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Interval Training for Performance: A
Scientific and Empirical Practice

Special Recommendations for Middle- and Long-Distance
Running. Part II: Anaerobic Interval Training

L. Véronique Billat

Faculty of Sport Science, University Lille 2, Lille, France

Abstract Studies of anaerobic interval training can be divided into 2 categories. The
first category (the older studies) examined interval training at a fixed work-rate.
They measured the time limit or the number of repetitionstheindividual wasable
to sustain for different pause durations. The intensities used in these studies were
not maximal but were at about 130 to 160% of maximal oxygen uptake (V O2max).
Moreover, they used work periods of 10 to 15 seconds interrupted by short rest
intervals (15 to 40 seconds). The second category (the more recent studies) asked
the participants to repeat maximal bouts with different pause durations (30 sec-
ondsto 4 to 5 minutes). These studies examined the changesin maximal dynamic
power during successive exercise periods and characterised the associated meta-
bolic changes in muscle.

Using short-interval training, it seemsto be very difficult to elicit exclusively
anaerobic metabolism. However, these studies have clearly demonstrated that the
contribution of glycogenolysisto the total energy demand was considerably less
than that if work of asimilar intensity was performed continuously. However, the
latter studies used exercise intensities that cannot be described as maximal. This
is the main characteristic of the second category of interval training performed
abovethe minimal vel ocity associated with V Oz2max determined in anincremental
test (VV OZmax) .

Many studieson the long term physiological effect of supramaximal intermit-
tent exercise have demonstrated an improvement in V O2maxOF running economy.

1. Anaerobic Interval Training of repetitions the athlete was able to sustain for dif-
ferent pause duration. The intensities used in these
1.1 Acute Physiological Responses studies were not maximal but were at about 130 to

Studies of anaerobicinterval training canbedi- ~ 160% of maximal oxygen uptake (VOamar). More-
vided into 2 categories. Thefirst category (theolder ~ over, they used work periods of 10 to 15 seconds
studies) examined interval training at afixedwork-  interrupted by short rest intervals (15 to 40 sec-
rate.l! They measured thetime limit or thenumber  onds).
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The second category (the more recent studies)
asked the partici pantsto repeat maximal boutswith
different pause durations (30 secondsto 4 to 5 min-
utes). These studies examined the changesin max-
imal dynamic power during successive exercise
periods and characterised the associated metabolic
changes in muscle.l?

However, the purpose of both of these approaches
was to understand the involvement of the different
types of metabolism (alactic, lactic anaerobic and
aerobic) by comparing the influence of pause du-
ration [time for creatine phosphate (CP) resynthe-
sis] on the decrease in thetime limit and total work
performed and the decrease in the vel ocity or power
output. These decreasesin total work performed or
of thework-rate were correl ated with the substrates
(glycogen, CP) and the reactants of the different
metabolic pathways by biopsy techniques, blood
analysis and gas exchange measurements.

1.1.1 Fixed Work-Rate Studies

In the first category, Margaria et al.[¥] demon-
strated that for supramaximal intermittent exercise
[about 160% of the minimal velocity associated with
V Oomax determined in an incremental test (VW Oomax)],
the total time leading to exhaustion depended on
the pause duration. Moreover, when the pause was
O (uninterrupted running), 10, 20 and 30 seconds, the
total times run at the supramaximal velocity were
32,100 and 200 secondsand indefinite, respective-
ly. When the pause was 10 seconds, the total run-
ning time could beincreased about 3 times and when
the rest period was 20 seconds, 6 times. Doubling
the period of rest allowed the athlete to work twice
as long. Indeed, blood lactate accumulation was
equal to 11 and 7.5 mmol/L and stayed at the steady
state of 2 mmol/L, respectively, for the 10-, 20- and
30-second pauses. Thisstudy demonstratesthat the
pause duration was the determinant for the utilisa-
tion of anaerobic and aerobic pathways. By plot-
ting the blood lactate accumul ation as afunction of
thelength of therest period, Margariaet al.[] showed
that the minimal time of rest at which no lactic acid
accumulation took place was about 25 seconds. This
duration corresponds to the half-reaction time for
the alactic oxygen deficit payment (i.e. CP resyn-

0 Adis International Limited. All rights reserved.

thesis). These authors measured oxygen uptake
(VO,) breath by breath in a runner performing 10
bouts of exercise with a 20-second pause and they
showed that there was a very fast increase in VO,
at the beginning of the exercise and there was no
appreciable difference during the first pause com-
pared with thefirst running period. At steady state,
from the fifth repetition, VO, was dightly lower
during the pause than during running (e.g. 3.5vs4
L/min for 1 participant). The first run took place
almost exclusively (90%) at the expense of phos-
phagen. During the following 25 seconds of rest,
the alactic pool was restored to about 45% by the
oxygen debt payment (fast post oxygen compo-
nent).

During the second run, energy was provided more
from the oxidative mechanism: 25 versus 10% of the
total energy requirement in thefirst and second bouts,
respectively. Thisistoo high to be sustained by the
alactic anaerobic metabolism, since the phospha-
gen pool isonly equal to 45% of the initial resting
storage value. Consequently, anaerobic glycolysis
was involved and blood lactate accumulated. This
iswhy the 30 seconds of pause, which issufficient-
ly long to allow the phosphagen pool to be resyn-
thesised, also allows the athlete to run for a very
long time with a steady-state blood |actate below
2.5 mmol/L. With pauses of only 10 seconds, V Oomax
is reached earlier and blood lactate accumulates.
This kind of interval training performed at supra-
maximal intensity can elicit acompletely different
metabolism, depending upon the length of the pause.

If the oxygen deficit during the period of supra-
maximal work is higher than the alactic anaerobic
oxygen equivalent (0.5L), theinterval training will
involve lactic anaerobic processes. For instance, a
female runner who has avV Oymax equal to 16 km/h
(4.44 m/sec) will run 10 x 4.44 x 1.6 = 71.2m dur-
ing a 10-second supramaximal run at 160% of
VvV Oomax. If she weighs 50kg and has a gross oxy-
gen cost of running equal to 0.210 ml/kg/m, she
will need to consume a volume of oxygen equal to
71.1m x 0.210 = 15ml of oxygen/kg, i.e. 750ml.
Thisis equal to 150% of the oxygen equivalent of
anaerobic metabolism. We can therefore calculate

Sports Med 2001; 31 (2)
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that for the 10-second exercise bouts, the velocity
should be proportionately less, i.e. closeto vV Oomax.
However, the pause should be at least 25 seconds
to be sure that the CP consumed during the work
interval isrestored. As demonstrated by Margaria
et a1 in these conditionsinterval training can be
performed for a very long time with no blood lac-
tate accumulation. Hence, the work : pauseratio
isequal to 1: 3 and VO, is submaximal (82% of
VO2max) 1%l

Using short—short interval training, it seems to
be very difficult to elicit exclusively anaerobic
metabolism. However, these studies have clearly
demonstrated that the contribution of glycogenol-
ysis to the total energy demand was considerably
less than that if work of a similar intensity was per-
formed continuously. However, the latter studies
used exercise intensities that cannot be described as
maximal. Thisisthe main characteristic of the sec-
ond category of interval training performed above
VVOzmax.

More recently, Tabata et al.[¥ have compared
the metabolic profiles of 2 different types of high
intensity interval training at a fixed percentage of
VOomax €quivalent. Participants cycled 6 bouts of
20 seconds at 170% V Oomax With a 10-second rest
between each bout. The second interval training
involved 4 bouts of 30 seconds at 200% of V Oomax
with a 2-minute rest between each bout. The first
interval training protocol elicited both the maximal
accumulated oxygen deficit and the maximal oxy-
gen consumption. Therefore, the authors concluded
that this supramaximal interval training might tax
both the anaerobic and aerobic energy releasing
systems at close to their maximal capacity.

1. 1.2 Fixed Intensity Studies

It should be noted that we cannot redlly call these
exercises ‘interval training’, but rather ‘repeated
maximal sprints’. Maximal dynamic exercise has
been recently (for 10 years) used by physiologists
to study the regulation of metabolic pathways and
to shed light on the aetiology of fatigue (inability
to sustain agiven power output) during high inten-
sity exercise. Inthistypeof study, Bogdaniset al.[?]
demonstrated that in asecond 30 seconds of all-out

0 Adis International Limited. All rights reserved.

cycling exercise performed 4 minutes after thefirst
bout, CP, which was at 17% of the resting value
after the first al-out cycling exercise, was resyn-
thesised to 79% of the resting value even though
the pH remained at a low level (pH 6.8). Despite
the 41% reduction in anaerobic energy, the total
work carried out during the second 30-second sprint
was reduced by only 18%. Aerobic metabolism pro-
vided asignificant part (49%) of the energy and the
rate of CP synthesis determined the work-rate per-
formed in the first 10 seconds of the second 30-
second all-out exercise.

I'n another major study on intermittent maximal
exercise training, 10 x 6-second maximal sprints
with 30 seconds of recovery between each sprint
were performed.l8! Needle biopsy samples were
taken from the vastus lateralis muscle before and
after thefirst sprint and 10 seconds before and im-
mediately after the tenth sprint. In this study, the
high mean power output was more than 3 timesthe
minimal power output which elicits VOomqx deter-
mined in an incremental test (pV Ozmax)- The peak
power (the maximum power output in 1 second)
was 5 times greater than pV Oomex. Mean power out-
puts significantly decreased from the fourth repe-
tition and the peak power decreased from the fifth.
Thelast repetition wasreduced to only 73% of power
generated during the first sprint. The energy re-
quired to sustain the high mean power output that
was generated over the first 6-second sprint was
provided by an equal contribution from CP degra-
dation (-57% of rest concentration) and anaerobic
glycolysis (muscle lactate had increased to 28.6
mmol/kg dry weight). In the tenth sprint, muscle
|actate concentration did not increase. The authors
suggested that during thelast sprint, the power out-
put (which was 73% of the first repetition) was
maintained by energy that was derived mainly from
CPdegradation and an increase in aerobic metabo-
lism.

For training purposes, because of thedrop inthe
power output and because of the high muscle lac-
tate accumulation, this configuration of intermit-
tent maximal sprint is not used. The purpose of
sprint training is to increase the maximal velocity

Sports Med 2001; 31 (2)
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for 6 to 10 seconds (60 to 100m in running); in
order to achieve this, the intermittent maximal run
is separated by 4-minute pauses to allow the CPto
be restored so that each repetition can be run fast.
To increase the glycolysis pathways, which account
for 40 to 50% of the energy necessary to cover
100m, the intermittent training consists of a series
of 100, 120 and 150m runs at 88 to 90% of the best
performance with a passive rest of 5 to 6 minutes
between each bout. However, inthisprotocol, it has
been demonstrated that during passive rest amost
all the CP was resynthesised after 4 minutes (from
19.8 to 36.9 mmol/kg dry muscle, instead of 39 +
3.2 mmol/kg).l”] The half time of CPresynthesisis
170 seconds.[®!

However, these studieshave adirect application
for sprint training. Indeed, Balsom et al.[? have
compared the physiological responses to maximal
intensity intermittent running for 15m (in 2.6 sec-
onds), 30m (in 4.5 seconds) and 45m (in 5.6 sec-
onds). These sprintswere performed every 30 sec-
ondsbut covered the same distance (work) of 600m
(40 x 15m, 20 x 30m, 15 x 40m). The time of the
last sprint of 15m was not significantly different
from that of the first (2.63 + 0.04 vs 2.62 + 0.02
seconds). This was not the case for the 30m and
40m sprint times, which increased significantly. Ve-
locity at 40m decreased after the third sprint, asso-
ciated with anet loss of the adenine nucleotide pool.
Balsom et al.l® also compared the effect of recov-
ery duration (120, 60 and 30 seconds) on the 40m
maximal intensity intermittent exercise. The per-
formance (time) during the first 15m (acceleration
phase) was only affected by the shortest recovery
(30 seconds). Blood lactate reached 17 mmol/L for
this short recovery compared with the value regis-
tered using 60 and 120 seconds recovery (12.1 +
1.3and 13.9+ 1.2 mmol/L, respectively). Although
these work bouts could be classified primarily as
anaerobic exercise, oxygen uptake measured dur-
ing rest periods (Douglas bag method) increased to
52, 57 and 66% of VOymax. However, to improve
performancein competitionslasting 1 minute (1km
in track cycling or 100m in swimming and 400m
inrunning), generally performed at 150% of V Ozmax,

0 Adis International Limited. All rights reserved.

it isimportant to practise aerobic interval training,
since the aerobic metabolism contribution to the
total energy is about 30%.12

The increase in recovery time allowed the run-
nersto maintain their performance during moretri-
als, however, the increment of recovery duration
had no effect on the total adenine nucleotide pool
estimated by plasma hypoxanthine and uric acid
concentrations. When the rate of ATP hydrolysis
exceeds the rate at which it can be resynthesised,
AMPiseliminated viadeamination of AMPto IMP
and subseguent oxidation to hypoxanthine and uric
acid.

It iswell known that both anaerobic pathways—
lactic (glycolysis) and alactic (CP degradation) —
are activated instantaneously at the onset of maxi-
mal activity.[19 However, the ability to repeat max-
imal sprints depends on the duration of recovery,
which does not have the same effect on the 2 an-
aerobic pathways. The resynthesis of CP depends
on the endurance level of the participant.[5>1 The
percentage of CP resynthesis and the percentage
restoration of the mean power output and pedalling
speed measured on the first 10 seconds in the sec-
ond 30-second all-out exercise were highly corre-
lated (r = 0.84 and 0.91, respectively). Indeed, the
time course of CP resynthesis after a 30-second
sprint wasfound to be parallel with thetime course
of the peak power output (PPO) restoration.!12

As described above, glycogenolysis is largely
elicited in these supramaximal intermittent exer-
cises. Intensity of work interval trainingiswell above
the crossover point: i.e. the power output at which
energy from carbohydrate-derived fuels predomi-
nates over energy from lipids.[*3 Jenkins et al.[24
have demonstrated that a high (83% of the total
energy intake) and moderate (58% of the total en-
ergy intake) carbohydrate diet for 3 days preceding
supramaximal intermittent exercises would allow
performance to be maintained during 5 all-out
cycling bouts. Each,of these 5 exercise periods,
at about 125% of pVOoma, Were separated by 5
minutes of passive recovery.

Sports Med 2001; 31 (2)
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1.2 Long Term Physiological Effects

Many studies on the long term physiological ef-
fect of supramaximal intermittent exercises have
demonstrated an improvement in VOomax. In the
1970s, Fox and his team reported that this kind of
interval training was efficient in inducing an im-
provement in VOomax (+15%) in menl®® and in
women.[18] Indeed, L esmes et al.[18] compared the
effectsof 2 typesof supramaximal interval training
over an 8-week period on V Oomax (2 Or 4 days/week)
in women with avV Ozmay equal to about 12.9 kmvh,
using highintensity, short distance (50, 101, 201m)
at 170% of vWOzmax (22 km/h) or high intensity,
long distance (604, 805, 1208m) at 130% of vV Opmax
(15 km/h).

For both types of interval training, the relief in-
tervals consisted of walking 2 to 3 times the dura-
tion of the work intervals. The improvement was
the same for both short and long supramaximal
interval training and for both frequencies (2 or 4
training days/week). The authors concluded that
the change in aerobic power and submaximal heart
rate for femaleswasindependent of frequency, dis-
tanceand intensity. In contrast, for men, it hasbeen
shown that training intensity, rather than frequency
or distance, was the most important factor to im-
prove V Oomax.[1 The decrease in submaximal heart
rate during a run of 5 minutes at 50% of vV Oomax
using high intensity interval training was due to a
decrease in sympathetic drive and probably due to
the increase of stroke volume. The fact that the
response was independent of intensity and frequen-
cies of interval training could mean that the maxi-
mal responsivenessto thisprogranmewas reached
for the women, who started with a VO,ma of only
40 ml/min/kg.

Asdemonstrated in rats,1819 any kind of training
programme would have the same effect on V Ozmax
(+15%) and on pV Ozmax. However, the problem with
such longitudinal studiesis the low degree of fit-
ness of the participants and the choice of so-caled
‘supramaximal intermittent exercises', which are
often less intensive than imagined by the authors.
Indeed, before drawing conclusions on the ineffi-
ciency of high intensity intermittent training in

0 Adis International Limited. All rights reserved.

improving anaerobic capacity, it is important to
check that theinput iswell above the power output
associated with VOomax (PVO2max). FOr instance,
no increase was found in either the level of anaer-
obic metabolic enzymes or the percentage of type
I1b fibres due to the effect of training (only an in-
crease in the absolute number).[20-22 |n fact, the
intensity of intermittent exercise (10- or 15-fold
x 15 to 30 seconds) was set at 60% of the absolute
maximal velocity, which corresponds to 110 to
120% of pV Oomax. Theintensity of thelonger high
intensity intermittent training (4- or 5-fold x 60 to
90 seconds) was set at 70% of the maximal vel ocity
sustained for 90 seconds. All these intensities cor-
respond, effectively, to 90 to 95% of vV Opmex, Know-
ing that an exercise sustained for 1.5 minutesis at
about 130% of pV Oumax.[23 It should be noted that
theintensities of these exerciseswere probably too
low to enhance anaerobic metabolism or modify
the percentage of type Il fibres. The response was
the same asin interval training for improving aer-
obic metabolism, using velocities between 90 and
120% of vWO,max tO give participants the time to
reach and therefore to elicit V Oomax.[23

In contrast, 1 study!?4 has used true supramaxi-
mal exercise: 2 series of 4 repetitions of 200m at
90% of the participants’ maximum velocity over
200m (which gave 29 seconds) with arecovery of
2 minutes (3 to 4 times per week) for 5 weeks. At
theend of thefirst seriesthe blood lactatelevel was
14.5 mmol/L; after arest of 10 minutes between
the 2 series, blood lactate was still 13 mmol/L, and
at the end of the second series of 200m blood lac-
tatewas17.6 mmol/L. Thistypeof interval training
clearly elicited anaerobic glycolysis. Indeed, thishigh
intensity interval training with a1 : 4 work : rest
ratio resulted in an increase in the activity of key
enzymesinvolvedin glycogenolysisand anaerobic
glycolysisin skeletal muscle. The increase in suc-
cinate dehydrogenase (SDH) [+17.5%] was not sta-
tistically significant. Participants had improved their
time limit in arun a 16 km/h with a 15% slope
inclination (about 25 km/h equivalent on level tread-
mill according to Margaria et al.[29]), i.e. at about
140 to 150% for these men.

Sports Med 2001; 31 (2)
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Even very short, repeated, 5-second all-out sprints
followed by a recovery of 55 seconds induced an
increase in the proportion of slow twitch fibres, in
accordance with Simoneau’s studies.20-22 [VigFed

CIESrEESSIRTESaNBTBIES > However, VOomay did
not increase and the decrease in power output dur-
ing each sprint was not reported. Notably, 55 sec-
ondsistoo short to reconstitute the CPreserve. Thus,
intense and repetitive exercise could induce the con-
version of intermediate fibresto the oxidativetype,
aerobic metabolism being involved in the recovery
and probably increasingly during the repetition of
the sprints.[261 Maximal power output measured with
the force-vel ocity test increased significantly after
sprint training (+13%). Thiswas similar for the aver-
age power output in an all—out test of 30 seconds
(+27%) and for the maximal work-rate reached in
the Wingate test. These improvements in perfor-
mance were not related to a significant increasein
the mean resting muscle CP concentration, but to
an increase in the energy production from anaero-
bic glycolysis, as demonstrated by Nevill et al.[27]
Because the training exercises were performed
intermittently, and because of their greater oxida-
tive capacity, type | fibres could have been more
extensively involved in the replenishment of the
depleted CPstoresduring rest periodsthan fast twitch
fibres. Moreover, type | fibres are more involved
in the removal of the lactate accumulated during
exercise periods (52.8 mmol/kg of dry mass) than
type Il fibres. Indeed, in order to increase aactic
anaerobic metabolism, interval training acts: (i) by
increasing the ability to decrease CP as rapidly as
possible by sprint exercises separated by sufficient
rest (at least 4 minutes) to restore the CP reserve,
avoiding the involvement of anaerobic glycolysis;
and (ii) by increasing the ability to replenish as
quickly as possible the CP reserve. To accomplish
this, it is necessary to have muscle fibres with a

0 Adis International Limited. All rights reserved.

high oxidative capacity. However, with short pauses,
asin the study by Linossier et al.[28] (55 seconds),
anaerobic lactic metabolismisincreasingly involved.
Acidosis could impair CP production via mitochon-
drial creatine kinase during recovery.

Hargreaves et al.l28! studied 6 men during 4 x
30-second all-out exercise bouts. The first 3 exer-
cise bouts were separated by 4 minutes of passive
recovery; after the third bout there was a 4-minute
rest period, followed by a 30-minute exercise pe-
riod at 30 to 35% peak VO,. Thiswas followed by
a further 60-minute rest period before completing
the fourth exercise bout. The performance wasmain-
tained in the fourth bout because CPresynthesisis
increased. Indeed, peak power and total work were
not significantly decreased in the fourth bout com-
pared with the first bout and were higher than in
the second and third bouts. Before the fourth bout,
muscle CP concentration was above theresting level
(probably because of increased mitochondrial cre-
atinekinase activity during recovery); IMP, lactate,
pH and sarcoplasmic reticulum calcium uptake were
the sameashbeforethefirst bout. However, ATPand
glycogen were still depleted. Since, in these meta-
bolic conditions, the performance was the same as
inthefirst bout, the authors concluded that the main-
tenance in performance observed during the fourth
bout does not appear to be related to areductionin
muscle glycogen. 28]

Heugas et al.[29 reported on elite 400m runners
(including an Olympic champion), in the precom-
petitive phase, who performed training sessionswith
maximal all-out 30-second runs with 4 minutes of
rest in between, followed by along rest (10 min-
utes) before a last 30-second maximal run. The ca
pacity to sustain exercise at about 150% of vV Oomax
with high acidosisand the ability torun arelay race
(4 x 400m) a couple of hours later isimproved by
using this type of intermittent high intensity train-
ing.[29

In a recent study!3% where the purpose was to
examine the effects of sprint interval training on
muscle glycolytic and oxidative enzyme activity
and exercise performance, it was reported that 4
highinterval training sessionsper week (consisting

Sports Med 2001; 31 (2)
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of 4 x 30 seconds of al-out exercise spaced by a
recovery of 4 minutes, or 2 minutes 30 secondsin
weeks 1 and 2) enhanced PPO, total work over 30
seconds and VO,max. Maximal enzyme activity of
hexokinase, phosphofructokinase (glycolysis en-
zymes), citrate synthase, SDH and malate dehy-
drogenase (oxidative enzymes) was enhanced after
thistypeof training. The participantswere students
in kinesiology, who were physically active but were
not athletes. From the seventh week of such train-
ing, they were able to perform 10 intervals with 2
minutes 30 seconds of recovery per session. This
type of high interval training induced an increase
in blood lactate of up to 32 mmol/L after the tenth
exercise interval. The power output ranged from
210% of V Ozmax onthefirstinterval to 140% V Oomax
by the ninth and tenth intervals. At suchintensities,
the rate of production of pyruvate may be consid-
ered to be almost maximal and one would expect
major increases in the velocity of catalytic activ-
ity of the competing enzymes pyruvate dehydroge-
nase (PDH) and LDH. However, theincrease of 7%
in LDH after such training was not significantly
different; PDH was not measured, but the authors
specul ated that theincreasein PDH activity (which
provokes an increased rate of pyruvate entry into
the mitochondria) could be the stimulusfor the up-
regulation of mitochondrial enzymes. Thiscould ex-
plain the fact that 3 to 4 repetitions of 5 minutes of
effective high interval training per week (hence 20
minutes per week only) can result in an increasein
both glycolytic and oxidative muscle enzyme activ-
ity, maximum short term power output and V Oomax
(+7%). The authors concluded that the increase in
power output (+24% on average after 4 x 30-second
bouts) may have been the result of an increasein the
maximal activity of the glycolytic enzymes (+49%
for phosphofructokinase) andin Nat/K* pump capac-
ity, whereas the increased mitochondrial enzyme
activity (+65% for SDH) may have been aresult of
increased pyruvate flux rate during thisintense sprint
interval training.[37

Thus, interval training using short all-out bouts
of exercise elicits the glycolytic pathway and can
be used to prepare long sprint (200 to 400m) and

0 Adis International Limited. All rights reserved.

middle distance (800 to 1500m) runners whose
anaerobic metabolism is a determinant for perfor-
mance. However, victory in longer races such as
5000 and 10 000m depends on the ability to cover
the last lap at a velocity well above VW Opmay,3!
although there are also 5000 and 10 000m races
with 1 runner 50 to 100m ahead when starting the
last lap, and thisrunner can win at amodest last 1ap
speed. Thelast 400m of a10 000m race can berun
in 52 seconds, i.e. 27.7 km/h (110% of vV Oamax
for the best performers, who have avV O,ne Of 25
km/h). Also, athletes must enhance their anaerobic
capacity to be able to accelerate in championship
races. For this, they can use supramaximal interval
training of longer duration: 1 minuteat about 130%
of vV Opmax With arest of 5 minutes between. Eight
weeks of thistype of training (3 times aweek) has
been reported to efficiently enhance anaerobic ca-
pacity as measured as the y-intercept of the rela-
tionship between work rate and time limit.[32 The
critical power, i.e. the slope of this relationship,
was not modified. This critical power depends on
aerobic capacity and has been shown to be related
to VOomex and lactate threshold.[33 This type of
high intermittent training has also been used to en-
hance performance in high level cyclists (see sec-
tion 3), in whom it is more difficult to obtain an
improvement in performance or physiological mod-
ifications.

Another type of anaerobic highinterval training
iscircuit training consisting of explosive jumping
exercises. Recently, with this type of circuit train-
ing, Paavolainen et al.[34 reported an improvement
of 5kmtimeinwell trained endurance athl eteswith
no changesintheir VOzmay. Thiswasduetoimprove-
ment of the running economy (RE), i.e. the oxygen
consumption at a given sublactate threshold veloc-
ity was decreased by 3% after 6 weeks of 3 x 20 to
30 minutes of circuit training per week with long
interval training or exhaustive distance training, but
not with short interval training.!3% Thisimprove-
ment of RE was related to improved neuromuscu-
lar characteristics, allowing an increase of velocity
over 20m and over a distance covered in 5 jumps
that were transferred into improved RE. Improved

Sports Med 2001; 31 (2)
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RE following intensive training was correlated
with reduced ventilatory demands (VE). Thisim-
provement in RE was related to a decrease in VE,
whereas muscle fibre composition and respiratory
exchange ratio, stride length and frequency during
running were unaltered by training.

If long interval training and long distance run-
ning induce adecreasein RE, circuit training com-
posed of jump exercises can yield the same result,
but probably by different mechanisms through the
stretch-shortening cycle.l38] In fact, it is probable
that the fitness level of participants plays a promi-
nent role in the results of the long term effect of
different types of training (continuous or intermit-
tent).

Finally, for not very well trained participants, the
intensity of exercise is more important than the type
of exercise(cyclingand running). Flynnet al 131 have
reported that in well trained runners, 6 weeks of high
intensity interval training (between 95 and 105%
pVOomax) performed either with cross-training
(cycling and running) or specific running training
yielded the same performance improvement (-30
seconds over 18 minutes 15 seconds on a 5km race).
However, in all these studies, conclusions are based
on results obtained in low-level athletes. This un-
derliesthefact that sports physiologistshavealim-
ited impact on the training practices of successful
competitors. Training programmes are more often
based on the experience of track and field coaches
and athletes.[38:39]

1.3 Anaerobic Interval Training and
Creatine Ingestion

In astudy of the effects of creatine supplemen-
tation on cycling performance (10 x 6-second bouts
at 880W and 140 rev/min, separated by passive 30-
second rest periods), performance could be enhanced
by creatine towards the end of each exercise bout,
as demonstrated by a smaller decline in work out-
put from a baseline throughout the 10 trials in the
last 2 seconds of the 6-second exercise periods.[40
Moreover, although more work was performed in
this intermittent maximal test after versus before
the administration period, blood lactate accumula-

0 Adis International Limited. All rights reserved.

tion decreased from 10.8 to 9.1 mmol/L. Thisim-
provement was dueto ahigher avail ability of phos-
phate or to an increased rate of CPresynthesis dur-
ing the recovery periods. This could explain why
glycolysis is less involved in interva training at
maximal velocity.

High intensity intermittent training has been
shown to be avery effective way of increasing the
maximal oxygen uptake. Tabata et al.l!l reported
that aprotocol of 6 x 20 seconds at 170% of V Ozmax
for 6 weeks increased VOzmax by 13% and anaero-
bic capacity by 28%. Infact, it seemsthat protocols
that elicit VOonme, even if they are performed at
supra-vV O,max Vel ocities, can increase V Oomex and
anaerobic capacity. To do this, the recovery hasto
be short, as in Tabata's interva training (10 sec-
onds).[41

2. Interval Training for the Elderly and
the Young

2.1 The Elderly

Of the various methods used to train elderly peo-
ple, interval training has been reported to be effec-
tive in improving aerobic capacity (V Oomax and lac-
tate threshold).

In 1 study, interval training was more easily ac-
cepted (more than 70% of participants completed
both test and training sessions) than continuous
training (40%).[42 The interval training was per-
formed on the track, taking as areference the heart
rate at the ventilatory threshold (HRy,) of 125 + 5
beats/min, corresponding to 60% VOpmax. The in-
terval training consisted of 1 minute exercise at HRy,
and 1 minute active recovery (20 beats/min below
HR); 2 minutes exercise at HRy,, 1 minute active
recovery; 4 minutes exercise at HRy,, 1 minute ac-
tive recovery; and 10 minutes exercise at HRy, 3
minutes active recovery.

From session to session, the order and duration
of the exercise/recovery sequences were varied in
such a way that the participants progressively in-
creased their total exercisetime from 30 to 60 min-
utes by the eighth week of training. This procedure
can be performed on the track and needs only a
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cardiofrequency meter. Asfor younger runners, the
elderly benefit from this interval training by in-
creasing oxidative enzyme activity,!*3l VO, at the
ventilatory threshold and cardiac output, since max-
imal oxygen pulse increased by 19% (as VOzmex)-
Moreover, the attendance at these trai ning sessions
during periodsaslong as 3 months (24 sessionsand
12 interval training sessions) has been reported to
be more than 97.3% for the 73% of participants
who had been considered to have compl eted train-
ing and test protocols. Interval training significant-
ly increased V Oomax by 20% (from 25 £ 1.2to 31
* 2.3 ml/min/kg) and the velocity associated with
the ventilatory threshold (VW T) by 26%.
However, asfor younger participants, thetrain-
ing effect depends on the basal level of the partic-
ipants. In training camp, we often have senior run-
ners (>60 years) who are ableto run for 6 minutes
at 18 km/h. They are generally very long distance
runners (marathon and 100km races). For those who
already have a high VOomax (60 ml/min/kg at age
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Fig. 1. Time course of oxygen uptake (VO,) and heart rate during short interval training [15 seconds at 90% of VWO max (minimal
velocity associated with maximal oxygen uptake, VOzmax) alternated with 15 seconds at 80% vV O2may] in a long distance runner aged

60 years. His VOomax Was 3350 ml/min.
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60 years) and maximal lactate steady-state ve-
locity (VMLSS = 85% of vWOonga) and are not fa-
miliar with interval training, very short repetitions
arewel| supported.[*!! Figure 1 showsthe VO, ki-
neticsfor a60-year-old runner (eighthin senior 100km
world championship 1999) during avery short inter-
val of 15 seconds at 90% and 15 seconds at 80% of
VWV Ozmax- The average vel ocity wasat ML SSvel oc-
ity (85% VvV Ogzmax)- It should be pointed out that
thisvery narrow amplitudetraining interval allows
him to remain for more than 10 minutes at V Oomax.
Blood lactate accumulation was only 8 mmol/L.
Moreresearchisneeded to all ow these seniorswho
are dready in good shape to improve their perfor-
mance, but by running fewer kilometres.

Nowadays, many runners participating in pop-
ular races over 5 to 100km are middle-aged (45 to
60 years). After several years of slow long distance
training, they no longer improve their performance.
Following thistype of training, theselong distance
runners have a high endurance index, which is de-

Heart rate (beats/min)
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fined as the ability to use a high fraction of maxi-
mal oxygen consumption (V Oonmax) for agiven run-
ning duration.[*?! Therefore, to improve their per-
formance, they have to increase both VO,ma and
the velocity associated With V Oomay (VV Oomay).[46481
For this purpose, interval training involves repest-
ed bouts of work, each lasting from about 30 sec-
onds at VV Opmax t0 5 minutes at 95% of vV O 149
Gorostiaga et al.[%% showed that interval training
with repetitions of 30 seconds of work at 100% of
VV Oomex, SEparated by 30 seconds of rest, produced
larger increasesin V Oamex than continuoustraining
at 50% vV Ozmax. Recently, as seen above, it has been
shown that the time spent specifically at VOpmax
was much higher in 30/30-second light-heavy ex-
erciseinterval sthan in acontinuous severerun per-
formed at an intermediate vel ocity between the lac-
tate threshold and vV Oppmax. [P

However, the types of interval training described
above seem to be too hard for middle-aged runners
who want to begin interval training. It may be pos-
sible to use shorter durations of less than 20 sec-
onds. Christensen et al.l3l showed previously that
very short intermittent runs alternating with heavy
intensity repetitions of 15 seconds at 100% vV Opmax
with complete rests of 15 seconds also allowed the
runners to reach 90% V Oonmax. IN this case, the in-
termittent exercise was continued for 30 minutes
with a blood lactate level of only 4 mmol/L until
the 20th minute (reaching 7 mmol/L at the end of
the exercise). Thislow blood lactate level was ob-
tained by the unloading of myoglobin oxygen and
CP stores and by their rapid recharging during the
passive recovery period. To €licit VO, at its maxi-
mum with this ‘short—short’ interval training, ac-
tive pause may be preferableto passiverecovery!>!l
and a small range of velocities between the high
and low velocity bouts has to be used. This differ-
encein velocity is caled the “amplitude’ of the In-
terval training.[5253 The amplitude describes the
degree to which the work intensity in the different
periods of the exercise varies from the average ve-
locity.[5 For instance, for an interval training us-
ing high and low velocity bouts of 100 and 50% of
VvV Oomax, the average velocity is 75% vV Opmax, and

0 Adis International Limited. All rights reserved.

the amplitude of the interval training is equal to

[(100 - 75)/75] x 100 = 33%.

For elderly runners, the average velocity of
interval training has been chosen to correspond to
the critical velocity, i.e. the vertical asymptote of
thevelocity-timerelationship. Thecritical velocity
is known to be sustained for 30 minutes>! and to
be the velocity above which runners reach V Opmax
with exercising time.[5® Moreover, in a group of
low level marathon runners (3 hours 51 minutes +
27 minutes), the critical velocity was more closely
correlated with the marathon performance than
VVOZmax.[SG]

Therefore, the purpose of this study!56! was to
compare run time at V Opmgy Using a short—short in-
terval training protocol with the same average ve-
locity (the critical velocity) but with different am-
plitudes. We hypothesised that for middle-aged
runners, a very short interval training (15 seconds
of hard alternated with 15 seconds of easier run)
with asmall amplitude would allow themto runfor
alonger distanceat ahigher velocity and for alonger
time at VOzmax. |N our group of middle-aged run-
ners, having an average critical velocity of 85.6 +
1.2% vV Ozmax, this study compared the following
types of interval training:

* 90 to 80% VvV Oonmax (for hard bouts and active
recovery periods, respectively), amplitude equal
to 6%

» 100 to 70% vV Oonmax (for hard bouts and active
recovery periods, respectively), amplitude equal
to 18%

» 110 to 60% VvV Oomax (for hard bouts and active
recovery periods, respectively), amplitude equal
to 30%.

The results showed that short intermittent exer-
cise of 15 seconds at vV Oonax aternated with 15
seconds of activerecovery, run at an average veloc-
ity equal to the critical velocity (85% of vV Opmax in
this group), allowed middle-aged runners to reach
and sustain VOomay. N fact, the result shows dis-
tinctly that the low and medium amplitudes in-
duced the same metabolic (blood lactate and time
spent at VO,max) and performance (distance, time
limit) responses.

Sports Med 2001; 31 (2)
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However, as underlined by Astrand and Ro-
dahl,[57 ‘it is an important but unsolved question
which type of training is most effective: to main-
tain alevel representing 90% of the maximal oxy-
gen uptake for 40 minutes, or to tax 100% of the
oxygen uptake capacity for about 16 minutes'. This
remains an open question. But before beginning
longitudinal studiesto try to resolve this, it isfirst
necessary to identify the metabolic response during
different types of interval training (very short to
long; see Daniels & Scardina“?!) used by trainers,
especially for special (new) populations of runners
such as middle-aged runners.

Even if optimum improvement in cardiores-
piratory fitnessisthought to occur following train-
ing at an intensity corresponding to 90 to 100% of
V Oomax,[®8 this central factor is not the only oneto
induce an improvement in performance.

If we consider the distance run at ahigh velocity,
thelonger distance (2390 + 815m) hasto be perform-
ed with the lower amplitude 90 to 80% vV Opmax
and the shorter with the higher amplitude 110 to
60% VvV Ozmax (1048 + 365m). However, the dis-
tance run was not significantly different between
the 90 to 80% VV Ozmax and 100 to 70% VvV Ozmax
interval training runs (2390 + 815m vs 1980 + 611m,
p =0.23). When we consider the distancerun at the
high velocity only, the difference was smaller be-
cause of the higher peak velocity inthe 100 to 70%
VvV Ozmax procedure compared with the 90 to 80%
VV Opmax procedure (1265 + 431 vs 1165m, p = 0.6).

However, the time spent at VOone iS Not the
only parameter to be taken into account to judge the
possible efficiency of agiventypeof interval train-
ing on the improvement of VOonmax. Even if the 90
t0 80% of VV Oonex interval training dicited V Oomax
for the same duration as the 100 to 70% of VWV Oomax,
the differencein peak velocity is 10% of vV Oonmax,
i.e. 1.6 km/h. This difference could reduce the in-
volvement of the fast I1afibres, and prevent them
from enhancing their oxidative capacity. However,
evenif running at 90% of vV O,max instead of 100%
of VW Oomax elicitsthe type Ilafibres less, we must
emphasise that 90% of vV Opma Was just 1 km/h
above the | actate threshold velocity. Therefore we

0 Adis International Limited. All rights reserved.

can hypothesise that even at 90% of vV Oomax, type
Ilafibres are recruited.

In fact, central factors related to oxygen uptake
are not the only limiting factors, even in long dis-
tance running. In addition to aerobic processes, neu-
romuscular and anaerobic characteristics are also
involved.[4759 | ndeed, as suggested by Noakes,[4]
the benefits of training also depend on the distance
covered at ahigh velocity, which determines mus-
cular adaptation maximising the number of power-
ful muscle contractions, interval training at 100 to
70% of vV Oone is preferable to that at 90 to 80%
of VVOzmax.

For elderly runnerswho are used to train at long
dlow distances, avery short (15/15 seconds) inter-
va training at 100% of vV Oymax With arecovery at
70% of vV O,max SeEMS be agood procedureto con-
ciliate central and peripheral adaptations.[44 How-
ever, longitudinal studies are now necessary to con-
firm this hypothesis.

2.2 The Young

Asfor elderly runners, few studies have focused
on interval training in children and adolescents.
The influence of pretraining condition on effec-
tiveness of the interval training has been tested in
15- to 19-year-olds.[%9 It was found that the in-
crease in work rate at a heart rate of 170 beats/min
was significant for untrained participants versus
trained athletes (+15 vs +5%). Interval training con-
sisted of 4 to 8 repetitions of 200m (3 times per
week for 5 weeks). Vel ocity and recovery were not
specified. Given that the number of repetitionswas
similar for trained and untrained participants, the
stimulus was perhaps insufficient for trained par-
ticipantsevenif they ran at the samerelativework-
rate.

68 Nigerian schoolgirls aged 15.5 years perform-
ed aerobic interval training [4 minutes at 90% of
maximum heart rate (HRmax) and 4 minutes of jog-
ging] 3timesaweek for 8 weeks.[61 Another group
of young girls (of the same level, i.e. VOoma 39 £
5 ml/min/kg) performed continuous work (4.8km
at 80 to 85% HRyax). Improvement in VOomax Was
similar for both groups (11%) and was significantly
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higher than in the control group. It should be pointed
out that the intensity was not very different (5% of
HRmax) and it is probable that at the end of the
severe run of 4.8km the girls were at VOonmax be-
cause of the slow component of VO,. The end blood
lactate level for both types of training was not re-
ported in this study.

Bar-Orl62l considered that children achieved
steady state during intense exercise and recovered
more quickly than adults following intense exercise.
A practical implication is that, during high inten-
sity interval training, children may need shorter
resting periods than adults. It can be added that the
aerobic contribution is higher. Fleck and Kraemer(6°l
underlined the fact that children should not copy
elite athletic programmes.

11-year-old children carried out interval train-
ing at 25 and 50% above their anaerobic threshold
(measured with aventilatory method) [50 minutes
per session, 5 times per week for 6 weeks].[64 They
improved their anaerobic threshold (expressed in
%V Ozmax) by 22%.

Asfor adults, variation of training velocity from
lactate (or ventilatory) velocity to vV Oomax might
be the best stimulus to improve aerobic capacity.
Indeed, a combination of continuous steady-state
running (2 days per week) and interval training (2
days per week) was used for 8 weeksin boys aged
from 10 to 14 years.[® However, the biological
age, which isacritical factor in thisage group, was
not reported in these studies. Continuous steady
state was run at the ventilatory threshold velocity
that the boyswere able to sustain for 15 minutes at
the beginning of the training period to twice this
duration (30 minutes) in the eighth and final week
of training. Interval training was run at 90 to 100%
V Oymax and was equivalent to 135% of the ventila-
tory threshold VOo,. Interval training consisted of
repeated bouts of set distances in the range of 100
to 800m. Thetotal distanceruninthistype of train-
ing ranged from 1.5km at the beginning of the 8
weeksof training to 2.5km at the end of thetraining
period. VOzma Was improved by 8% (45.9 to 49.4
ml/min/kg). During the same time, the ventilatory
threshold wasimproved by 19%. Therefore, before

0 Adis International Limited. All rights reserved.

training the VO, at ventilatory threshold appeared
at 66.6% of VO,max and after training at 73.8% of
V Ouomax- We suggest that the higher efficiency of
training for improving ventilatory threshold rather
than V O,max may come from the fact that theinter-
val training increased both ventilatory threshold and
VOzmax. Therefore, the children had 4 training ses-
sions per week for ventilatory threshold improve-
ment and 2 training sessions per week (interval train-
ing only) for VOomax improvement. This means that
young untrained boys need to have high intensity
training to improve VOomax. During the 8 weeks,
height and bodyweight had not changed. Some au-
thors have reported that children have higher lac-
tatelevelsor ventilatory thresholdsrelativeto their
V Oomax than adults.[8% However, it is probably only
a question of oxygen kinetics, and when a steady-
state protocol is used to determine MLSS, children
have the same MLSS values as adults when ex-
pressed as a percentage of VO[5!

However, children have, or at |east used to have,
a style of life that is more comparable to interval
training at or above VW Oonax. Therefore, to improve
V Ozmax, thiswould imply a high intensity of work
with very short intermittent training (10 to 15 sec-
onds) above VO, OF long intervals, long enough
(3 minutes of work at vV Ozmax, 3 minutes at 50%
VV Ozmax) to elicit VOomay for along time. Children
have the same time limit at vV Oonax @ adults®7]
and the improvement in vV Ozme iS NOt Systemati-
cally, asfor adults,[67:68] accompanied by animprove-
ment in the time limit at vV Oomay.[68)

In 10- to 11-year-old boys, 9 weeks of interval
training was found to improve both aerobic (V Ozmax
per kilogram of bodyweight: +8%) and anaerobic
(mean power and peak power on Wingate test: +10
and 14%, respectively) capacity. These improve-
ments were correl ated with those of a1200m run.[69
Docherty et al.[7® showed that changes in aerobic
and anaerobic functions wereindependent of phys-
iological maturity as determined by serum testos-
terone levelsin young boys.
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3. Studies Performed on Top Athletes

Acevedo and Goldfarb’s study!”Y! remains one
of the most cited papers, since they demonstrated
that increased training intensity improved athletic
performancein previously trained runners (V Oomax
65.8 = 2.4 ml/min/kg). The training consisted of 8
weeks of increased intensity running 3 days per
week at 48-hour intervals while continuing to run
810 19km (5to 12 miles) per day on the other days
of the week. One day was dedicated to interval
training at 90 to 95% of HRax With limited recov-
ery times between runs (distance was not speci-
fied). Assoon as heart rate returned to 120 beatsmin
they started again. The other 2 runs were fartlek
workouts covering 10 to 16km at the specific pace
of a10km run, i.e. about 92% VvV Oznmax. The total
distance of the week was maintained; thereforethe
modifications could be attributed to an increase in
training intensity. The performance over 10kmwas
improved in relation to the decrease in blood lac-
tate level at 85 and 90% vV Opmax and with no in-
crease in VOomax. The authors hypothesised that
|actate production and clearance (as aready reported
in rats by Denis et al.[72) could be improved. This
assumption has been recently confirmed by Fukuba
et al.[73l in triathletes. An improvement in perfor-
mancewith noincreasein VOomax hasalready been
reported in well trained participants by Daniels et
a4

A series of longitudina studies performed by a
South African group on well trained endurance cy-
clists examined metabolic and performance adap-
tation to interval training.[”™ They replaced a por-
tion (15%) of their 300km per week base endurance
training with high intensity interval training (HIT).
HIT consisted of 6 to 9 x 5-minute rides at 80% of
PPO reached and sustained for 1 minute in an in-
cremental test as defined by Noakes et al.[59 (This
can be a little higher than vV Opmax, Since VOomax
can be reached before the highest work-rate; see
Billat and Koralsztein.[48l) Recovery time was 1
minute. The programme lasted 6 weeks and the
cyclistscarried out 2 HIT sessions per week. In all
these studies, an increase in performance during
the 40km trial (reported as being a reproducible

0 Adis International Limited. All rights reserved.

test) was obtained with an increasein the peak work-
rate values. Cyclists were generally ableto sustain
ahigher absolute and relative work-rate during the
time trials, which lasted about 1 hour.l’6771 This
HIT programme allowed time to fatigue to be in-
creased by 150% at peak (1 minute) power output
without any change in oxidative and glycolytic en-
zyme metabolism. The skeletal muscle buffering
capacity wasimproved after thisHI T programme.[ 78]
This programme improved performance but it was
not specified whether VO,ma Wasincreased. There
was, as in many longitudinal studies, no control
group.

To determine whether a short-fast or a longer-
slower interval training programme produced bet-
ter improvements in performance, Septo et al.[7®l
compared 5 types of interval training sessions: (i)
12 x 30 seconds (rest interval 4.5 minutes) at 175%
of PPO according to the definition by Noakes et
al.;1%9 (ii) 12 x 60 seconds at 100% PPO (rest 4.0
minutes); (iii) 12 x 2 minutes at 90% PPO (rest 3.0
minutes); (iv) 8 x 4 minutes at 85% PPO (rest 1.5
minutes); or (v) 4 x 8 minutes at 80% PPO (rest 1.0
minutes). Cyclists completed 6 sessions over a 3-
week period in addition to their usual aerobic base
training. The percentage improvement in the 40km
time trial was modelled as a polynomial function
of the rank order of the intensity of the training
intervals. The cubic trend was strong and statisti-
cally significant and predicted the greatest enhance-
ment for the intervals performed at 85% PPO and
a 175% PPO. PPO was correl ated with performance,
i.e. the40km timetrial. Intervals performed at 100%
PPO and 80% PPO did not produce any statistically
significant enhancementsin performance. The au-
thors concluded that interval training with work
bouts of 3 to 6 minutes at an intensity of 85% of
PPO gave the maximal enhancement of performance
for thisexercise over 40km, lasting about 1 hour at
this power output. However, according to the prin-
ciple of specificity, the 30-second work bouts, which
would have been achieved by a substantial contri-
bution from oxygen-independent glycolysis, would
not enhance performance over a 40km time trial,
which depends almost entirely on power provided
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by the aerobic system. However, 12 x 30 seconds
also involves aerobic metabolism, and it is prob-
able that buffering capacity plays apart in an al-
out exercise of 1 hour whereglycolysisisat ahigh
rate.

Interval training should be practised by cyclists,
since Palmer et al.[7 showed that elite cyclistsrac-
ing in apack randomly vary their work rates from
around 50% to almost 100% of the peak sustained
power output, independently of the track.

Elite runnerstrain at a higher level of intensity
(relative to their vWOzms) than lower level ath-
letes.[59:80] The authors of these studies suggested
that VOomax and endurance performance may be
limited not only by central cardiovascular factors
related to VO, but also by the so-called ‘muscle
power’ factors affected by the interaction of both
neuromuscular and anaerobic characteristics. There-
fore, supramaximal interval training can also be
included in a programme for middle distance run-
ners.

Evenif morethan 75% of the energy isprovided
by aerobic metabolism,[81-82 anaerobic capacity is
very important for 1500m runners. They must be
able to run the first 800m in 1 minute 50 seconds,
as seen in the last world athletic championship in
1999 (26.2 km/h, which corresponds to a pace of 3
minutes 25 seconds, faster than the world record).
Even for the 10 000m event, the last 1000m and
300m in the last world championship were run in
2 minutes 25.2 seconds (24.8 km/h) and 39.8 sec-
onds (27.1 km/h), respectively. This means that if
the world champion Gebreselassie has a vV Oomex
of 25.5 km/h estimated from his best performance
at 3000m, he is able to run at 106% of vV Oomax
during the last (25th) lap of the 10 000m race.

4. Conclusion

Much more study is needed to understand the
physiological basis of interval training, especially
in elite athletes. However, sports records are per-
formed with variable velocity, even in long dis-
tancerunning. Considering thelast 3 world records
in middle and long distance running (1500, 3000,
5000 and 10 000m), it can be observed that the

0 Adis International Limited. All rights reserved.

range of the coefficient of variation of velocity is
1to 5% (in the 10 000m of 1997 by Gebreselassie
and in the 1500m of 1995 by Morcelli, respectively).
This could mean that interval training could bein-
dividualised taking into account this individua sto-
chastic pace, alowing athletes to reach their best
performance.
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