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Abstract This study tested the effects of low-cadence

(60 rev min-1) uphill (Int60) or high-cadence (100 rev min-1)

level-ground (Int100) interval training on power output

(PO) during 20-min uphill (TTup) and flat (TTflat) time-

trials. Eighteen male cyclists ( _VO2 max: 58.6 ± 5.4 mL

min-1 kg-1) were randomly assigned to Int60, Int100 or a

control group (Con). The interval training comprised two

training sessions per week over 4 weeks, which consisted

of six bouts of 5 min at the PO corresponding to the

respiratory compensation point (RCP). For the control

group, no interval training was conducted. A two-factor

ANOVA revealed significant increases on performance

measures obtained from a laboratory-graded exercise test

(GXT) (Pmax: 2.8 ± 3.0%; p \ 0.01; PO and _VO2 at RCP:

3.6 ± 6.3% and 4.7 ± 8.2%, respectively; p \ 0.05; and
_VO2 at ventilatory threshold: 4.9 ± 5.6%; p \ 0.01), with

no significant group effects. Significant interactions

between group and uphill and flat time-trial, pre- versus

post-training on PO were observed (p \ 0.05). Int60

increased PO during both TTup (4.4 ± 5.3%) and TTflat

(1.5 ± 4.5%). The changes were -1.3 ± 3.6, 2.6 ± 6.0%

for Int100 and 4.0 ± 4.6%, -3.5 ± 5.4% for Con during

TTup and TTflat, respectively. PO was significantly higher

during TTup than TTflat (4.4 ± 6.0; 6.3 ± 5.6%; pre and

post-training, respectively; p \ 0.001). These findings

suggest that higher forces during the low-cadence intervals

are potentially beneficial to improve performance. In con-

trast to the GXT, the time-trials are ecologically valid to

detect specific performance adaptations.

Keywords Ecological validity � Training adaptation �
Field test � Outdoor cycling � Cadence � SRM

Introduction

The term ‘interval training’ can be characterized as per-

forming repeated bouts of exercise interspersed with

recovery periods within a training session. This definition

implies that several variables can be modified to describe

such training sessions. The modification of number, dura-

tion and intensity of the exercise bout, as well as for the

recovery phase, affect the impact of the training. The

numerous variations of interval-training modalities have

been reviewed by Billat (2001).

During cycling, the crank inertial load depends on the

moment of inertia of the flywheel or the rear wheel. It has

been shown that at the same power output and cadence,

crank inertial load is higher during level ground than dur-

ing uphill cycling because crank inertia increases as a

quadratic function of the gear ratio (Fregly et al. 2000). In

addition, an increase in crank inertia is accompanied by an

increase in peak crank torque and therefore it was sug-

gested that cyclists prefer higher cadences during level-

ground cycling to reduce peak crank torque (Hansen et al.
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2002). This finding was supported by Lucia et al. (2001)

who reported a significantly lower mean cadence during

high mountain passes (71.0 ± 1.4 rev min-1) than during

flat mass start stages (89.3 ± 1.0 rev min-1) and time-

trials (92.4 ± 1.3 rev min-1) in professional cyclists.

During cycling training the pedaling speed or cadence

can be manipulated to alter the muscle force applied to the

cranks. To change the gear ratio is a unique opportunity for

cyclists to influence the force–velocity relationship of the

muscular contraction. Depending on the range of the

gearshift, a variety of forces and velocities are applicable at

constant power output. For example to produce a power

output of 300 W with cadences of 60 and 100 rev min-1

requires forces of 281 and 169 N, respectively. In a pre-

vious study (Paton et al. 2009) performance improvements

in maximum power output (Pmax), _VO2 max and power

output at 4 mmol L-1 blood lactate were significantly

higher for the low-cadence group (60–70 rev min-1) in

comparison to the high-cadence group (110–120 rev

min-1) (6–11 vs. 2–3%), which was attributed to a higher

testosterone concentration in response to higher pedal

forces in the low-cadence group. Therefore, a training

stimulus with the same power output, but different

cadences might result in specific adaptations.

The scientific literature offers a variety of studies

investigating performance changes (Stepto et al. 1999;

Burgomaster et al. 2006; Westgarth-Taylor et al. 1997),

metabolic adaptations (Aughey et al. 2007; Burgomaster

et al. 2005, 2008) and skeletal muscle adaptations (Gibala

et al. 2006) in response to interval training. The vast

majority of interval-training studies are conducted on

ergometers to control external variables and exercise

intensity. However, the differences between laboratory and

outdoor cycling have been discussed recently (Jobson et al.

2008a, b) suggesting that the position on the bike, rolling

resistance, road gradient, lateral bike movement and fly-

wheel inertia induce different physiological demands dur-

ing laboratory and outdoor cycling. With the use of mobile

power meters, exercise intensity can be monitored in the

field and therefore can be studied during actual cycling

conditions, which improves the ecological validity of the

measurements.

Therefore, the purpose of this study was to investigate

the effect of a period of interval training applied over

4 weeks during uphill and level-ground cycling at the same

relative exercise intensity, but different cadences, on power

output during a 20-min uphill and flat time-trial. In addi-

tion, the effects on performance measures obtained during

laboratory incremental exercise tests were investigated.

Following the principle of specificity of training, it was

expected that an interval training performed on uphill or

flat roads would specifically increase the performance

capacity during uphill and flat time-trials. According to the

results of Paton et al. (2009) it was hypothesized that

performance improvements during the incremental graded

exercise tests would be greater for the uphill-training

group. Finally, we addressed the question raised in a pre-

vious study (Nimmerichter et al. 2010), with regard to

whether or not a difference in power output exists between

uphill and flat time-trial cycling.

Methods

Participants

Eighteen trained cyclists (Table 1) were randomly assigned

to one of three groups. Group 1 performed uphill interval

training with a cadence of 60 rev min-1 (Int60), group 2

performed level-ground interval training with a cadence of

100 rev min-1 (Int100). Group 3 (Con) continued their

steady training but no interval training was permitted

throughout the 4 weeks. One participant of the control

group became injured and therefore his data from the pre-

tests were excluded from further analyzes. The participants

had a training history of at least 5 years and trained for

11.8 ± 2.7 h week-1 in the last 12 weeks prior to the

study. All participants completed a medical examination

prior to the study, were informed of the experimental

procedures and provided written informed consent to par-

ticipate. The study was conducted in accordance with the

ethical principles of the Declaration of Helsinki (Harriss

and Atkinson 2009) and was approved by the institutional

ethics committee.

In a previous study (Nimmerichter et al. 2010), we

investigated the test–retest reliability of power output

during 20-min time-trials. We found an intraclass correla-

tion coefficient of 0.98 (95% CL 0.95–0.99) and a

bias ± random error of—1.8 ± 14 W or 0.6 ± 4.4%. The

smallest worthwhile effect for the present study has been

set to 15 W. At an estimated power output of 280 W for

Table 1 Subjects’ characteristics (mean ± SD)

Group

Int60

(n = 6)

Int100

(n = 6)

Con

(n = 5)

Age (years) 30 ± 6.8 31 ± 6.9 33 ± 5.1

Stature (cm) 179 ± 3.2 177 ± 4.8 182 ± 7.0

Body mass (kg) 70.9 ± 6.4 71.5 ± 5.0 75.4 ± 4.2

_VO2 max

(mL min-1 kg-1)

61.1 ± 5.0 58.8 ± 6.0 55.4 ± 4.3

No significant differences between groups
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the participants in this study, a change of 15 W (5%) would

result in a difference of ±24 s (2%) during a 13-km time-

trial. Based on these assumptions, it was calculated that it

was necessary to have 6 participants in each group to have

a 90% chance of detecting a mean difference of 15 W at an

alpha level of 0.05.

Study design

During the 10 days preceding the start of the intervention,

participants performed an incremental graded exercise test

in the laboratory (GXT) and two 20-min maximal power

time-trials on a flat (TTflat) and uphill (TTup) road. Both

training groups performed two interval-training sessions

per week for 4 weeks, whereas no interval training was

conducted for the control group. Between the 7th and the

12th day following the last training session, the GXT and

the time-trials were repeated. All participants were pro-

vided with a PC spreadsheet to record the time and the

rating of perceived exertion for each training (session RPE

score 6–20) (Foster et al. 2001; Borg 1970) to calculate an

integrated training impulse (TRIMP = session RPE 9

training time) (Foster et al. 2001; Banister and Calvert

1980).

Laboratory test

The incremental graded exercise test was performed on an

electromagnetically braked ergometer (Lode Excalibur,

Groningen, The Netherlands) to assess maximal measures

of oxygen uptake ( _VO2 max), power output (Pmax), heart

rate (HRmax) and blood lactate concentration (BLmax). In

addition, sub-maximal measures of ventilatory threshold

(VT) and respiratory compensation point (RCP) were

determined to set the individual exercise intensity for the

interval training. After a 5 min warm up at 50 W the work

rate was increased by 25 W min-1 until exhaustion. If the

last work rate was not completed, maximal power was

calculated according to the method of Kuipers et al.

(1985): Pmax = PL ? (t/60 9 PI), where PL is the last

completed work rate (W), t is the time for the incomplete

work rate (s) and PI the incremental work rate (W). Gas

exchange data were collected continuously throughout the

test via breath-by-breath open circuit spirometry (Master

Screen CPX, VIASYS Healthcare, Hoechberg, Germany).

Before each test, flow and volume were calibrated with the

integrated system according to the manufacturer. Maximal

oxygen uptake ( _VO2 max) was recorded as the highest _VO2

value obtained for any continuous 30 s period during the

test. At least two of the following criteria were required for

the attainment of _VO2 max: a plateau in _VO2 despite an

increase in work rate (Taylor et al. 1955; Howley et al.

1995), a respiratory exchange ratio above 1.10 (Duncan

et al. 1997), a heart rate within ±10 b min-1 of age-pre-

dicted maximum (220 - 0.7 9 age) (Gellish et al. 2007).

Ventilatory threshold was determined using the criteria of

an increase of the ventilatory equivalent of O2 ( _VE/ _VO2)

without a concomitant increase of the ventilatory equiva-

lent of CO2 ( _VE/ _VCO2), the first loss of linearity in pul-

monary ventilation ( _VE) and carbon dioxide ventilation

( _VCO2) (Beaver et al. 1986). RCP was determined using

the criteria of an increase in both _VE/ _VO2 and _VE/ _VCO2

and the second loss of linearity in _VE and in _VCO2

(Wasserman et al. 1999). Two observers determined VT

and RCP. In case of disagreement, a third investigator was

consulted.

To determine BLmax a 20 ll capillary blood sample was

obtained from the hyperemic ear lobe 1 min post-exercise

and diluted immediately in 1,000 ll glucose system solu-

tion. Blood lactate concentration (mmol L-1) was mea-

sured using an automated lactate analyzer (Biosen S-line,

EKF Diagnostic, Barleben, Germany). Heart rate was

monitored continuously throughout the test with a 12-lead

electrocardiograph (Cardiovit AT 104 PC, Schiller, Baar,

Switzerland).

Time-trials

Two 20-min maximal power time-trials were performed on

a flat (TTflat) and uphill (TTup) road. The route profiles for

the time-trials are shown in Fig. 1. The uphill course had a

length of 7 km, the altitude at the top was 1,000 m and the

average gradient was 8.5%. Since that specific course has

been used for cycling competitions before and the

ascending time achieved by a world-class cyclist was

19 min, it was assumed that none of the participants in this

study would complete the course faster than the required

20 min. The time-trials were separated by at least 1 h. The

order of the first time-trial (i.e. uphill or flat) was ran-

domized and counter-balanced within the groups during the

pre-tests and reversed at the post-tests. A 30-min stan-

dardized warm-up procedure preceded the time-trials. After

15 min at 40–60% of RCP power output, three 1-min

efforts at RCP power output separated by 2 min and fol-

lowed by another 6 min at 40–60% RCP, where performed.

After the first time-trial, the athletes cycled for 15 min at a

self-selected low intensity before they rested for

30–40 min. A warm up of 15 min at 40–60% of RCP

power output preceded the second time-trial.

Power output, heart rate, cadence, and speed were

recorded at 1 Hz throughout the time-trials using SRM

professional power cranks (Schoberer Rad-Messtechnik,

Jülich, Germany). A static calibration procedure was

applied on all devices prior to the study according to the
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methods of Wooles et al. (2005). Before each trial, the zero

offset frequency was adjusted by the investigator according

to the manufacturer’s instructions. The only information

the cyclists received during the time-trials was elapsed

time. One minute after completion of each time-trial, a

blood sample was obtained from the ear lobe for the

determination of blood lactate concentration.

Interval training

The participants in the training groups substituted two

training sessions per week, which usually contained 2–4 h

steady rides, with interval training. For 4 weeks, both

training groups performed 6 9 5 min intervals at an

intensity corresponding to RCP power, interspersed with

5 min at 30–50% of RCP power. It has been shown that

four to eight repetitions of aerobic intervals between 4 and

5 min at 80–85% Pmax performed over 3–6 weeks is an

appropriate stimulus to improve _VO2 max, Pmax and time-

trial performance in trained cyclists (Lindsay et al. 1996;

Stepto et al. 1999; Westgarth-Taylor et al. 1997). The rest

period of 5 min was selected to allow the riders to return to

the start.

The same warm up procedure as described for the time-

trials was used before the training sessions. According to

the group, Int60 performed intervals on an uphill road with

an average gradient of 7% (Fig. 1) and with a cadence of

60 rev min-1, whereas participants in the Int100 group

accomplished their training on a flat road with a cadence of

100 rev min-1. All training sessions were recorded with

SRM power cranks as described above. During the 1st, 4th,

and 8th training sessions, blood samples were taken after

each bout for the determination of blood lactate

concentration.

Statistical analyzes

Statistical analyzes were performed with the statistical

software package PASW Statistics 18 for Mac OS X (SPSS

Inc., Chicago, IL). Descriptive data are shown as

mean ± standard deviation (SD) and 95% confidence

limits (CL). After the assumption of normality was verified

using Kolmogorov–Smirnov’s test and Liliefors probabil-

ity, a three-factor mixed ANOVA was used to analyze

power output, cadence, heart rate and blood lactate con-

centration during the time-trials [Group (Int60 vs. Int100 vs.

Con) 9 time (pre vs. post) 9 route (TTup vs. TTflat)] and

to analyze heart rates and blood lactate concentrations

measured during the training [Group (Int60 vs. Int100) 9

training (1st vs. 4th vs. 8th) 9 interval (1–6)]. Results from

the incremental graded exercise test before and after the

intervention, as well as the weekly training time before and

during the intervention, were compared with a two-factor

mixed ANOVA [Group (Int60 vs. Int100 vs. Con) 9 time

(pre vs. post)]. Differences between the groups for TRIMP

and RPE scores were assessed with a one-way ANOVA.

Significant interactions and main effects were identified

with a Tukey’s HSD post hoc test. Effect sizes are reported
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Fig. 1 Profiles for the uphill

(a) and flat (b) time-trial and

uphill (c) and flat (d) training

routes. Numbers for the average

gradient of every 500 and

200 m section are shown for the

uphill time-trial and training

route, respectively
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as partial Eta-squared (gP
2) and considered as small (0.01),

moderate (0.1) and large (0.25) effects (Cohen 1988).

Relationships between variables were examined with

Pearson’s product moment correlations. For all statistical

analyses, the level of significance was set at p \ 0.05.

Results

Training records

There was no significant difference in training time

between the three groups (F2,14 = 2.1; p = 0.15; gP
2 =

0.23; Con: 10.4 ± 2.7 h week-1; 7.1–13.8; Int100: 13.3 ±

2.0 h week-1; 11.2–15.4; Int60: 12.8 ± 2.8 h week-1;

9.8–15.7). There was a small (0.5 ± 0.4 h week-1; 0.15–

0.86) but significant (F1,14 = 9.1; p \ 0.01; gP
2 = 0.39)

increase in training time during the intervention in com-

parison to the 12 weeks before the study with no significant

group effects (F2,14 = 1.4; p = 0.28; gP
2 = 0.17). The

mean session RPE scores were significantly higher

(F2,14 = 10.1; p \ 0.01; gP
2 = 0.59) for Int100 (13.7 ± 0.6;

13.0–14.3) and Int60 (13.7 ± 0.7; 13.1–14.4) than for Con

(11.9 ± 1.0; 10.7–13.1). In addition the TRIMP scores

were significantly higher (F2,14 = 6.9; p \ 0.01; gP
2 = 0.5)

for Int100 (42,812 ± 6,409; 36,086–49,537) and Int60

(40,666 ± 7,370; 32,932–48,399) compared to Con

(28,119 ± 7,126; 19,271–36,968).

Incremental graded exercise test

The results of the incremental exercise tests are presented

in Table 2. A significant main effect of time was observed

for Pmax (F1,14 = 14.5; p \ 0.01; gP
2 = 0.51), power output

(F1,14 = 4.8; p \ 0.05; gP
2 = 0.26) and oxygen uptake

(F1,14 = 5.3; p \ 0.05; gP
2 = 0.27) at RCP and for oxygen

uptake at VT (F1,14 = 14.1; p \ 0.01; gP
2 = 0.5). After the

training Pmax, power output and _VO2 at RCP and _VO2 at

VT increased by 2.8 ± 3.0% (1.2–4.4), 3.6 ± 6.3% (0.3–

6.8), 4.7 ± 8.2% (0.5–8.9) and 4.9 ± 5.6% (2.2–7.8),

respectively. No significant interactions of group x time

(p = 0.48–0.77; gP
2 = 0.1–0.04) were observed.

Time-trials

A significant main effect of the route was found on power

output (F1,14 = 25.3; p \ 0.001; gP
2 = 0.64), cadence

Table 2 Results from the GXT

before and after the training

intervention (mean ± SD)

P power output, _VO2 oxygen

uptake, RCP respiratory

compensation point, VT
ventilatory threshold, CL
confidence limit

* p \ 0.05; main effect of time

(post [ pre)

Measure Group

Int60 Int100 Con

Pmax (W)*

95% CL

Pre 392 ± 21 391 ± 57 394 ± 31

370–414 331–451 355–433

Post 400 ± 16 402 ± 61 408 ± 34

383–418 338–466 365–450

_VO2 max (mL min-1 kg-1)

95% CL

Pre 61.1 ± 5.0 58.8 ± 6.0 55.4 ± 4.3

55.9–66.4 52.5–65.1 50.1–60.7

Post 60.8 ± 3.3 60.1 ± 7.7 57.2 ± 5.2

57.3–64.3 52.0–68.1 50.7–63.7

RCP (W)*

95% CL

Pre 297 ± 11 304 ± 55 298 ± 36

286–308 246–361 253–342

Post 311 ± 21 316 ± 59 301 ± 37

289–333 255–378 256–347

RCP (mL min-1 kg-1)*

95% CL

Pre 50.4 ± 4.8 48.6 ± 6.3 45.2 ± 5.2

45.3–55.4 41.9–55.2 38.7–51.7

Post 51.5 ± 5.0 51.6 ± 6.6 47.2 ± 3.7

46.3–56.8 44.7–58.5 42.6–51.8

VT (W)

95% CL

Pre 190 ± 21 199 ± 38 187 ± 21

168–212 160–239 160–213

Post 198 ± 11 200 ± 36 187 ± 26

186–209 162–238 155–219

VT (mL min-1 kg-1)*

95% CL

Pre 35.7 ± 3.1 35.3 ± 5.2 30.7 ± 3.8

32.5–38.9 29.9–40.8 26.1–35.4

Post 37.4 ± 3.6 36.4 ± 4.5 32.9 ± 3.8

33.6–41.2 31.7–41.0 28.1–37.6
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(F1,14 = 651.5; p \ 0.001; gP
2 = 0.98), heart rate

(F1,14 = 57.1; p \ 0.001; gP
2 = 0.8) and blood lactate

concentration (F1,14 = 17.5; p \ 0.001; gP
2 = 0.56). Power

output was significantly higher during uphill time-trials,

which was accompanied by significantly higher heart rates

and blood lactate concentrations (Table 3). ANOVA

revealed a significant main effect of time on heart rate

(F1,14 = 8.5; p \ 0.05; gP
2 = 0.38) (post \ pre). There

were no significant main effects for group (p = 0.39–0.88;

gP
2 = 0.13–0.02).

Significant time 9 route 9 group interactions on power

output were observed (F2,14 = 6.2; p \ 0.05; gP
2 = 0.47).

These indicate that both interval-training groups increased

power output after the training during TTflat (Int100:

2.6 ± 6.0%; -3.7–8.9 and Int60: 1.5 ± 4.5%; -3.2–6.2) in

contrast to the control group (-3.5 ± 5.4%; -10.1–3.2).

Power output during TTup was increased after the training

for Int60 (4.4 ± 5.3%; -1.2–9.9) and Con (4.0 ± 4.6%;

-1.7–9.8), but not for Int100 (-1.3 ± 3.6%; -5.1–2.4). All

three groups showed higher power outputs before the

intervention during TTup (Con: 3.4 ± 6.6%; -4.8–11.6,

Int100: 5.4 ± 5.8%; -0.7–11.5 and Int60: 4.4 ± 6.7%;

-2.7–11.4). Post training the difference to TTflat increased

for Int60 (7.2 ± 4.9%; 2.0–12.3). In addition, the control

group increased the difference between the uphill and the

flat time-trial (11.4 ± 4.6%; 5.7–17.1). However, this was

the result of both an increase and decrease in power output

during TTup and TTflat, respectively. Finally, the Int100

group reduced the difference between the uphill and the flat

time-trial (1.3 ± 2.0%; -0.8–3.4). This was attributed to

an increase and decrease in power output during the TTflat

and TTup conditions, respectively. The changes in power

output during the uphill and the flat time-trials are pre-

sented in Fig. 2.

Power outputs during the pre- and post-training uphill

time-trials were strongly correlated with Pmax (r = 0.92

and 0.91; p \ 0.001) and RCP (r = 0.9 and 0.85;

p \ 0.001). In addition, the velocities during the pre- and

post-training uphill time-trials were strongly correlated

with Pmax (r = 0.71 and 0.74; p \ 0.001), _VO2 max

(r = 0.8 and 0.88; p \ 0.001), RCP (r = 0.85 and 0.72;

p \ 0.001 and 0.01) and TTup power output (r = 0.71 and

0.74; p \ 0.01). For the pre- and post-training flat time-

trials, strong correlations between power outputs and Pmax

(r = 0.86 and 0.88; p \ 0.001) and RCP (r = 0.84 and

0.88; p \ 0.001) were observed. The correlations between

velocities and performance measures were non-significant

or moderate for the pre-training time-trials (r = 0.36;

p = 0.14 for Pmax; r = 0.38; p = 0.14 for _VO2 max;

r = 0.53; p \ 0.05 for RCP; and r = 0.52; p \ 0.05 for

TTflat power output). However, post training these corre-

lations were stronger for Pmax (r = 0.76; p \ 0.001),
_VO2 max (r = 0.76; p \ 0.001), RCP (r = 0.82; p \ 0.001)

and TTflat power output (r = 0.79; p = 0.001).

Interval training

As the assumption of sphericity was violated for the factor

interval (Mauchly’s test: v2 (14) = 71.4; p \ 0.001), the

degrees of freedom were adjusted (Greenhouse-Geisser:

e = 0.26). A significant main effect of interval was

Table 3 Power output and physiological measures during the time-trials before and after the training intervention (mean ± SD)

Measure Group

Int60 Int100 Con

TTup TTflat TTup TTflat TTup TTflat

P (W)*

95% CL

Pre 307 ± 14 295 ± 15 314 ± 47 299 ± 48 302 ± 29 292 ± 18

292–322 280–310 265–363 248–349 266–339 269–315

Post 321 ± 20 300 ± 25 310 ± 49 306 ± 49 314 ± 26 283 ± 30

299–342 274–326 259–361 255–357 281–347 245–320

HR (b min-1)*

95% CL

Pre 180 ± 8 178 ± 13 177 ± 7 174 ± 7 177 ± 10 174 ± 10

171–189 164–191 169–185 166–181 164–189 161–186

Post 179 ± 8 174 ± 8 176 ± 7 173 ± 8 173 ± 8 168 ± 9

171–187 165–182 168–183 164–181 163–183 157–178

BL (mmol L-1)*

95% CL

Pre 10.0 ± 2.7 9.7 ± 2.5 9.2 ± 2.3 8.1 ± 2.3 9.1 ± 2.7 8.4 ± 0.9

6.3–13.6 7.1–12.2 6.8–11.6 5.6–10.5 5.8–12.5 7.3–9.5

Post 11.2 ± 2.6 9.5 ± 2.8 8.9 ± 2.1 7.9 ± 2.0 10.3 ± 1.6 7.6 ± 1.4

8.4–13.9 6.6–12.4 6.7–11.1 5.8–10.0 8.4–12.3 5.8–9.4

P power output, HR heart rate, BL blood lactate concentration

* p \ 0.001; main effect of route (uphill [ flat)
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observed for heart rate (F1.3,13.1 = 16.3; p \ 0.001;

gP
2 = 0.62). Heart rate significantly increased during the

intervals (Fig. 3). No significant main effect of interval was

found for the blood lactate concentration (F1.3,12.7 = 1.1;

p = 0.36; gP
2 = 0.09) (Fig. 3). In addition, no significant

main effects of group (p = 0.68–0.95; gP
2 = 0.04–0.01),

training (p = 0.23–0.83; gP
2 = 0.13–0.04) and interactions

of group x training x interval (p = 0.39–0.99; gP
2 =

0.1–0.01) were observed. The coefficients of variation

(CV) of power output and cadence between the training

sessions (n = 8) were 1.1 ± 0.3 and 1.6 ± 0.3% for Int60

and 1.5 ± 0.3 and 1.2 ± 0.2% for Int100. Between the

intervals (n = 48), the CVs of power output and cadence

were 1.5 ± 0.6 and 2.4 ± 1.1% vs. 2.4 ± 1.0 and 1.5 ±

0.5% for Int60 and Int100, respectively.

Discussion

To the best of our knowledge, this was the first study that

investigated the effects of aerobic interval training at dif-

ferent terrains and cadences in the field, on performance

during incremental graded exercise tests and time-trials.

The new findings indicate that substituting two continuous

endurance training sessions per week over 4 weeks with

interval training on a level-ground or uphill course, has no

additional benefit on performance measures obtained from

a GXT in well-trained cyclists. However, the magnitude of

changes in power output during uphill and flat time-trials

significantly differed between the training groups. This

suggests that specific field-tests should be favored to reveal

adaptations to a specific training strategy. In addition, it

was shown that power output during a 20-min uphill time-

trial was higher compared to a flat time-trial.

In the present study, we observed no significant differ-

ences in the performance improvements assessed during a

GXT between the two interval-training groups and the

control group. Although the control group averaged

approximately 2 h less training per week than both interval

groups, the total training time as well as the increase during

the intervention was not significantly different between the

groups. The TRIMP and the session RPE scores were

significantly higher for the interval groups. This finding

indicates the importance of training volume as a main

stimulus for endurance athletes (Jobson et al. 2009; Nim-

merichter et al. 2011) and that an increase of exercise

intensity does not necessarily enhance performance gains.

This is in accordance with previous studies that have also

shown similar performance gains after short-term sprint

interval versus traditional endurance training in active, but

untrained subjects (Burgomaster et al. 2008; Gibala et al.

2006).

While several studies have reported the physiological

and performance adaptations in response to various inter-

val-training modes, the effects of cadence during such

intervals remained to be shown. We are aware of only

one study that compared the effects of low cadence

(60–70 rev min-1) and high cadence (110–120 rev min-1)

during 30 s sprint interval training on performance (Paton

et al. 2009). In the latter study, the performance gains (i.e.

Pmax, _VO2 max and power output at 4 mmol L-1 blood

lactate) were higher for the low-cadence group (6–11%) in

comparison to the high-cadence group (2–3%), which was

attributed to a higher testosterone concentration in response

Fig. 2 Pre- to post-training changes in power output during the

uphill and flat time-trials. Error bars represents 95% CL. *Signifi-

cantly different from Int100 at p \ 0.05; �significantly different from

Int60 at p \ 0.05

baFig. 3 Heart rate (a) and blood

lactate (b) profiles during the

interval trainings. Error bars
represents 95% CL.

*Significantly different from

interval 1 at p \ 0.05 and **at

p \ 0.01; ��significantly

different from interval 2 at

p \ 0.01; n.s. not significant
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to higher pedal forces in the low-cadence group (Paton

et al. 2009).

In contrast to the results of the GXT in the present study,

a significant interaction of time 9 route 9 group was

observed for time-trial power output. According to Bert-

ucci et al. (2005, p 1008), who concluded that ‘‘…it

appears necessary to train in specific conditions (uphill

road cycling and level ground, low and high cadences) in

order to develop these specific muscular adaptations…’’,

the two interval-training groups in our study showed higher

performance improvements on the terrain where the inter-

val-training sessions were performed (Int100: 2.6 ± 6.0 and

-1.3 ± 3.6% for TTflat and TTup, respectively; Int60:

4.4 ± 5.3 and 1.5 ± 4.5% for TTup and TTflat, respec-

tively). The magnitude of the improvements and the fact

that the Int60 group increased power output during both,

uphill and flat time-trials supported the results of Paton

et al. (2009), that low-cadence interval training is poten-

tially superior to high-cadence intervals. This was

emphasized by a longitudinal study of elite cyclists where

the training time spent to improve strength (i.e. intervals of

2–20 min at 40–60 rev min-1) was strongly correlated

with the classification of the riders (r = -0.86; p \ 0.01)

and the improvement of 20-min time-trial power output

during the season (r = 0.83; p \ 0.05) (Nimmerichter

et al. 2011). In addition, the intensity of these intervals was

related to 20-min time-trial power output (r = 0.88;

p \ 0.01) and _VO2 max (r = 0.89; p \ 0.01) (Nimmerichter

et al. 2011). Although the underlying mechanisms are not

entirely clear, possible explanations are: (1) at any given

power output, low cadences require higher forces which (2)

increases neuromuscular fatigue, as indicated by an

increase of root mean-square EMG in the vastus lateralis

and gluteus maximus muscles at high power outputs (i.e.

[300 W) (Lucia et al. 2004). To generate and sustain

higher forces suggests (3) an additional recruitment of type

II fibers which have been shown to be more efficient at

higher contraction velocities than type I fibers (Sargeant

1994) and (4) increases in testosterone (Paton et al. 2009)

and human growth hormone (Lafortuna et al. 2003)

concentrations.

It might be argued that low-cadence training does not

comply with observations from recent studies (Lucia et al.

2004; Vercruyssen and Brisswalter 2010) that have shown

freely chosen cadences between 90 and 100 rev min-1 in

trained cyclists at high power outputs. However, we would

like to emphasize that a low-cadence strategy during some

high-intensity intervals and the associated benefits, is not

contrary to a higher freely chosen cadence. Moreover, this

observation underpins a basic training principle that taxing

a physiological system during exercise is necessary to

improve performance. It should be noted that the control

group also increased power output during TTup by

4.0 ± 4.6%, but not during TTflat (-3.5 ± 5.4%). Even

after revisiting the diaries, we have no explanation for this

adaptation in the control group.

This study also showed for the first time, that trained

cyclists are able to produce significantly higher power

outputs during uphill than flat time-trials of the same

duration. This was observed in both the pre- and post-

training conditions (4.4 ± 6.0 and 6.4 ± 5.6%, respec-

tively). The higher power outputs were accompanied by

higher cardiovascular and metabolic responses and indicate

a higher physiological strain during uphill time-trials

(Padilla et al. 2000). These results extend a recent study

(Nimmerichter et al. 2010) where flat time-trial power

output was strongly correlated with GXT measures

(p \ 0.001) and not significantly different from the power

output at RCP (p = 0.97). The strong correlations between

uphill and flat time-trial power outputs and GXT measures

observed in the present study are in agreement with pre-

vious studies (Balmer et al. 2000; Nimmerichter et al.

2010). The velocities during the uphill time-trials were

strongly related to GXT measures and TTup power outputs,

whereas the relationships between flat time-trial velocities

and performance measures are much more variable (Jobson

et al. 2009). This indicates that velocity, especially on flat

terrain, is largely influenced by external conditions (e.g.

aerodynamics, rolling resistance) and therefore should be

used with caution as a performance measure especially in

repeated measure study designs.

Finally, the low CVs observed for power output and

cadence between 8 training sessions and 48 intervals

indicate that the 12 participants completed the required task

accurately. This observation shows that well-trained

cyclists are able to control both variables within a narrow

range despite the fact that nine of our athletes had no prior

experience with mobile power meters. The cardiovascular

and metabolic response was slightly but not significantly

higher for the Int100 compared to the Int60 training group.

This finding is supported by Vercruyssen et al. (2005) who

reported significantly lower heart rates and blood lactate

concentrations at lower cadences in triathletes, but in

contrast to Lucia et al. (2004) who reported the opposite in

professional cyclists. It was concluded, that the higher

efficiency at a high cadence is one of the main adaptations

of professional cyclists (Lucia et al. 2004).

The present study is not without limitations. By design,

the study aimed to replicate an outdoor cycling interval-

training situation, which is usually completed on a certain

route in an out-and-back direction. Consequently, the rest

periods between the intervals were longer than in compa-

rable studies with a laboratory set-up (Stepto et al. 2001;

Weston et al. 1997). The current study had a limited
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number of SRM devices and therefore it was not possible

to complete the entire study at exactly the same time of the

year for all athletes. Data sampling was conducted from

May to August in three stages. Although two riders of each

group were allocated to the three stages, we cannot elim-

inate the possibility that a small seasonal performance

change may have affected the results (Nimmerichter et al.

2011).

In conclusion, this study has shown that interval training

on level-ground or uphill roads, at high or low cadences,

leads to similar significant performance gains during a

GXT as those, which may be observed after a continuous

aerobic endurance training intervention. However, the

performance improvements during uphill and flat 20-min

time-trials have shown specific adaptations in response to

the interval-training sessions and indicate the ecological

validity of the time-trials. The magnitude of these

improvements suggests that the application of higher ped-

aling forces via low cadences provides a potentially higher

training stimulus with a crossover effect to flat time-trials.

High-cadence intervals on level ground are more likely to

enhance flat time-trial power output with no crossover to

uphill time-trials. When evaluating power output data or

prescribing training zones, it is important to note that

trained cyclists are able to produce higher power outputs

during uphill compared to flat time-trial conditions.
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