope, handlebar, and pedal kit). Ad-
ditionally, the MTB frame was equipped with an SRM training sys-
tem which consists of a power meter (instrumented crank) and a 
power control (PC8; data logger and on-board data display; 
Schoberer Rad Messtechnik, Welldorf, Germany). Because of its 
high validity, reliability and sensitivity, the SRM is considered the 
gold standard in mobile power meters [29, 30]. PO, CAD, and heart 
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rate of the athletes were continuously recorded by the PC8 via 
ANT + at 1 Hz. With the Cyclus2 ergometer's elastic suspension, lat-
eral oscillations are possible, so the laboratory test feels more like 
riding in a real MTB.

After a graded exercise test (GXT), which started at 80 watts and 
was increased by 40 watts every 3 min until subjective exhaustion, 
athletes continued pedalling for 7 min (recovery period) and then 
proceeded with the Power Profile Test (PPT) that comprised: i) a 10-s 
all-out sprint (TT10); ii) a 3-min recovery period followed by a 30-s 
all-out sprint (TT30); iii) a 5-min recovery period followed by a 60-s 
maximal effort (TT60); iv) a 7-min recovery period followed by a 
300-s maximal effort (TT300); and v) a final 5-min recovery period. 
During recovery periods, athletes were asked to pedal at a power 
output of 1.2 W * kg − 1 body mass (▶Fig. 1). The PPT was run in the 
simulation mode of the Cyclus2 ergometer. Thus the athletes were 
able to do it with their own CAD and in a seated or standing posi-
tion. The gear ratio could be selected individually by electronically 
simulated shifting. In order to ensure that the athletes exerted 
themselves to the maximum, the testing instructor motivated 
them verbally as much as possible. The highest mean PO (includ-
ing the zero values) for all time sections (10, 30, 60 and 300 s) and 
the corresponding CAD were automatically calculated by the train-
ing software GoldenCheetah (www.goldencheetah.org; version 
3.4). The level of recovery was not controlled, because a defined or 
even complete regeneration was neither necessary nor desirable.

Simulated XCO race (Race)
The Race was arranged specifically for the participants during the 
off-season on a slightly modified official XCO racetrack of the Union 
Cycliste Internationale (UCI) in (Albstadt, Germany). The modified 
lap with a 130 m ascent and about 2100 m length started at 750 m 
above sea level. The track was almost dry, there was neither rain 
nor any relevant wind, and the average air temperature was about 
14 °C.

To account for age and gender differences in the given sample, 
races were performed separately for (a) female athletes and under-

17 male athletes with 4 laps, and (b) male athletes over 17 years 
with 6 laps (▶ Table 1). This resulted in mean race duration of 
43.8 min (37.7–55.7 min) for race (a) and 54.8 min (50.3–60.5 min) 
for race (b), respectively, which is approximately the recommend-
ed national race duration for juniors (50–70 min).

For each race, the athletes were positioned in two starting rows 
by the coaches according to their previous racing performance in 
order to avoid disadvantages due to the starting position and also 
encouraged to finish the race as fast as possible. In order to achieve 
the best possible comparability between laboratory and field meas-
urements, the original cranks of the athletes' bikes were replaced 
by SRM training systems that continuously recorded PO, CAD, heart 
rate, and location/altitude. Additionally, the lap times were record-
ed manually with a stopwatch. As well as in the PPT, during the Race 
the highest mean PO (including the zero values) for all time sec-
tions (10, 30, 60, and 300 s) and the corresponding CAD were au-
tomatically calculated by the training software GoldenCheetah 
(www.goldencheetah.org; version 3.4).

Immediately after the races, athletes were asked for possible in-
terruptions of the race, such as falls or technical problems. Athletes 
with serious technical problems or severe health complaints dur-
ing the races were excluded (n = 1).

Statistical analysis
Data were analysed with IBM SPSS Statistics version 25.0 (IBM 
Corp., Armonk, NY, USA). The distribution of data was checked 
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▶Table 1	 Classification of XCO athletes (mean ± SD; n = 22).

U17 
[n]

U19, U23, 
Elite [n]

Race a) -  
4 laps [n]

Race b) -  
6 laps [n]

Age 
[years]

Female 2 4 6 0 16.8 ± 1.8

Male 6 10 6 10 18.3 ± 4.1

Total 8 14 12 10 17.9 ± 3.7

U17/U19/U23: denotes athletes under 17/19/23 years of age.
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using a Shapiro-Wilk test (p > 0.05) and a visual inspection of their 
histograms, normal Q-Q plots and box plots [31]. Descriptive re-
sults are presented as mean ± standard deviation (SD). The PO and 
CAD data of PPT and Race were compared with paired sample 
t-tests. The level of significance was set at α = 0.05 (two-sided). 
Pearson’s correlation coefficient was used to correlate data of PTT 
and Race as well as PO and CAD. The coefficient was interpreted 
using a categorization proposed by Hinkle et al. [32]: 0.9–1.0 very 
high; 0.7–0.9 high; 0.5–0.7 moderate; 0.3–0.5 low; 0.0–0.3 neg-
ligible correlation. Mean differences between PTT and Race and the 
corresponding 95 % limits of agreement (LoA) were calculated as 
mean ± 1.96 * SD [33]. Additionally, the differences of PPT minus 
Race for each PO and CAD, respectively, were divided by their mean 
to make them comparable (normalized difference).

Results
After the initial medical examination, 23 athletes who started in 
the current season in the national junior classes or the elite class 
were included in the study. Due to a technical defect, one athlete 
could not finish the XCO race ▶Fig. 1S. Thus, in the end, 22 data-
sets were analysed (▶Table 1).

Cycling power output and cadence data during the PPT and Race 
are summarized in ▶Table 2 for these 22 athletes. Differences in 
PO data were normally distributed except for TT30 (TT10 =0.27, 
TT30 = 0.03, TT60 = 0.77, TT300 =0.91). With regard to the CAD data, 
all differences were normally distributed (TT10 =0.13, TT30 = 0.74, 
TT60 = 0.97, TT300 =0.51). Normalized differences of PO between 
the PPT and the Race are additionally presented in ▶Fig. 2 for each 
of the assessed test durations, but CAD data is not shown in graphs.

Correlations of PO and CAD in total (aggregated data) were 
roughly moderate (r = 0.45; p < 0.01) for the PPT as well as for the 
Race (r = 0.67; p < 0.01) and are shown in ▶Fig. 3. The separately 
calculated correlations of PO and CAD for each of the TT were neg-
ligible (r < 0.00 to 0.27; p > 0.05). A low but statistically significant 
correlation (r = 0.42) of PO and CAD resulted only for TT300 during 
the race.

Discussion
In this study we compared cycling power output as well as cycling 
cadence during short-term time trials under laboratory and field 
conditions. Furthermore, the relationship between PO and CAD 
when cycling at these high intensities was examined.

We partially rejected the hypothesis that PO in laboratory con-
ditions (PPT) and during an XCO race is not significantly different 
because we found higher PO during the PPT for the shorter efforts 
(TT10 and TT30) but lower PO for TT60 and TT300 (▶Table 2). Some 
differences between laboratory and field data were to be expected 
especially for the short sprints, because for tactical reasons short 
sprints are usually not performed at their maximum in competi-
tions. However due to the tactical nature and requirements of XCO 
racing, it is more likely that a rider will give a maximal effort across 
each of the durations examined in the PPT than would be the case 
for road racing. This should give increased relevance to the com-
parison of maximum efforts in the laboratory with XCO race data 
compared to road racing.

Bertucci et al. [15] reported both higher ( + 6 %, standing posi-
tion) and lower (–4 %, seated) PO records during field-based sprint 
tests compared to stationary ergometer sprinting. Overall, these 
differences were slightly lower than in our measurements. Howev-
er, in the study by Bertucci, measures were not performed in com-
petition but in an isolated sprint test in a gymnasium with actual 
cycling from a static start. The authors attributed this difference in 
part to absent lateral oscillations of the bicycle ergometer and the 
associated reduction in the cyclists’ ability to apply a perpendicu-
lar force to the pedals. They suggest that it would be desirable to 
use an ergometer that allows these lateral oscillations, such as the 
Cyclus2 ergometer used in our study. Interestingly, summarizing 
the feedback of our athletes, it can be stated that more natural cy-
cling was experienced compared to previous testing with other er-
gometers. Unfortunately, we did not determine the extent of lat-
eral oscillations that occurred. Quod et al. [13] compared labora-
tory PO and CAD data with road race data of ten male cyclists. 
Because cyclists competed in multiple races, the highest individu-
al PO for each of the assessed durations was analysed. In contrast 
to our results, the authors reported higher PO (normalized differ-

▶Table 2	 Power Output and Cadence during Power Profile Test and XCO Race (n = 22).

PPT Race LoA LoA norm.n r Difference

Mean ± SD Mean ± SD Low Up Low Up Abs. CI 
low

CI up Norm.n

PO TT10 [W] 855 ± 204 781 ± 157  − 171 319  − 20 37 0.79 *  74 *  18 129 8 %

PO TT30 [W] 588 ± 129 549 ± 119  − 110 187  − 17 31 0.82 *  39 *  5 72 7 %

PO TT60 [W] 397 ± 90 460 ± 107  − 179 53  − 41 12 0.83 *   − 63 *   − 89  − 37  − 15 %

PO TT300 [W] 261 ± 55 293 ± 54  − 86 20  − 32 7 0.88 *   − 33 *   − 45  − 21  − 12 %

CAD TT10 [rpm] 122 ± 17 111 ± 12  − 17 41  − 14 34 0.55 *  12 *  5 18 10 %

CAD TT30 [rpm] 109 ± 12 100 ± 8  − 14 32  − 13 30 0.41 9 *  4 14 8 %

CAD TT60 [rpm] 110 ± 11 91 ± 6  − 3 42  − 2 40 0.26 20 *  15 25 19 %

CAD TT300 [rpm] 103 ± 5 84 ± 5 7 32 7 35 0.22 20 *  17 22 21 %

PPT, Power Profile Test; PO, cycling power output; CAD, cadence/pedalling frequency; TT10–300, time trials lasting 10–300 s (sprint/maximal effort); 
LoA, lower/upper 95 % limits of agreement; n, normalized values (PPT-Race)/((PPT + Race)/2) [ %]; r, Pearson correlation coefficient;  *  = p < 0.05; Abs., 
referring absolute values; CI, lower/upper 95 % confidence interval of the difference.
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ences of 3–9 %) during races for the short sprints (5–30 s) but found 
no PO differences for durations of 60–600 s. These different results 
could be related to both the setting of the laboratory PPT and the 
type of competition (simulated XCO vs. multiple road races). The 
PPT in our study was designed to quantify cycling performance dur-
ing XCO typical load periods of 10–300 s [4, 5, 7]. Especially during 
very high intensity and maximal efforts (as demanded by the PPT), 
exercise capacity may also be limited by the amount of energy ob-
tained from the anaerobic energy storage [34]. The GXT ahead of 
the PPT in our study could have affected the PO during the maxi-
mal efforts because athletes could not completely recuperate dur-
ing the recovery periods, even though a substantial recovery in 
muscle function occurs within the first minutes after exercise ter-
mination [35]. By reason of increasing fatigue over time, the PO 
values of the sprints and maximal efforts are expected to be small-
er than those seen without preloading. Despite all this, the PO val-
ues for TT10 and TT30 were higher during the PPT, although the 
highest PO over these time periods typically occurs at the start of 
the race and is predominated by anaerobic capacity. This indicates 
that it is possible to use the laboratory PPT to determine athletes’ 
power-producing capacities during XCO races. The series of load 
peaks during the PPT in the absence of complete regeneration cor-

responds to the requirements in XCO races but might be influenced 
by familiarisation and experience with the testing procedure. This 
test protocol in its entirety was validated with a good predictive 
power of the race performance in XCM [28] and XCO [9]. The au-
thors reported that it explained 57 % (TT10), 72 % (TT30), 70 % (TT60), 
and 74 % (TT300) of the variance in PO during a XCO race [9].

As hypothesised, the self-selected CAD during the time trials 
differed remarkably and were statistically significant between the 
PPT and the Race (▶Table 2). Quod et al. [13] reported consider-
ably higher CAD (7–27 rpm) during laboratory measurements com-
pared to actual cycling for similar time durations and PO values. 
Therefore they suggested that performing the laboratory test isoki-
netically and limiting the CAD to 95–100 rpm could be an alterna-
tive. However, due to the huge variation in self-selected CAD be-
tween athletes, a fixed CAD does not seem to be a better-suited 
test method in our opinion. As well as Nimmerichter and Williams 
[36], Bertucci et al. [15] also found higher CAD during ergometer 
tests compared to sprint tests at actual cycling locomotion, con-
firming the overall state of research. During prolonged cycling, a 
decrease in the self-selected CAD associated with neuromuscular 
fatigue has previously been reported [19, 37, 38]. Even if the race 
duration in XCO is significantly shorter than in road races, this could 
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play a role regarding the self-selected CAD. The partly remarkable 
lower CAD during the respective TT (Race) in our study could be 
due not only to economic aspects but also to the available gear 
ratio which is sometimes limited for (former) XCO typical 1x driv-
etrains. These and other external factors such as technical require-
ments or weather and track conditions remain as a difference be-
tween a real race and laboratory ergometer tests.

Most of the previous studies investigated the relationship be-
tween CAD and PO with distinctly lower PO values [18, 21, 23–26] 
than measured during short high-intensity intervals at cycling com-
petitions [13–15]. Thus, the best (e. g. maximum power-produc-
ing) CAD cannot be reliably predicted for power outputs of more 
than 400 W [23]. The reported phenomenon that the most eco-
nomical CAD increases with increasing workload could partly ex-
plain the fact that trained cyclists tend to adopt a higher CAD than 
untrained individuals [20]. Experienced cyclists may select higher 
CAD to minimize local muscle stress [16], even if the metabolic cost 
is actually higher. As hypothesised, our results showed an increase 
of CAD with increasing workload – or decreasing time duration – 
for both the PPT (103–122 rpm) and the Race (84–111 rpm). The 
aggregated data (▶Fig. 3) showed moderate and statistically sig-
nificant correlations of PO and CAD during PPT (r = 0.45) and Race 
(r = 0.67). For similar time durations and PO values, Quod et al. [13] 
reported an increase of CAD with an increasing workload of 102–
119 during their laboratory PPT and 95–102 rpm during road races. 

Considering the different underlying cycling disciplines with more 
constant conditions for road cycling, these results should be com-
parable. The variable gradients and technical requirements during 
an XCO race may have a much greater impact on the self-selected 
CAD than has been reported in road races [39, 40]. The high self-
selected CAD, especially under laboratory conditions, confirms the 
assumption that a higher PO also requires higher CAD. An athlete’s 
individual CAD, however, differs considerably in some cases.

In this study, heart rate was not examined as exercise training is 
inspired by power-based training levels and high-intensity training 
zones to account for the short- and medium-term high-load events, 
such as XCO competitions. Therefore it is inappropriate to control 
the intensity of such short intervals (10–300s) using heart rate, es-
pecially under different environmental conditions if the possibility 
of power-controlled training exists.

In conclusion, the variability of PO and the confounding influ-
ence of tactics and external conditions during XCO races limit the 
explanatory power of comparisons between PO data collected from 
laboratory tests and XCO races. Nevertheless, the results (r = 0.79 
to 0.88) of this study indicate that it is possible to use the labora-
tory PPT to determine athletes’ power-producing capacities dur-
ing XCO races. However, the comparability of PO data from labo-
ratory and field-based tests will always depend on the test method 
used. This must be taken into account when comparing results 
based on different study designs.
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The findings confirm the past research regarding the increase of 
CAD with increasing workload. However, it must be assumed that 
the "optimal cadence" in terms of maximum PO for such short 
sprints and maximal efforts lasting 10–300 s is higher than that re-
ported in most previous studies. In future investigations and for 
training purposes, it should be taken into account that compared 
to the field, a higher CAD is likely to be used in laboratory settings 
to produce similar power outputs.
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