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Abstract The present study investigated whether there
are differences in running economy at different velocities
for well-trained distance runners, and to what extent a com-
monly used incremental protocol for measuring oxygen
uptake (VO,) at different velocities affects the reliability of
these measurements. Fifteen well-trained distance runners
(9 male and 6 female) participated in this study. Gross oxy-
gen cost of running (Cy), heart rate (HR) and [La™], during
5-min runs at velocities ranging from 8.0 to 17 km h™!, rep-
resenting intensities ranging from 60 to 90% of maximal
oxygen consumption (VO,,,..) was measured on two differ-
ent days in random order. The athletes were also tested for
lactate threshold, VO,,,,, and time to exhaustion at MAS
(MAS). No significant differences in Cy between the differ-
ent relative velocities or the different set velocities were
found up to 90% of VO,, ... The incremental protocol for
measuring VO, at different velocities was found not to
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affect the reliability of these measurements. All athletes
reached their VO, whilst running to exhaustion at MAS.
The females showed significantly lower VO,,,.., but signifi-
cantly better Cy than the males. At velocities representing
intensities between 60 and 90% of VO,,.., no differences in
Cr were found. The commonly used incremental protocol
for measuring oxygen uptake (VO,) at different velocities
was found not to affect the reliability of these measure-
ments. This means that Cy measured at sub-maximal veloc-
ities are representative for Cy at race velocity for distances
above 10,000 m for most runners.
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Introduction

Endurance performance, as in long distance running,
imposes great demands on both the cardiovascular system
and the employed locomotor organs. A model described by
Pate and Kriska (1984) incorporates three major factors
accounting for interindividual variance in aerobic endur-
ance performance, namely maximal oxygen consumption
(VOymax)» lactate threshold (LT) and work economy. This
model is supported by numerous published studies (Pollock
1977; Farell et al. 1979; Conley and Krahenbuhl 1980; Di
Pampero etal. 1986; Bunc and Heller 1989; Helgerud
1994). Maximal aerobic speed (MAS), or the minimum
speed needed to reach VO, .. (vWO,,..) has been explained
by Morgan et al. (1989) as the VO,,,,, divided by Cg. Noakes
etal. (1990) have shown that maximal speed reached
during VO,,, .. testing correlates better with performances
for distances between 10 and 90 km than VO, .. alone.
In accordance with this, Lacour et al. (1990) found that Cy
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or VO,... alone did not correlate with race velocity
amongst well-trained middle and long distance runners
(800-5,000 m), whereas MAS correlated well with the race
velocity for distances longer than 800 m. The MAS has
been found to represent 1,500-3,000-m velocity in elite and
sub-elite distance runners (Lacour et al. 1990; Billat and
Koralsztein 1996; Bassett et al. 2003). The time to exhaus-
tion at MAS in these studies was approximately 3—9 min.

Cgr is commonly defined as the steady rate VO, in
ml kg~! min~! at a standard velocity (Costill et al. 1973;
Conley and Krahenbuhl 1980) or as energy cost of running
per metre (ml kg~ m™") (Di Pampero et al. 1986; Helgerud
1994; Helgerud et al. 2001). It is also expressed as mechan-
ical efficiency, which is referred to as the ratio between
work output and oxygen cost (Astrand and Rodahl 1986).

Conley and Krahenbuhl (1980) and Helgerud (1994)
have shown inter-individual variations in the oxygen cost of
running (Cg). The causes of this variability are not well
understood, but it seems likely that anatomical trait,
mechanical skill, neuromuscular skill and storage of elastic
energy are important factors (Pate and Kriska 1984). Interin-
dividual variability in Cy reflects the importance of this
parameter for performance in long distance running. Interin-
dividual variability in Cy expressed as standard deviations
(SD) is reported by Di Pampero et al. (1986) to be +8%), if
the Cj, is expressed per kg of body mass. This is in line with
the results from Morgan etal. (1995) and Lacour et al.
(1990). These results are also expressed per kg body mass.

Energy cost for movement does not increase in the same
rate as body mass (Bergh etal. 1991; Eisenmann et al.
2001; Berg 2003). According to Helgerud (1994), a lack of
allometric scaling will underestimate VO,, .. and overesti-
mate Cp amongst the heavier runners. Consequently, part of
the variation in Cy in the experiments by Di Pampero et al.
(1986); Morgan et al. (1995) and Lacour et al. (1990) are
due to body mass differences. To use the allometric scaling
when expressing Cy has seemed to reveal smaller differ-
ences. Helgerud (1994) has reported SD for Cy of approxi-
mately 5% within intermediate national elite marathon
runners when expressing Cp per kg body weight raised to
the power of 0.75 and metre. In accordance with this,
Helgerud et al. (2001, 2003) have shown SD for Cy to be
5% in junior soccer players and 3-4% in adult players
including a group of players at European Champions
League level. Hoff et al. (2005) report SD for Cy, to be <5%
amongst 36 professional soccer players.

If measurements of Cy at a sub-maximal running veloc-
ity are to be used to evaluate race performance capacity
amongst long distance runners, the measurements should be
representative for the Cy at racing velocity. Previous inves-
tigations have shown Cy to be independent of running
velocity up to intensities close to VO,, .. for long distance
runners (Di Pampero et al. 1986; Helgerud 1994). However
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Daniels and Daniels (1992) report increasing Cy at increas-
ing relative running velocities. They also found elite middle
distance runners to have better Cy at velocities at or above
marathon pace than elite long distance runners. The long
distance runners had better Cy, at velocities below marathon
pace than the middle distance runners.

In most studies that have investigated Cy at different
velocities, an incremental protocol with different sub-maxi-
mal work periods more than 3—10 min each, have been used
(Di Pampero et al. 1986; Bunc and Heller 1989; Lacour
etal. 1990; Helgerud 1994). A possible cause of error in
these protocols is the incremental order in which the runs
have been performed. In this context, it should be of inter-
est to assess to what extent VO, at one velocity is affected
by previously completed runs.

The aim of the present study was to investigate if there
are differences in running economy at different velocities
for well-trained distance runners, and to what extent a com-
monly used incremental protocol for measuring oxygen
uptake (VO,) at different velocities affects the reliability of
these measurements.

The hypothesis of the present study was

1. There are no differences in Cy at different velocities in
male and female distance runners between 75 and 90%
VOZmax'

2. The commonly used incremental protocol for measur-
ing VO, at different intensity levels is reliable up to
90% VO, ax-

Materials and methods
Subjects

Fifteen moderately to well-trained runners, 9 males and 6
females, aged 29.3 & 7.0 years, with an average VO,,,,, of
65.2 + 10.4 ml kg’1 min~' were included in the study,
after giving their written consent to participate.

Test procedures

The subjects were tested on two different days, with a mini-
mum of 1 day and a maximum of 7 days of rest or easy
training in between. The first day consisted of measure-
ments of heart rate (HR), blood lactate concentration
([La™],) and oxygen consumption (VO,) during 5-min runs
(1.5% inclination) at different velocities until exhaustion.
The subjects started with a velocity assumed to be about
60% of their VO,,,,.. This was either 8.0 or 9.5kmh~".
After completing 5 min at this velocity, the speed was
increased by 1.5kmh~! to the next 5-min work period.
New steps were performed until the subject no longer could



Eur J Appl Physiol (2010) 108:1099-1105

1101

Table 1 Test protocol for one of the runners

Step Inclination Velocity Duration
(%) (kmh™!) (min s)

Day 1

1 1.5 9.5 5

2 1.5 11 5

3 1.5 12.5 5

4 1.5 14 5

5 1.5 15.5 5
Rest for 60 min

VO, max test 52 125 - 175 6.50
Day 2

1 1.5 15.5 5

2 1.5 14 5

3 1.5 12.5 5

4 1.5 11 5

5 1.5 9.5 5
Rest for 60 min

MAS test 1.5 16.9 5.25

The table shows the protocol for one of the runners. The number of
5-min steps is individual, as well as the running velocities. Otherwise
the protocol is the same for all runners

VO,..x maximal oxygen uptake, MAS maximal aerobic speed

complete 5 min at the desired velocity. After 60 min of rest,
a VO,,,..x test was performed, using an incremental protocol
at 5.2% inclination. The VO, .. test terminated at voluntary
fatigue by the subjects. HR (>98% predicted HR, ),
R (>1.05) and [La™ ], (=8.0 mmol L") values, as well as a
possible plateauing of the VO, curve, was used to evaluate
if VO,.x Was obtained. LT and MAS were calculated on
the basis of these measurements. The second day of testing
consisted of measurements of HR, [La™], and VO, at the
same velocities as the first day, but performed in the oppo-
site order (i.e. starting with the highest running velocity
after a warm up). Following a 60-min rest, the subjects then
performed a run to exhaustion at MAS. The protocol for
one of the runners is presented in Table 1.

Protocol for one of the runners (Table 1)

The VO, was measured using the metabolic test system,
Sensor Medics Vmax Spectra (SensorMedics 229 CA,
USA). The lactate measurements were performed using an
Arkray Lactate Pro LT-1710 analyser (whole blood) (Arkray
Inc. Kyoto, Japan). The LT was defined as the warm up
[La™], value (i.e. measured after the lowest velocity in day
1) + 1.5 mmol. This is in line with the protocol proposed by
Helgerud et al. (1990) consisting of several 5-min steps, at
1.5% inclination, increasing the speed by 1.5 km h™! after
each step. The oxygen cost of running was measured at the
same 5-min steps at 1.5% inclination. These steps were
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Fig. 1 Assessment of maximal aerobic speed. The linear regression
equation in Fig. 1is:y = 3.9393x + 2.7963, R = 0.9997, VO, for this

runner is 69.2 mlkg ' min~'. 70% VO,,,, for this runner is

48.4 ml kg~! min~!. From the equation, the corresponding velocity is
11.7 km h™', which equals 195 m min~'. Cy expressed as ml kg~' m™!
is thus 0.284 ml kg~! m~!. MAS is the velocity point where the hori-
zontal line representing VO, . meets the extrapolated linear regres-
sion representing the sub-maximal VO, measurements. Here
represented by a velocity of 16.9 km h™!

performed until the subjects no longer managed to run for
5 min (exhaustion). In day 2, the same velocities were mea-
sured, but in the opposite order. Cy was calculated as gross
oxygen cost per kilo bodyweight raised to the power of 0.75,
per metre of running for the set running velocities. For the
relative intensities, for example, 75% VO,,,,,, running veloc-
ity was calculated in the same way as for MAS (Fig. 1).

Assessment of MAS (Fig. 1)

Maximal aerobic speed was defined at the velocity at 1.5%
inclination of the treadmill, where the horizontal line repre-
senting VO,, .. meets the extrapolated incremental line rep-
resenting the sub-maximal VO, measured in the LT
assessment. By plotting VO, data against running velocity,
individual regression equations for each subject could be
obtained. Based on the findings of Helgerud (1994), values
in between 60 and 90% VO,,,,, were used to calculate the
incremental line. An example of the assessment of MAS is
presented in Fig. 1.

Allometric scaling has been reported to decrease the SDs
in Ci between subjects (Helgerud 1994; Helgerud et al.
2001; Hoff etal. 2005). VO, values are, thus, mainly
expressed in ml kg %7 in the present study.

Statistical analysis
Descriptive statistical analyses were made to display

means, standard deviations, standard error and coefficient
of variance. To assess whether or not the VO, values would
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be affected by the preceding step (i.e. the day to day mea-
sures described above), two-way ANOVA tests were used.
Differences in Cy at different velocities and possible gender
differences in Cy were also tested using two-way ANOVA
tests. Linear regressions were made to display the equations
representing the linearity between running velocity and
oxygen cost of running. Correlations were calculated by the
Pearson correlation test.

Results
Physical characteristics of subjects (Table 2)

Physical characteristics of the subjects are presented in
Table 2. There was no significant gender differences in age,
in LT velocity, in LT expressed as percentage of VO, ., or
in MAS. The male subjects were taller, heavier and had a
higher VO,,,,, than the females.

To compare the physiological parameters at VO,, .. and
at MAS, only the participants that completed more than
5 min at MAS were included, independent of gender. They
would, thus, have at least spent the same time at this inten-
sity as at the set sub-maximal intensities. Further, 5 min
should allow a possible steady rate to occur. These runners
clearly reach their VO,,,.. at MAS (99.4% of VO,,,..). Nei-
ther the results regarding HR nor [La™];, ., were different
being obtained at VO, .. or at MAS. However, the subjects
exhibited significantly lower R values when running at
MAS when compared with the R values achieved during
the VO,,,... test. These results are presented in Table 3.

Table 2 Physical characteristics of the subjects

Males (n =9) Females (n =)
Age (years) 30.0+£9.2 27.8 £ 6.1
Height (m) 1.80 & 0.06 1.68 £ 0.12*
Mass (kg) 76.9 £5.0 62.0 & 11.2*
HR,,,, (beats min~") 187 £ 8 190 £9
VO,nax (ml kg™! min~") 714 +£63 56.2 £9.2%
VO, (Ml kg=07% min~1) 2113 +£17.8 157.8 &+ 17.8%
Ricar 1.09 £ 0.03 1.08 £ 0.04
[La™  peak (mmol 17" 107+ 1.8 9.8+ 1.7
LT (kmh™) 13.7+ 1.0 11L.5£16
LT (% VOyyay) 82.6 £ 6.35 822+24
MAS (km h™') 165+ 1.6 140+ 19
Timey, 5 (s) 432.5 + 170.7 242.8 +£92.0

Values are mean &= SD

HR_ .. maximal heart rate, VO, .. maximal oxygen uptake, LT lactate
threshold, R, gas exchange ratio at VOy,,,, [La "]}y highest blood
lactate concentration reached during the VO, test, MAS maximal
aerobic speed, Timey,g time until exhaustion at MAS

* P < 0.05 significantly different from male values
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Table 3 Physiological variables at VO, .. and at maximal aerobic
speed (MAS)

VO, (n=8) MAS (n=28)
5.2% incl. 1.5% incl.
VO max 66.4 + 8.8 66.0 + 8.7
HR (beats min~") 186 +7 185+5
R 1.08 £ 0.04 1.02 + 0.04*
[La™ Ty peqk (mmol 11 10.5 + 1.8 105 +24

Values are mean &= SD
VO, O, uptake, HR heart rate, [La" ]y, e, blood lactate concentration
* P <0.01 significantly different from VO,, . values

Physiological variables at VO,,,,, and at MAS (Table 3)

Table 4 shows the mean values in VO, at each of the set
intensities by the ten subjects who completed at least
155kmh~!, independent of gender. The results are
divided into the two different test days. In day 1, the sub-
jects ran at the lowest velocity first, increasing the speed for
each separate run. In day 2, they started at the highest
velocity, decreasing the speed for each separate run.

Oxygen cost of running at different test days (Table 4)

There were no significant differences in oxygen costs of
running (Cy) expressed as VO, ml kg~%’> min~! between
the two test days. The coefficient of variation for the mean
differences between days 1 and 2 is 0.9%. Consequently,
only results from test-day 1, apart from the MAS results
(day 2) are used in the following statistical analysis.

The mean data for Cy expressed as VO, ml kg~*"> m™!
at those of the set velocities that were completed by all the
15 subjects are shown in Table 5. These results are divided
by gender.

Table 4 Oxygen costs of running at different test days

Velocity VO, ml kg~%7 min~! (n = 10)
(km h™)
Day 1 Day 2 A Day 2—day 1
(incremental) (descending)
9.5 117.6 £8.2 1148 £7.7 —2.8+6.5
11 1358 £11.3 130.9 £ 12.1 —49+57
12.5 153.4£14.3 154.0 £ 14.7 0.6 + 6.9
14 1719 £ 14.8 176.4 £ 16.0 45+ 8.6
15.5 1872 £ 144 193.4 £ 14.5 6.2 +10.8

Values are mean &= SD
Incremental, velocities run in an incremental order
Descending, velocities run in a descending order
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Table S Oxygen costs of running at set velocities

Velocity (kmh™") VO, ml kg=%7> m~! VO, ml kg 7 m™!

Males (n =9) Females (n = 6)
9.5 0.753 +£ 0.04 0.689 £ 0.027*
11 0.752 £ 0.053 0.686 £ 0.038*
12.5 0.749 £ 0.061 0.6757 + 0.049*

Values are mean 4= SD

* P < 0.01 significantly different from males

Table 6 Oxygen costs of running at relative intensities

Intensity VO, ml kg %7 m~! VO, ml kg 75 m~!

in % VO« Males (n =9) Females (n = 6)
75% 0.753 £ 0.049 0.684 + 0.037*
80% 0.755 £ 0.051 0.681 £ 0.038*
LT 0.755 £ 0.055 0.672 £ 0.043*
85% 0.756 £ 0.054 0.677 £ 0.040*
90% 0.757 £ 0.056 0.675 £ 0.042*

Values are mean 4= SD

* P < 0.01 significantly different from males

Oxygen cost of running at set velocities (Table 5)

There were no significant differences in Cy expressed as
VO, ml kg~%75 m~! between the different set velocities. The
females had significantly lower Cy than the males at the set
velocities. Mean interindividual variability expressed as stan-
dard deviations (SD) for the males was +7.1%. For the
females, mean interindividual variability was £5.2%.

By plotting VO, data against running velocity as described
in the protocol for assessing MAS, individual regression
equations for each subject could be used to find the cost of
running at the different relative velocities. Using running
intensities representing 75-90% of VO, the data are
within the area of velocity completed by all the subjects.
Table 6 shows the mean data for the Cy expressed as VO,
ml kg~%7> m~! at these velocities relative to VO,, ..

Oxygen cost of running at relative intensities
(Table 6; Fig. 2)

No significant differences in oxygen costs of running
expressed as VO, ml kg~%7> m~! between the different rela-
tive velocities was found for the male or for the female sub-
jects. The females had significantly lower oxygen cost of
running than the males at all the relative velocities.

Discussion

The major findings in this study are that oxygen cost of run-
ning (Cyg) did not differ for velocities between 75 and 90%

097 m Cp Males (n=9)
‘TE A Cg Females (n=6)
I'Q.
cl' 08 T
o
: .
[]
S 07-
= S S S
5]
06 T T 1
70 80 90 100

Intensity (%VOsmayx)

Fig. 2 Oxygen cost of running at relative intensities. Values are
mean + SD

VO, max» and that the commonly used incremental protocol
for measuring VO, at different intensity levels is reliable up
t0 90% VO, ax-

Cost of running at different velocities and intensities

The finding that Cy did not differ at the different set veloci-
ties or relative intensities is in agreement with reports from
Di Pampero etal. (1986) and Helgerud (1994). These
results are, however, not in agreement with the results from
Daniels and Daniels (1992) who found increasing oxygen
cost of running as relative running intensity increased in the
area between 70 and 100% VO,,,,,. The results from the
present study also revealed that the female runners had sig-
nificantly lower CR than the male runners at all different
intensities. This is in accordance with the results from
Helgerud (1994), but not with results from Daniels and
Daniels (1992) or Bunc and Heller (1989). There were, how-
ever, only six females participating in the present study.

Reliability of the incremental protocol for assessing
oxygen cost of running

When comparing the Cy from test-day 1 and test-day 2
using the two different protocols (incremental order day 1,
descending order day 2), no significant differences were
found. The coefficient of variation for the mean differences
between days 1 and 2 is only 0.9%. Thus, it seems safe to
assume that the commonly used incremental protocol for
measuring VO, at different intensity levels is reliable up to
90% VO, ax-

Interindividual variability in oxygen cost of running

Interindividual variability in oxygen cost of running
expressed as mean standard deviations for the three
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velocities completed by all 15 subjects (SD) is +7.1% for
the males and +5.2% for the females in the present study.
The variability is lowest at the lowest velocity (9.5 kmh™),
and highest at the highest velocity (12.5 km h™"). Interindi-
vidual variability is reported by Di Pampero et al. (1986)
to be £8%, if the oxygen cost of running is expressed per
kg of body mass. Morgan et al. (1995) and Lacour et al.
(1990) have found within-group variations of about 20%.
These results are also expressed per kg body mass. As
energy cost for movement does not increase in the same
rate as body weight, it seems likely that part of the varia-
tion in the oxygen cost of running in the experiments by
Di Pampero etal. (1986), Morgan etal. (1995) and
Lacour et al. (1990) is due to weight differences. If allo-
metric scaling had been used, these results would assum-
ingly be more in line with those reported in the present
study, since the use of allometric scaling when expressing
running economy has revealed smaller differences
(approximately +5%) in previous investigations (Helgerud
1994; Helgerud etal. 2001, 2003; Hoff and Helgerud
2003; Hoff et al. 2005).

Maximal aerobic speed

Eight of the fifteen subjects in our study completed more
than 5 min at MAS, independent of gender. This group
clearly reaches their VO, .. at MAS (99.4% of VO, at
MAS). The results regarding HR and lactate confirm this.
However, the subjects had significantly lower R values
when running at MAS compared with the R values
achieved during the VO,,, . test. A possible explanation for
this is the lower intensity at MAS than at the end of the
VO, max teSt.

We found a significant correlation between time at MAS
and LT as percentage of VO,,,, for the male subjects, but
not for the females. With LT representing a higher percent-
age of VO,,.,, the anaerobic contribution to the work done
per metre at MAS should logically be smaller.

Participating subjects

The participating subjects in the present study are charac-
terised as a heterogenous group with regards to running
performance, VO,,,.. and Cy. However, they are all well-
trained runners. Thus, it seems natural that the Cy by the
group as a whole is higher than reported for elite runners
(Daniels and Daniels 1992), intermediate national standard
marathon runners (Helgerud 1994) and recreational mara-
thon runners (Helgerud et al. 1990). The mean Ci amongst
the males (0.755 ml kg’o'75 m™) corresponds to a CR of
0.246 ml kg’lm’l, whereas the mean Cy amongst the
females (0.680 ml kg~*7 m~!) corresponds to a CR of
0.243 ml kg~! m~'. The present results are more in agreement
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with the results from soccer players as reported by Helgerud
et al. (2001) and by Hoff and Helgerud (2003).

Conclusion

At velocities representing intensities between 60 and 90%
of VO,,,.x» no differences in Cy were found. This means that
Cr measured at sub-maximal velocities are representative
for Cy at race velocity for distances above 10,000 m for
most runners. The commonly used incremental protocol for
measuring oxygen uptake (VO,) at different velocities was
found not to affect the reliability of these measurements.

Conflict of interest statement There is no conflict of interest.

References

Astrand PO, Rodahl K (1986) Textbook of work physiology. McGraw-
Hill, New York

Bassett FA, Chouinard R, Boulay MR (2003) Training profile counts
for time-to-exhaustion performance. Can J Appl Physiol
28(4):654-666

Berg K (2003) Endurance training and performance in runners:
research limitations and unanswered questions. Sports Med
33(1):59-73

Bergh U, Sjédin B, Forsberg A, Svedenhag J (1991) The relationship
between body mass and oxygen uptake during running in humans.
Med Sci Sports Exerc 23(2):205-211

Billat LV, Koralsztein JP (1996) Significance of the velocity at VO, ..
and time to exhaustion at this velocity. Sports Med 22:90-108

Bunc V, Heller J (1989) Energy cost of running in similarly trained men
and women. Eur J Appl Physiol Occup Physiol 59(3):178-183

Conley DL, Krahenbuhl GS (1980) Running economy and distance
running performance of highly trained athletes. Med Sci Sports
Exerc 12(5):357-360

Costill DL, Thomas H, Roberts E (1973) Fractional utilization of the
aerobic capacity during distance running. Med Sci Sports Exerc
5:248-252

Daniels J, Daniels N (1992) Running economy of elite male and elite
female runners. Med Sci Sports Exerc 24(4):483-489

Di Pampero PE, Atchou G, Briickner JC, Moia C (1986) The energet-
ics of endurance running. Eur J Appl Physiol 55:259-266

Eisenmann JC, Pivarnik JM, Malina RM (2001) Scaling peak VO, to
body mass in yong male and female distance runners. J Appl
Physiol 90:2172-2180

Farell PA, Wilmore JH, Coyle EF, Billing JE, Costill DL (1979) Plas-
ma lactate accumulation and distance running performance. Med
Sci Sports Exerc 11(4):338-344

Helgerud J (1994) Maximal oxygen uptake, anaerobic threshold and
running economy in women and men with similar performance
level in marathons. Eur J Appl Physiol 68:155-161

Helgerud J, Ingjer F, Strgmme SB (1990) Sex differences in perfor-
mance-matched marathon runners. Eur J Appl Physiol 61:433-439

Helgerud J, Engen LC, Wislgff U, Hoff J (2001) Aerobic endurance
training improves soccer performance. Med Sci Sports Exerc
33(11):1925-1931

Helgerud J, Kemi OJ, Hoft J (2003) Pre-season concurrent strength and
endurance development in elite soccer players. In: Hoff J,
Helgerud J (eds) Football (Soccer) new developments in physical
training research. NTNU, Trondheim



Eur J Appl Physiol (2010) 108:1099-1105

1105

Hoff J, Helgerud J (2003) Maximal strength training enhances running
economy and aerobic endurance performance. In: Hoff J,
Helgerud J (eds) Football (Soccer) new developments in physical
training research. Norwegian University of Science and Technol-
ogy, NTNU, Trondheim, pp 37-53

HoffJ, McMillan K, Helgerud J (2005) Football (Soccer) specific, sim-
ple, low cost, test of endurance performance and maximal oxygen
uptake. Doctorial thesis at Norwegian University of Science and
Technology, Trondheim, Norway, p 184

Lacour JR, Padilla-Magunacelaya S, Barthelemy JC, Dormois D
(1990) The energetics of middle-distance running. Eur J Appl
Physiol 60:38-43

Morgan DW, Baldini FD, Martin PE, Kohrt WM (1989) Ten kilometer
performance and predicted velocity at VO,,,,, among well-trained
male runners. Med Sci Sports Exerc 21:78-83

Morgan DW, Bransford DR, Costill DL, Daniels JT, Howley ET,
Krahenbuhl GS (1995) Variation in the aerobic demand of
running among trained and untrained subjects. Med Sci Sports
Exerc 27:404-409

Noakes TD, Myburgh KH, Scall R (1990) Peak treadmill running
velocity during the VO, .. test predicts running performance.
J Sports Sci 8(1):35-45

Pate RR, Kriska A (1984) Physiological basis of the sex difference in
cardiorespiratory endurance. Sports Med 1:87-98

Pollock ML (1977) Submaximal and maximal working capacity of
elite distance runners. Part 1: Cardiorespiratory aspects. Ann N Y
Acad Sci 301:310-322

@ Springer



	Are there differences in running economy at different velocities for well-trained distance runners?
	Abstract
	Introduction
	Materials and methods
	Subjects
	Test procedures
	Protocol for one of the runners (Table 1)
	Assessment of MAS (Fig. 1)
	Statistical analysis


	Results
	Physical characteristics of subjects (Table 2)
	Physiological variables at VO2max and at MAS (Table 3)
	Oxygen cost of running at different test days (Table 4)
	Oxygen cost of running at set velocities (Table 5)
	Oxygen cost of running at relative intensities (Table 6; Fig. 2)

	Discussion
	Cost of running at different velocities and intensities
	Reliability of the incremental protocol for assessing oxygen cost of running
	Interindividual variability in oxygen cost of running
	Maximal aerobic speed
	Participating subjects

	Conclusion
	Conflict of interest statement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


