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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 repetitions the individual was able
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 seconds to 4 to 5 minutes). These studies examined the changes in maximal dynamic
power during successive exercise periods and characterised the associated metabolic changes in muscle.
Using short-interval training, it seems to be very difficult to elicit exclusively
anaerobic metabolism. However, these studies have clearly demonstrated that the
contribution of glycogenolysis to the total energy demand was considerably less
than that if work of a similar 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
.
V O2max determined in an incremental
above the
minimal
velocity
associated
with
.
test (vV O2max).
Many studies on the long term physiological effect
of supramaximal intermit.
tent exercise have demonstrated an improvement in V O2max or running economy.

1. Anaerobic Interval Training
1.1 Acute Physiological Responses

Studies of anaerobic interval training can be divided into 2 categories. The first category (the older
studies) examined interval training at a fixed workrate.[1] They measured the time limit or the number

of repetitions the athlete was able to sustain for different pause duration. The intensities used in these
studies were not maximal but were at about 130 to
.
160% of maximal oxygen uptake (VO2max). Moreover, they used work periods of 10 to 15 seconds
interrupted by short rest intervals (15 to 40 seconds).
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The second category (the more recent studies)
asked the participants to repeat maximal bouts with
different pause durations (30 seconds to 4 to 5 minutes). These studies examined the changes in maximal dynamic power during successive exercise
periods and characterised the associated metabolic
changes in muscle.[2]
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 duration [time for creatine phosphate (CP) resynthesis] on the decrease in the time limit and total work
performed and the decrease in the velocity or power
output. These decreases in total work performed or
of the work-rate were correlated 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.[1] demonstrated that for supramaximal intermittent exercise
[about 160% of the minimal velocity associated with
.
.
VO2max determined in an incremental test (vVO2max)],
the total time leading to exhaustion depended on
the pause duration. Moreover, when the pause was
0 (uninterrupted running), 10, 20 and 30 seconds, the
total times run at the supramaximal velocity were
32, 100 and 200 seconds and indefinite, respectively. When the pause was 10 seconds, the total running time could be increased 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. This study demonstrates that the
pause duration was the determinant for the utilisation of anaerobic and aerobic pathways. By plotting the blood lactate accumulation as a function of
the length of the rest period, Margaria et al.[1] 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 Adis International Limited. All rights reserved.

thesis). These authors measured oxygen uptake
.
(VO2) 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 VO2
at the beginning of the exercise and there was no
appreciable difference during the first pause compared with the first running period. At steady state,
.
from the fifth repetition, VO2 was slightly lower
during the pause than during running (e.g. 3.5 vs 4
L/min for 1 participant). The first run took place
almost exclusively (90%) at the expense of phosphagen. During the following 25 seconds of rest,
the alactic pool was restored to about 45% by the
oxygen debt payment (fast post oxygen component).
During the second run, energy was provided more
from the oxidative mechanism: 25 versus 10% of the
total energy requirement in the first and second bouts,
respectively. This is too high to be sustained by the
alactic anaerobic metabolism, since the phosphagen pool is only equal to 45% of the initial resting
storage value. Consequently, anaerobic glycolysis
was involved and blood lactate accumulated. This
is why the 30 seconds of pause, which is sufficiently long to allow the phosphagen pool to be resynthesised, also allows the athlete to run for a very
long time with a steady-state blood lactate below
.
2.5 mmol/L. With pauses of only 10 seconds, VO2max
is reached earlier and blood lactate accumulates.
This kind of interval training performed at supramaximal intensity can elicit a completely different
metabolism, depending upon the length of the pause.
If the oxygen deficit during the period of supramaximal work is higher than the alactic anaerobic
oxygen equivalent (0.5 L), the interval training will
involve lactic anaerobic processes. For instance, a
.
female runner who has a vVO2max equal to 16 km/h
(4.44 m/sec) will run 10 × 4.44 × 1.6 = 71.1m during a 10-second supramaximal run at 160% of
.
vVO2max. If she weighs 50kg and has a gross oxygen cost of running equal to 0.210 ml/kg/m, she
will need to consume a volume of oxygen equal to
71.1m × 0.210 = 15ml of oxygen/kg, i.e. 750ml.
This is 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. close to vVO2max.
However, the pause should be at least 25 seconds
to be sure that the CP consumed during the work
interval is restored. As demonstrated by Margaria
et al.,[1] in these conditions interval training can be
performed for a very long time with no blood lactate accumulation. Hence, the work : pause ratio
.
is equal to 1 : 3 and VO2 is submaximal (82% of
.
VO2max).[3]
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 glycogenolysis to the total energy demand was considerably
less than that if work of a similar 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 above
.
vVO2max.
More recently, Tabata et al.[4] have compared
the metabolic profiles of 2 different types of high
intensity interval training at a fixed percentage of
.
VO2max equivalent. Participants cycled 6 bouts of
.
20 seconds at 170% VO2max with a 10-second rest
between each bout. The second interval training
.
involved 4 bouts of 30 seconds at 200% of VO2max
with a 2-minute rest between each bout. The first
interval training protocol elicited both the maximal
accumulated oxygen deficit and the maximal oxygen 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 really 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 a given power output) during high intensity exercise. In this type of study, Bogdanis et al.[5]
demonstrated that in a second 30 seconds of all-out
 Adis International Limited. All rights reserved.
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cycling exercise performed 4 minutes after the first
bout, CP, which was at 17% of the resting value
after the first all-out cycling exercise, was resynthesised 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 provided a significant part (49%) of the energy and the
rate of CP synthesis determined the work-rate performed in the first 10 seconds of the second 30second all-out exercise.
In another major study on intermittent maximal
exercise training, 10 × 6-second maximal sprints
with 30 seconds of recovery between each sprint
were performed.[6] Needle biopsy samples were
taken from the vastus lateralis muscle before and
after the first sprint and 10 seconds before and immediately after the tenth sprint. In this study, the
high mean power output was more than 3 times the
.
minimal power output which elicits VO2max deter.
mined in an incremental test (pVO2max). The peak
power (the maximum power output in 1 second)
.
was 5 times greater than pVO2max. Mean power outputs significantly decreased from the fourth repetition and the peak power decreased from the fifth.
The last repetition was reduced to only 73% of power
generated during the first sprint. The energy required to sustain the high mean power output that
was generated over the first 6-second sprint was
provided by an equal contribution from CP degradation (–57% of rest concentration) and anaerobic
glycolysis (muscle lactate had increased to 28.6
mmol/kg dry weight). In the tenth sprint, muscle
lactate concentration did not increase. The authors
suggested that during the last sprint, the power output (which was 73% of the first repetition) was
maintained by energy that was derived mainly from
CP degradation and an increase in aerobic metabolism.
For training purposes, because of the drop in the
power output and because of the high muscle lactate accumulation, this configuration of intermittent 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 CP to
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, in this protocol, it has
been demonstrated that during passive rest almost
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).[7] The half time of CP resynthesis is
170 seconds.[8]
However, these studies have a direct application
for sprint training. Indeed, Balsöm et al.[2] have
compared the physiological responses to maximal
intensity intermittent running for 15m (in 2.6 seconds), 30m (in 4.5 seconds) and 45m (in 5.6 seconds). These sprints were performed every 30 seconds but covered the same distance (work) of 600m
(40 × 15m, 20 × 30m, 15 × 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. Velocity at 40m decreased after the third sprint, associated with a net loss of the adenine nucleotide pool.
Balsöm et al.[9] also compared the effect of recovery duration (120, 60 and 30 seconds) on the 40m
maximal intensity intermittent exercise. The performance (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 registered using 60 and 120 seconds recovery (12.1 ±
1.3 and 13.9 ± 1.2 mmol/L, respectively). Although
these work bouts could be classified primarily as
anaerobic exercise, oxygen uptake measured during rest periods (Douglas bag method) increased to
.
52, 57 and 66% of VO2max. However, to improve
performance in competitions lasting 1 minute (1km
in track cycling or 100m in swimming and 400m
.
in running), generally performed at 150% of VO2max,
 Adis International Limited. All rights reserved.
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it is important to practise aerobic interval training,
since the aerobic metabolism contribution to the
total energy is about 30%.[2]
The increase in recovery time allowed the runners to maintain their performance during more trials; 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,
AMP is eliminated via deamination of AMP to IMP
and subsequent oxidation to hypoxanthine and uric
acid.
It is well known that both anaerobic pathways –
lactic (glycolysis) and alactic (CP degradation) –
are activated instantaneously at the onset of maximal activity.[10] However, the ability to repeat maximal sprints depends on the duration of recovery,
which does not have the same effect on the 2 anaerobic pathways. The resynthesis of CP depends
on the endurance level of the participant.[5,11] 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 second 30-second all-out exercise were highly correlated (r = 0.84 and 0.91, respectively). Indeed, the
time course of CP resynthesis after a 30-second
sprint was found to be parallel with the time course
of the peak power output (PPO) restoration.[12]
As described above, glycogenolysis is largely
elicited in these supramaximal intermittent exercises. Intensity of work interval training is well above
the crossover point: i.e. the power output at which
energy from carbohydrate-derived fuels predominates over energy from lipids.[13] Jenkins et al.[14]
have demonstrated that a high (83% of the total
energy intake) and moderate (58% of the total energy 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 pVO2max, were separated by 5
minutes of passive recovery.
Sports Med 2001; 31 (2)
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1.2 Long Term Physiological Effects

improving anaerobic capacity, it is important to
check that the input is well above the power output
.
.
associated with VO2max (pVO2max). For instance,
no increase was found in either the level of anaerobic metabolic enzymes or the percentage of type
IIb fibres due to the effect of training (only an increase in the absolute number).[20-22] In fact, the
intensity of intermittent exercise (10- or 15-fold
× 15 to 30 seconds) was set at 60% of the absolute
maximal velocity, which corresponds to 110 to
.
120% of pVO2max. The intensity of the longer high
intensity intermittent training (4- or 5-fold × 60 to
90 seconds) was set at 70% of the maximal velocity
sustained for 90 seconds. All these intensities cor.
respond, effectively, to 90 to 95% of vVO2max, knowing that an exercise sustained for 1.5 minutes is at
.
about 130% of pVO2max.[23] It should be noted that
the intensities of these exercises were probably too
low to enhance anaerobic metabolism or modify
the percentage of type II fibres. The response was
the same as in interval training for improving aerobic metabolism, using velocities between 90 and
.
120% of vVO2max to give participants the time to
.
reach and therefore to elicit VO2max.[23]
In contrast, 1 study[24] has used true supramaximal exercise: 2 series of 4 repetitions of 200m at
90% of the participants’ maximum velocity over
200m (which gave 29 seconds) with a recovery of
2 minutes (3 to 4 times per week) for 5 weeks. At
the end of the first series the blood lactate level was
14.5 mmol/L; after a rest 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 lactate was 17.6 mmol/L. This type of interval training
clearly elicited anaerobic glycolysis. Indeed, this high
intensity interval training with a 1 : 4 work : rest
ratio resulted in an increase in the activity of key
enzymes involved in glycogenolysis and anaerobic
glycolysis in skeletal muscle. The increase in succinate dehydrogenase (SDH) [+17.5%] was not statistically significant. Participants had improved their
time limit in a run at 16 km/h with a 15% slope
inclination (about 25 km/h equivalent on level treadmill according to Margaria et al.[25]), i.e. at about
140 to 150% for these men.

Many studies on the long term physiological effect of supramaximal intermittent exercises have
.
demonstrated an improvement in VO2max. In the
1970s, Fox and his team reported that this kind of
interval training was efficient in inducing an im.
provement in VO2max (+15%) in men[15] and in
women.[16] Indeed, Lesmes et al.[16] compared the
effects of 2 types of supramaximal interval training
.
over an 8-week period on VO2max (2 or 4 days/week)
.
in women with a vVO2max equal to about 12.9 km/h,
using high intensity, short distance (50, 101, 201m)
.
at 170% of vVO2max (22 km/h) or high intensity,
.
long distance (604, 805, 1208m) at 130% of vVO2max
(15 km/h).
For both types of interval training, the relief intervals consisted of walking 2 to 3 times the duration 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 females was independent of frequency, distance and intensity. In contrast, for men, it has been
shown that training intensity, rather than frequency
or distance, was the most important factor to im.
prove VO2max.[17] The decrease in submaximal heart
.
rate during a run of 5 minutes at 50% of vVO2max
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 frequencies of interval training could mean that the maximal responsiveness to this programme was reached
.
for the women, who started with a VO2max of only
40 ml/min/kg.
As demonstrated in rats,[18,19] any kind of training
.
programme would have the same effect on VO2max
.
(+15%) and on pVO2max. However, the problem with
such longitudinal studies is the low degree of fitness of the participants and the choice of so-called
‘supramaximal intermittent exercises’, which are
often less intensive than imagined by the authors.
Indeed, before drawing conclusions on the inefficiency of high intensity intermittent training in
 Adis International Limited. All rights reserved.
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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] Moreover, 7 weeks of this kind of sprint training not only
increased lactate production after a training session
[associated with a 20% higher activity of both phosphofructokinase and lactate dehydrogenase (LDH)],
but also increased the proportion of slow twitch
fibres which was closely related to a concomitant
.
decrease in fast IIb fibres.[26] However, VO2max did
not increase and the decrease in power output during each sprint was not reported. Notably, 55 seconds is too short to reconstitute the CP reserve. Thus,
intense and repetitive exercise could induce the conversion of intermediate fibres to the oxidative type,
aerobic metabolism being involved in the recovery
and probably increasingly during the repetition of
the sprints.[26] Maximal power output measured with
the force-velocity test increased significantly after
sprint training (+13%). This was similar for the average 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 performance were not related to a significant increase in
the mean resting muscle CP concentration, but to
an increase in the energy production from anaerobic glycolysis, as demonstrated by Nevill et al.[27]
Because the training exercises were performed
intermittently, and because of their greater oxidative capacity, type I fibres could have been more
extensively involved in the replenishment of the
depleted CP stores during rest periods than fast twitch
fibres. Moreover, type I fibres are more involved
in the removal of the lactate accumulated during
exercise periods (52.8 mmol/kg of dry mass) than
type II fibres. Indeed, in order to increase alactic
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
 Adis International Limited. All rights reserved.
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high oxidative capacity. However, with short pauses,
as in the study by Linossier et al.[26] (55 seconds),
anaerobic lactic metabolism is increasingly involved.
Acidosis could impair CP production via mitochondrial creatine kinase during recovery.
Hargreaves et al.[28] studied 6 men during 4 ×
30-second all-out exercise bouts. The first 3 exercise 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 VO2. This was followed by
a further 60-minute rest period before completing
the fourth exercise bout. The performance was maintained in the fourth bout because CP resynthesis is
increased. Indeed, peak power and total work were
not significantly decreased in the fourth bout compared with the first bout and were higher than in
the second and third bouts. Before the fourth bout,
muscle CP concentration was above the resting level
(probably because of increased mitochondrial creatine kinase activity during recovery); IMP, lactate,
pH and sarcoplasmic reticulum calcium uptake were
the same as before the first bout. However, ATP and
glycogen were still depleted. Since, in these metabolic conditions, the performance was the same as
in the first bout, the authors concluded that the maintenance in performance observed during the fourth
bout does not appear to be related to a reduction in
muscle glycogen.[28]
Heugas et al.[29] reported on elite 400m runners
(including an Olympic champion), in the precompetitive phase, who performed training sessions with
maximal all-out 30-second runs with 4 minutes of
rest in between, followed by a long rest (10 minutes) before a last 30-second maximal run. The ca.
pacity to sustain exercise at about 150% of vVO2max
with high acidosis and the ability to run a relay race
(4 × 400m) a couple of hours later is improved by
using this type of intermittent high intensity training.[29]
In a recent study[30] 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
high interval training sessions per week (consisting
Sports Med 2001; 31 (2)
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of 4 × 30 seconds of all-out exercise spaced by a
recovery of 4 minutes, or 2 minutes 30 seconds in
weeks 1 and 2) enhanced PPO, total work over 30
.
seconds and VO2max. Maximal enzyme activity of
hexokinase, phosphofructokinase (glycolysis enzymes), citrate synthase, SDH and malate dehydrogenase (oxidative enzymes) was enhanced after
this type of training. The participants were students
in kinesiology, who were physically active but were
not athletes. From the seventh week of such training, 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 VO2max on the first interval to 140% VO2max
by the ninth and tenth intervals. At such intensities,
the rate of production of pyruvate may be considered to be almost maximal and one would expect
major increases in the velocity of catalytic activity of the competing enzymes pyruvate dehydrogenase (PDH) and LDH. However, the increase of 7%
in LDH after such training was not significantly
different; PDH was not measured, but the authors
speculated that the increase in PDH activity (which
provokes an increased rate of pyruvate entry into
the mitochondria) could be the stimulus for the upregulation of mitochondrial enzymes. This could explain 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 increase in
both glycolytic and oxidative muscle enzyme activ.
ity, maximum short term power output and VO2max
(+7%). The authors concluded that the increase in
power output (+24% on average after 4 × 30-second
bouts) may have been the result of an increase in the
maximal activity of the glycolytic enzymes (+49%
for phosphofructokinase) and in Na+/K+ pump capacity, whereas the increased mitochondrial enzyme
activity (+65% for SDH) may have been a result of
increased pyruvate flux rate during this intense sprint
interval training.[30]
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
 Adis International Limited. All rights reserved.
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middle distance (800 to 1500m) runners whose
anaerobic metabolism is a determinant for performance. 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 vVO2max,[31]
although there are also 5000 and 10 000m races
with 1 runner 50 to 100m ahead when starting the
last lap, and this runner can win at a modest last lap
speed. The last 400m of a 10 000m race can be run
.
in 52 seconds, i.e. 27.7 km/h (110% of vVO 2max
.
for the best performers, who have a vVO2max 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 minute at about 130%
.
of vVO2max with a rest of 5 minutes between. Eight
weeks of this type of training (3 times a week) has
been reported to efficiently enhance anaerobic capacity as measured as the y-intercept of the relationship 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 VO2max and lactate threshold.[33] This type of
high intermittent training has also been used to enhance performance in high level cyclists (see section 3), in whom it is more difficult to obtain an
improvement in performance or physiological modifications.
Another type of anaerobic high interval training
is circuit training consisting of explosive jumping
exercises. Recently, with this type of circuit training, Paavolainen et al.[34] reported an improvement
of 5km time in well trained endurance athletes with
.
no changes in their VO2max. This was due to improvement of the running economy (RE), i.e. the oxygen
consumption at a given sublactate threshold velocity was decreased by 3% after 6 weeks of 3 × 20 to
30 minutes of circuit training per week with long
interval training or exhaustive distance training, but
not with short interval training. [35] This improvement of RE was related to improved neuromuscular 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). This improvement 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 running induce a decrease in RE, circuit training composed of jump exercises can yield the same result,
but probably by different mechanisms through the
stretch-shortening cycle.[36] In fact, it is probable
that the fitness level of participants plays a prominent role in the results of the long term effect of
different types of training (continuous or intermittent).
Finally, for not very well trained participants, the
intensity of exercise is more important than the type
of exercise (cycling and running). Flynn et al.[37] have
reported that in well trained runners, 6 weeks of high
intensity interval training (between 95 and 105%
.
pVO2max) 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 underlies the fact that sports physiologists have a limited 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 a study of the effects of creatine supplementation on cycling performance (10 × 6-second bouts
at 880W and 140 rev/min, separated by passive 30second rest periods), performance could be enhanced
by creatine towards the end of each exercise bout,
as demonstrated by a smaller decline in work output 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 Adis International Limited. All rights reserved.

tion decreased from 10.8 to 9.1 mmol/L. This improvement was due to a higher availability of phosphate or to an increased rate of CP resynthesis during the recovery periods. This could explain why
glycolysis is less involved in interval training at
maximal velocity.
High intensity intermittent training has been
shown to be a very effective way of increasing the
maximal oxygen uptake. Tabata et al.[41] reported
.
that a protocol of 6 × 20 seconds at 170% of VO2max
.
for 6 weeks increased VO2max by 13% and anaerobic capacity by 28%. In fact, it seems that protocols
.
that elicit VO2max, even if they are performed at
.
.
supra-vVO2max velocities, can increase VO2max and
anaerobic capacity. To do this, the recovery has to
be short, as in Tabata’s interval training (10 seconds).[41]
2. Interval Training for the Elderly and
the Young
2.1 The Elderly

Of the various methods used to train elderly people, interval training has been reported to be effec.
tive in improving aerobic capacity (VO2max and lactate threshold).
In 1 study, interval training was more easily accepted (more than 70% of participants completed
both test and training sessions) than continuous
training (40%).[42] The interval training was performed on the track, taking as a reference the heart
rate at the ventilatory threshold (HRth) of 125 ± 5
.
beats/min, corresponding to 60% VO2max. The interval training consisted of 1 minute exercise at HRth
and 1 minute active recovery (20 beats/min below
HRth); 2 minutes exercise at HRth, 1 minute active
recovery; 4 minutes exercise at HRth, 1 minute active recovery; and 10 minutes exercise at HRth, 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 increased their total exercise time from 30 to 60 minutes by the eighth week of training. This procedure
can be performed on the track and needs only a
Sports Med 2001; 31 (2)
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cardiofrequency meter. As for younger runners, the
elderly benefit from this interval training by in.
creasing oxidative enzyme activity,[43] VO2 at the
ventilatory threshold and cardiac output, since max.
imal oxygen pulse increased by 19% (as VO2max).
Moreover, the attendance at these training sessions
during periods as long as 3 months (24 sessions and
12 interval training sessions) has been reported to
be more than 97.3% for the 73% of participants
who had been considered to have completed training and test protocols. Interval training significant.
ly increased VO2max by 20% (from 25 ± 1.2 to 31
± 2.3 ml/min/kg) and the velocity associated with
the ventilatory threshold (vVT) by 26%.
However, as for younger participants, the training effect depends on the basal level of the participants. In training camp, we often have senior runners (>60 years) who are able to 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 VO2max (60 ml/min/kg at age

4000
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60 years) and maximal lactate steady-state ve.
locity (vMLSS = 85% of vVO2max) and are not familiar with interval training, very short repetitions
.
are well supported.[44] Figure 1 shows the VO2 kinetics for a 60-year-old runner (eighth in senior 100km
world championship 1999) during a very short interval of 15 seconds at 90% and 15 seconds at 80% of
.
vVO2max. The average velocity was at MLSS veloc.
ity (85% vVO2max). It should be pointed out that
this very narrow amplitude training interval allows
.
him to remain for more than 10 minutes at VO2max.
Blood lactate accumulation was only 8 mmol/L.
More research is needed to allow these seniors who
are already in good shape to improve their performance, but by running fewer kilometres.
Nowadays, many runners participating in popular 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 this type of training, these long distance
runners have a high endurance index, which is de-
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Fig. 1. Time course of oxygen uptake (V O2) and heart rate during short interval training [15 seconds at 90% of vV O2max (minimal
.
.
velocity associated
with maximal oxygen uptake, V O2max) alternated with 15 seconds at 80% vV O2max] in a long distance runner aged
.
60 years. His V O2max was 3350 ml/min.
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fined as the ability to use a high fraction of maxi.
mal oxygen consumption (VO2max) for a given running duration.[45] Therefore, to improve their per.
formance, they have to increase both VO2max and
.
.
the velocity associated with VO2max (vVO2max).[46-48]
For this purpose, interval training involves repeated bouts of work, each lasting from about 30 sec.
.
onds at vVO2max to 5 minutes at 95% of vVO2max.[49]
Gorostiaga et al.[50] showed that interval training
with repetitions of 30 seconds of work at 100% of
.
vVO2max, separated by 30 seconds of rest, produced
.
larger increases in VO2max than continuous training
.
at 50% vVO2max. Recently, as seen above, it has been
.
shown that the time spent specifically at VO2max
was much higher in 30/30-second light-heavy exercise intervals than in a continuous severe run performed at an intermediate velocity between the lac.
tate threshold and vVO2max.[51]
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 possible to use shorter durations of less than 20 seconds. Christensen et al.[3] showed previously that
very short intermittent runs alternating with heavy
.
intensity repetitions of 15 seconds at 100% vVO2max
with complete rests of 15 seconds also allowed the
.
runners to reach 90% VO2max. In this case, the intermittent 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). This low blood lactate level was obtained by the unloading of myoglobin oxygen and
CP stores and by their rapid recharging during the
.
passive recovery period. To elicit VO2 at its maximum with this ‘short–short’ interval training, active pause may be preferable to passive recovery[51]
and a small range of velocities between the high
and low velocity bouts has to be used. This difference in velocity is called the ‘amplitude’ of the Interval training.[52,53] The amplitude describes the
degree to which the work intensity in the different
periods of the exercise varies from the average velocity.[51] For instance, for an interval training using high and low velocity bouts of 100 and 50% of
.
.
vVO2max, the average velocity is 75% vVO2max, and
 Adis International Limited. All rights reserved.
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the amplitude of the interval training is equal to
[(100 – 75)/75] × 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
the velocity-time relationship. The critical velocity
is known to be sustained for 30 minutes[54] and to
.
be the velocity above which runners reach VO2max
with exercising time.[55] 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
.
vVO2max.[56]
Therefore, the purpose of this study[56] was to
.
compare run time at VO2max using a short–short interval training protocol with the same average velocity (the critical velocity) but with different amplitudes. We hypothesised that for middle-aged
runners, a very short interval training (15 seconds
of hard alternated with 15 seconds of easier run)
with a small amplitude would allow them to run for
a longer distance at a higher velocity and for a longer
.
time at VO2max. In our group of middle-aged runners, having an average critical velocity of 85.6 ±
.
1.2% vVO2max, this study compared the following
types of interval training:
.
• 90 to 80% vVO2max (for hard bouts and active
recovery periods, respectively), amplitude equal
to 6%
.
• 100 to 70% vVO2max (for hard bouts and active
recovery periods, respectively), amplitude equal
to 18%
.
• 110 to 60% vVO2max (for hard bouts and active
recovery periods, respectively), amplitude equal
to 30%.
The results showed that short intermittent exer.
cise of 15 seconds at vVO2max alternated with 15
seconds of active recovery, run at an average veloc.
ity equal to the critical velocity (85% of vVO2max in
this group), allowed middle-aged runners to reach
.
and sustain VO2max. In fact, the result shows distinctly that the low and medium amplitudes induced the same metabolic (blood lactate and time
.
spent at VO2max) and performance (distance, time
limit) responses.
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However, as underlined by Astrand and Rodahl,[57] ‘it is an important but unsolved question
which type of training is most effective: to maintain a level representing 90% of the maximal oxygen 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 studies to try to resolve this, it is first
necessary to identify the metabolic response during
different types of interval training (very short to
long; see Daniels & Scardina[49]) used by trainers,
especially for special (new) populations of runners
such as middle-aged runners.
Even if optimum improvement in cardiorespiratory fitness is thought to occur following training at an intensity corresponding to 90 to 100% of
.
VO2max,[58] this central factor is not the only one to
induce an improvement in performance.
If we consider the distance run at a high velocity,
the longer distance (2390 ± 815m) has to be perform.
ed with the lower amplitude 90 to 80% vVO2max
and the shorter with the higher amplitude 110 to
.
60% vVO2max (1048 ± 365m). However, the distance run was not significantly different between
.
.
the 90 to 80% vVO2max and 100 to 70% vVO2max
interval training runs (2390 ± 815m vs 1980 ± 611m,
p = 0.23). When we consider the distance run at the
high velocity only, the difference was smaller because of the higher peak velocity in the 100 to 70%
.
vVO2max procedure compared with the 90 to 80%
.
vVO2max procedure (1265 ± 431 vs 1165m, p = 0.6).
.
However, the time spent at VO2max is not the
only parameter to be taken into account to judge the
possible efficiency of a given type of interval train.
ing on the improvement of VO2max. Even if the 90
.
.
to 80% of vVO2max interval training elicited VO2max
.
for the same duration as the 100 to 70% of vVO2max,
.
the difference in peak velocity is 10% of vVO2max,
i.e. 1.6 km/h. This difference could reduce the involvement of the fast IIa fibres, and prevent them
from enhancing their oxidative capacity. However,
.
even if running at 90% of vVO2max instead of 100%
.
of vVO2max elicits the type IIa fibres less, we must
.
emphasise that 90% of vVO2max was just 1 km/h
above the lactate threshold velocity. Therefore we
 Adis International Limited. All rights reserved.
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.
can hypothesise that even at 90% of vVO2max, type
IIa fibres are recruited.
In fact, central factors related to oxygen uptake
are not the only limiting factors, even in long distance running. In addition to aerobic processes, neuromuscular and anaerobic characteristics are also
involved.[47,59] Indeed, as suggested by Noakes,[47]
the benefits of training also depend on the distance
covered at a high velocity, which determines muscular adaptation maximising the number of powerful muscle contractions, interval training at 100 to
.
70% of vVO2max is preferable to that at 90 to 80%
.
of vVO2max.
For elderly runners who are used to train at long
slow distances, a very short (15/15 seconds) inter.
val training at 100% of vVO2max with a recovery at
.
70% of vVO2max seems be a good procedure to conciliate central and peripheral adaptations.[44] However, longitudinal studies are now necessary to confirm this hypothesis.
2.2 The Young

As for elderly runners, few studies have focused
on interval training in children and adolescents.
The influence of pretraining condition on effectiveness of the interval training has been tested in
15- to 19-year-olds.[60] It was found that the increase in work rate at a heart rate of 170 beats/min
was significant for untrained participants versus
trained athletes (+15 vs +5%). Interval training consisted of 4 to 8 repetitions of 200m (3 times per
week for 5 weeks). Velocity and recovery were not
specified. Given that the number of repetitions was
similar for trained and untrained participants, the
stimulus was perhaps insufficient for trained participants even if they ran at the same relative workrate.
68 Nigerian schoolgirls aged 15.5 years performed aerobic interval training [4 minutes at 90% of
maximum heart rate (HRmax) and 4 minutes of jogging] 3 times a week for 8 weeks.[61] Another group
.
of young girls (of the same level, i.e. VO2max 39 ±
5 ml/min/kg) performed continuous work (4.8km
.
at 80 to 85% HRmax). Improvement in VO2max was
similar for both groups (11%) and was significantly
Sports Med 2001; 31 (2)
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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 VO2max be.
cause of the slow component of VO2. The end blood
lactate level for both types of training was not reported in this study.
Bar-Or[62] 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 intensity interval training, children may need shorter
resting periods than adults. It can be added that the
aerobic contribution is higher. Fleck and Kraemer[63]
underlined the fact that children should not copy
elite athletic programmes.
11-year-old children carried out interval training at 25 and 50% above their anaerobic threshold
(measured with a ventilatory method) [50 minutes
per session, 5 times per week for 6 weeks].[64] They
improved their anaerobic threshold (expressed in
.
%VO2max) by 22%.
As for adults, variation of training velocity from
.
lactate (or ventilatory) velocity to vVO2max 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 weeks in boys aged
from 10 to 14 years.[65] However, the biological
age, which is a critical factor in this age group, was
not reported in these studies. Continuous steady
state was run at the ventilatory threshold velocity
that the boys were 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%
.
VO2max and was equivalent to 135% of the ventila.
tory threshold VO2. Interval training consisted of
repeated bouts of set distances in the range of 100
to 800m. The total distance run in this type of training ranged from 1.5km at the beginning of the 8
weeks of training to 2.5km at the end of the training
.
period. VO2max was improved by 8% (45.9 to 49.4
ml/min/kg). During the same time, the ventilatory
threshold was improved by 19%. Therefore, before
 Adis International Limited. All rights reserved.
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.
training the VO2 at ventilatory threshold appeared
.
at 66.6% of VO2max and after training at 73.8% of
.
VO2max. We suggest that the higher efficiency of
training for improving ventilatory threshold rather
.
than VO2max may come from the fact that the interval training increased both ventilatory threshold and
.
VO2max. Therefore, the children had 4 training sessions per week for ventilatory threshold improvement and 2 training sessions per week (interval train.
ing only) for VO2max improvement. This means that
young untrained boys need to have high intensity
.
training to improve VO2max. During the 8 weeks,
height and bodyweight had not changed. Some authors have reported that children have higher lactate levels or ventilatory thresholds relative to their
.
VO2max than adults.[65] However, it is probably only
a question of oxygen kinetics, and when a steadystate protocol is used to determine MLSS, children
have the same MLSS values as adults when ex.
pressed as a percentage of VO2max.[66]
However, children have, or at least used to have,
a style of life that is more comparable to interval
.
training at or above vVO2max. Therefore, to improve
.
VO2max, this would imply a high intensity of work
with very short intermittent training (10 to 15 sec.
onds) above VO2max or long intervals, long enough
.
(3 minutes of work at vVO2max, 3 minutes at 50%
.
.
vVO2max) to elicit VO2max for a long time. Children
.
have the same time limit at vVO2max as adults[67]
.
and the improvement in vVO2max is not systematically, as for adults,[67,68] accompanied by an improve.
ment in the time limit at vVO2max.[66]
In 10- to 11-year-old boys, 9 weeks of interval
.
training was found to improve both aerobic (VO2max
per kilogram of bodyweight: +8%) and anaerobic
(mean power and peak power on Wingate test: +10
and 14%, respectively) capacity. These improvements were correlated with those of a 1200m run.[69]
Docherty et al.[70] showed that changes in aerobic
and anaerobic functions were independent of physiological maturity as determined by serum testosterone levels in young boys.
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3. Studies Performed on Top Athletes
Acevedo and Goldfarb’s study[71] remains one
of the most cited papers, since they demonstrated
that increased training intensity improved athletic
.
performance in previously trained runners (VO2max
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
8 to 19km (5 to 12 miles) per day on the other days
of the week. One day was dedicated to interval
training at 90 to 95% of HRmax with limited recovery times between runs (distance was not specified). As soon as heart rate returned to 120 beats/min
they started again. The other 2 runs were fartlek
workouts covering 10 to 16km at the specific pace
.
of a 10km run, i.e. about 92% vVO2max. The total
distance of the week was maintained; therefore the
modifications could be attributed to an increase in
training intensity. The performance over 10km was
improved in relation to the decrease in blood lac.
tate level at 85 and 90% vVO2max and with no in.
crease in VO2max. The authors hypothesised that
lactate production and clearance (as already reported
in rats by Denis et al.[72]) could be improved. This
assumption has been recently confirmed by Fukuba
et al.[73] in triathletes. An improvement in perfor.
mance with no increase in VO2max has already been
reported in well trained participants by Daniels et
al.[74]
A series of longitudinal studies performed by a
South African group on well trained endurance cyclists examined metabolic and performance adaptation to interval training.[75] They replaced a portion (15%) of their 300km per week base endurance
training with high intensity interval training (HIT).
HIT consisted of 6 to 9 × 5-minute rides at 80% of
PPO reached and sustained for 1 minute in an incremental test as defined by Noakes et al.[59] (This
.
.
can be a little higher than vVO2max, since VO2max
can be reached before the highest work-rate; see
Billat and Koralsztein.[48]) Recovery time was 1
minute. The programme lasted 6 weeks and the
cyclists carried out 2 HIT sessions per week. In all
these studies, an increase in performance during
the 40km trial (reported as being a reproducible
 Adis International Limited. All rights reserved.
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test) was obtained with an increase in the peak workrate values. Cyclists were generally able to sustain
a higher absolute and relative work-rate during the
time trials, which lasted about 1 hour.[76,77] This
HIT programme allowed time to fatigue to be increased by 150% at peak (1 minute) power output
without any change in oxidative and glycolytic enzyme metabolism. The skeletal muscle buffering
capacity was improved after this HIT programme.[76]
This programme improved performance but it was
.
not specified whether VO2max was increased. There
was, as in many longitudinal studies, no control
group.
To determine whether a short-fast or a longerslower interval training programme produced better improvements in performance, Septo et al.[78]
compared 5 types of interval training sessions: (i)
12 × 30 seconds (rest interval 4.5 minutes) at 175%
of PPO according to the definition by Noakes et
al.;[59] (ii) 12 × 60 seconds at 100% PPO (rest 4.0
minutes); (iii) 12 × 2 minutes at 90% PPO (rest 3.0
minutes); (iv) 8 × 4 minutes at 85% PPO (rest 1.5
minutes); or (v) 4 × 8 minutes at 80% PPO (rest 1.0
minutes). Cyclists completed 6 sessions over a 3week 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 statistically significant and predicted the greatest enhancement for the intervals performed at 85% PPO and
at 175% PPO. PPO was correlated with performance,
i.e. the 40km time trial. Intervals performed at 100%
PPO and 80% PPO did not produce any statistically
significant enhancements in performance. The authors 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 this exercise over 40km, lasting about 1 hour at
this power output. However, according to the principle of specificity, the 30-second work bouts, which
would have been achieved by a substantial contribution from oxygen-independent glycolysis, would
not enhance performance over a 40km time trial,
which depends almost entirely on power provided
Sports Med 2001; 31 (2)
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by the aerobic system. However, 12 × 30 seconds
also involves aerobic metabolism, and it is probable that buffering capacity plays a part in an allout exercise of 1 hour where glycolysis is at a high
rate.
Interval training should be practised by cyclists,
since Palmer et al.[79] showed that elite cyclists racing in a pack randomly vary their work rates from
around 50% to almost 100% of the peak sustained
power output, independently of the track.
Elite runners train at a higher level of intensity
.
(relative to their vVO2max) than lower level athletes.[59,80] The authors of these studies suggested
.
that VO2max and endurance performance may be
limited not only by central cardiovascular factors
.
related to VO2 but also by the so-called ‘muscle
power’ factors affected by the interaction of both
neuromuscular and anaerobic characteristics. Therefore, supramaximal interval training can also be
included in a programme for middle distance runners.
Even if more than 75% of the energy is provided
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 seconds (27.1 km/h), respectively. This means that if
.
the world champion Gebreselassie has a vVO2max
of 25.5 km/h estimated from his best performance
.
at 3000m, he is able to run at 106% of vVO2max
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 performed with variable velocity, even in long distance running. Considering the last 3 world records
in middle and long distance running (1500, 3000,
5000 and 10 000m), it can be observed that the
 Adis International Limited. All rights reserved.

range of the coefficient of variation of velocity is
1 to 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 be individualised taking into account this individual stochastic pace, allowing athletes to reach their best
performance.
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