Sporss Med 2007 21 ¢1) "3 3)
0712 1642, 4300 +-0073,$220C/0

LEADING ARTICLE

e o e

[ ——— R

“tAas rrafrerona Lmed Al aghts reservea

Interval Training for Performance:
A Scientific and Empirical Practice

Special Recommendations for Middle- and Long-Distance
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Abstract

This artwle traces the history of scientilic and empinical mmerval training.
Scientific researck has shed some hight on the choice of intensity. work Juration
and rest pertods in so~called “interva! trainmg’. Interval trammg involves repeated
short to long bouts of rather high mtensity exercise {equal or superior to maximal
lactate steady-state velocity) interspersed with recovery periods (light exercise
or rest). Interval training was first descrnibed by Reindell and Roskamm and was
popularised in the 1930s by the Glympic champion. Emul Zatopek.

Since then middle- and lor g- distance runners have used this techmque o frain
at velocriies close to their own spectiic competition velocity In fact, trainers have
used specitic velocities from 800 to SCH0m to calibrate mterval traming without
taking mto account physiological markers. However, outside of the competition
season it seems better to refer to the velovities associated with particular physi-
ological responses i the range from maximal lactate steady state to the absolute
maximal velocity The range of velocitics used 1 a race rmust be taken mto con-

sideration, since cven world records are not run at a constant pace.

1. Definition and Characieristics of
Interval Training

Trainmg can be defined as the systematic and reg-
ular participatior in exercisc to enhance spois per-
formance. Performance, espectally for sports based
on locomotion (action to move from one point ©
another), can be a time to cover a distance ¢ 14 min-
utes over 5000m is a performance) or ¢ distance
covered in a ttime (21X in an hour of runmng). If
one considers the velocity-tiime relationship, the pur-
pose of traming is to sh:ft the curve to the right; to
be able to run faster over the same distance oy ©©
run a longer time at a given velocity. To date, sports
scientists have focused much of their etfort on ex-
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plaining why the accepted training practices result
in an enhanced performance. Far less frequently have
‘scientific breakthroughs'. arising from the lzbora-
tory, orecipitated major changes in accepted train-
ing practices.l'l However. scientific research has
shed some hight on the choice of mensity. work du-
ration and rest periods in so-called “interval train-
ing’. Interval training mvolves repeated short to
iong bouts of rather high ntensity exercise (equal
or superior to maximul lactale steady-state veloc-
ity) inerspersed with recovery periods {hight exer-
cise or rest). Interval training was first described,
in a scientific journai, by Reindel! and Roskamm, 2]
and Reindell ¢t ab.l™ and was popularised in the
t95uUs by the Olympic champicn, Emil Zatopek.



S:nce then middle- and long-distance renness have
used this techniyue to train at velocities close {0
their own specific competition velocity.

Indeed, interva. training has a very lorg trad-
tion. Often cross-country rupning (and skung) was
inciuded e the traiming with running (skiing) on
the flat. uphills, and downhills, and it was tcrmed
‘natural .nterval tramning’. In this kind of irterval
training the athletes often guided their speed with
a stop-watch (¢.g. the Swedish runner, Gunder Hiigg
who in early 1940 achicved 15 individual world
records in middie- and lorg- distance running). Tae
problem was chat these traivirg programmes were
not published in scienttfic journals. Interval train-
ing, including measurcmerts of heart rate, oxygen
uptake (V) and blood _actare levels. was applied
to the successful Swedish cross-country skiers in
the 1950s. At that time, 't was already xnown that
for a given distance, which at maximal speed took
4 () minutes to cover, could be prolonged o 4 min-
utes 30 seconds ond seill load the oxygen transport
system to maxumnum without much less accumula-
tion of lactate. Those intervals coutd be repeated
many t:mes betore fatiguc. Scientific publications
of physiological datz were publisned 2 decades later.

If we take. Jor instance, an interval traiming of 3
munutes at 100% of the minimal velocity associated
with the maximal oxygen consureption (vVQOong)
determined in an incremental test interspersed with
3 minutes at 50% vV interval ramning char-
acieristics as defined by Saltin ot 2l will have the
following characteristics:

(i} the wirensity s defined as the average power
output; for the interval training described above,
the average intensity is equal to (100 + 50)/2=75%
vV [about 75% of maximal oxygen aptake
(VO2man) s

(i1} the time-ratio for the high and low cxercise
duration; for the interval traiming described above,
the time ratio 3/3 = 1

(it} the amplitude is the ratio of the difference
between the mtensity of the differert per.ods theavy
or recovery run) with tae average velocity, for the
interval training described above, since the average
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velocry 18 75% vVQOan., the ampitude 1s: 100-
75/715 = 33%:

(iv) the durafion and the distances run at high
anc low velociues.

To appreciate both the 1mmediate and the loag
term effects of interval training programmes. mod-
ern, technelogical progress has provided dev.ces
agowing field measurements of the physiclogical
responses of athietes during ‘nterval runmag The
different types ot mmierval tramning which have been
used to improve aerobic and unaerobic capacity arc
presented in table L

2. The Pioneers of Interval Training:
Physiologists, Trainers and Runners

In 1910, it was possible to measure VO, durning
exercise but no athletes were tested for training 1m-
provement. However, in 1912, the 10 800m Olym-
pic champiorship runner, Hannes Kolchmainen
(Finland), had already used interval trainng at the
soccific 10km pace. He had trsined using S to 10
repetitions of 3 minutes 5 seconds every 1800m (19
km/h). 8% years later tne 10km specific interval train-
Ing 18 TUR azt 22.7 kr/h.

During the 1920s and 1930s, at a time when Hil 9!
had invented the concept of VG, and oxygen
deficit to explain the shupe of the velocity-iime re-
Iatzenship, the great Finmish ranner, Pavoo Nurmm
{who ran the 5000m in 14 minutes 36 secords at
26.6 km/h}, ntroduced short inferval trarming at an
mfersity supertor to a specific velocity such as 6
X 400m 1 60 seconds 2t 24 knvh mside 3 slow run
of 10 to 20k in the woods.

After the second world war, interval traiving be-
came a widesoread traimng method ased by Eu-
repean rinners. Bmil Zatopek (Czechoslovaica, ar-
ole goid medallist tn 952 m 5000, 10 000m and
Marathon evenis), Gordon Pirie (UK. 300Cm mn
7 minutes 57 secoads n 1960), Sigfried Hermann
tGermary, 800m in | minute 48 seconds, and 1500m
in 3 minutes 40.9 secords) trained by Tomt Nett.
Roger Moens (Belgiun), and Viadimir Kutz (USSR,
S00Cm in 13 menutes 35.0 scconds) all used intes-
val tratning. The most famous atalets (o use nter-
val iraining was Erml Zatopek who mitiated short
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Table § Classification of the different types of interval fraiming according to the speciic valoctties of a race, the time limit at these veloaties
and ‘physiological velocities’ the velocrly at maximal oxygen uptake (VO:max), the cniical velocily { e the asymptote of the ve ocity-time himi
refationship), and the velocity at maximal lactate steady state

Intensity Physiological Time kit at - Time spent Maxumal blood  Aerabic Anasrobic ntarval Aerobic interval
(% vWOamax) and compethon s velocdy  at VOemax  lactate level metabolisin  training tramng
velooity {vin) {rrn} {mmol/L} to energy (%)
118-120 v1000m, 3-2 2-1 15-18 75-85 -6 x30sec B=30 -20 > 10 sec,
v&a0m sec (rest) 60 sec R = 0 sec (rest)
-45 sec, 30 sac 45
sec —60sec, R=5
mitt {rest)
105-115 vmiles 8-4 4-2 13-15 85-80 -BxI1min, R=3mmn —15x {8sec,
v1500m irest), ~3> 5000 at R = 1E sec at 50%
vi8COm, B = 3 mun ¥ Oomex
(rest)
100-195 vz ay, 8-8 5-4 11-13 90-85 —3 % 1000m at -~20 » 15 sec,
¥3000m v3000m, R=3mn F = 15 sec al 50%
{res} wWO, max
88-100 wS00Gm 15-8 i0-5 3-11 9530 -5 » 1000m at ~25 % 15 sec;
¥5000m, B =3 min 8 = *5 sec &t 50%
(rast) YW 0omax, =8 x 3 70
F = 3 mim 80% v
90-95 vi0 000mand  30-15 1-10 7-9 G748 3 % 3000m at
critical velcety ¥10 000m, R =3 mmn
{rest)
88-9C Yelooity for 60-30 Q 57 980 —2x20min, R =3 mr
record o the a 70% vWOamax
hrour
80-85 Maximal lactate  80-60 g 3-5 i de] -2 % 30 i R=3min
steady state at 70% vWlzmax
75-80 Marathon 150-80 o} 335 jeiche] 2> 18km, R = 1am at
velocity 73% wWOzmex

A= recovery betwsen senes (i & 56t of several repetthons), vWlamax = velocity at maximal oxygen uptake, wim = gverage valocily over x

meires

interval training at low ampinudes and running at
the critical velocity, His critical velocity, caleulated
from his personal best in 3 to 10km events accord-
g to Ettema,!™ was about equal to 85% vV,
that is, 20 kmvh, or T minute 12 seconds 12 400m
or lower at (probably) his maximat blood lactate
steady state. Indeed, he repeated up to 100 x 400m
repetitions per day. mterspersed by 200m of recov-
ery run at a pace close to that of hard work.

Toni Nett (in Reindell et al.Ul reporied the spe-
cific interval training programme of Sigtried Her-
mann tor the *500m (best performance 3 minutes
40 seconds): 4 X (6 x 200m) with a rest of 30 10 60
seconds between runs ard of 8 minutes between the
series. The first series was run slower (30 seconds, 1.e.
24 kivh at 98% of the average velocity over 1500m)
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and the last series fasier [ 28 seconds, e, 105% of
the average velocity over 1500m (v15300m) with
the fast run 1 25 seconds, L.e. 118% of v1500m].
If one looks at the vanation in pace per 300m.
even for the world’s records, to choose the inten-
sity and duration of interval fraining, it seemns ap-
propriate to train within the range of the veloc ty
of the race. Therefore, trainers have always started
from the requirements of the race, and chosen val-
ues appropriate to the best performance of the run-
ner. However, scientists can provide information
regarding the physiological responses of the ath-
lete durning such nterval iraining und it could be
possible to determune the effect of active or pussive
pause. Unfortunately, interval training ~tudred
the laboratory, evern on the treadmiil, has beenr cal-

Sports Ve 2001, 37 (3



ibrated with reference 10 vV and not (o the
best performance of the runners The use of the criti-
cal velocity caleulated from the slope of the distance-
ume fimit from the best performance over 3000 to
13 000 could be 8 way to calibrate mterva: tram-
ing tak:ng ingo account the performance mstead ot
a physiological velocity, such as vV Q0.7

By examining the interval traming nerformed
during a week by Viadimir Kutz [the average ve-
locity over 5000m (v530Cm) = 22 knv/k], we can
conclude taat he practised many series separated
by gymnasuics. Nowadays. runners train {wice a
day rather than performing such along programme.
A typical day of training for Viadimir Kuts is pre-
sented in table T1 Kutz pertormed mterval traizung
in nerks or woods. It should be pointed ot that in
sable I the interval training ueed by Viadinur Kutz
was composcd of very Cifferent distances and ve-
locities. even within the same training session.

in the fifties, Franz Stamfl who tramed Roger
Bannister. the first sub-4-minute mi’er, employ-
ed interval training in varying forms faerobic, an-
aerobic; table F), 5 days per week almost all year
round He greferred his athletes to ren fewer mrtles
but he insisted on the guality of work rather than
the quantrty althotgh. orce per weck, they did per-
form Fartlek runs of 60 o 96 munutes duration !l
However, Fartlek runs were actuclly previously 13-
vented by the Swedish coach Gosta Hoimiér in e
[930s.

2 1 The 1960s

The sixtics were the years of the first scient:fic
studics on mierval rmmmg. In 1968, the poneer
Swedish physiologist Per Glut Astrand developed
long interval traming at a velocity between the crit-
wal velocity and vVGang (90 to 95% vWVOanu)
[table []. These 3 munutes run at about 90 to 92%
of vVmax elictted VO in the fast repetitions,
despite the complete rest n hetween. Astrand et
al.l¥! considered that this was one of the best forms
of incerval traiming to mmprove YO, since all car-
drorespiratory parameters were at their maxi-nun.
From the same group of rescarchers, Chistensen
e1 al.% proposed very short interval training run at

o Ads Infernanional Limited. All ignts reserved

Billat

e ot e

Tabsle i, Summary of a typical day of witerval traming for Viadimir

Kutz (5000m mn 13min 35 Osec, v5000m = 22 km/h)

30mir of jogging

& = 100m of acceleration (14sec)

Siretching

20 x 200m in 28-23sec (118% of v50030m) with recovery trot

A~ 400m (E8sec, 36% ¢ v5000m) witn recovery trot

i5emn of t ght rurning where *he ranner has to focus on

fiaxible style

Recovery times were not specified

On Fridsy the interval training programme was much more

corsecutive pu' 1t was added just befors the siretching, 5 x

120-150m at maximal velocity and 2C x 400m (60-68ses)

It prov-ded

Z0min of Jogging

5 = 120-150m at maxamal velocity

Streiching

5 x 20G0m n 28-29sec (118% of vB000m) with recovery trot

20 x 400m (80-80sec in 98-108% of v5000m) with recovery

trot

5 % 200 in 28-29sec (115% of vB000m) with recovery trot

7 15mur of ight running where the runner has to focus on
tlexible style

g 15min of stretching

w5000 = average velocity over 5000m

O oMo W N

O W g -

o

100% of vWOiqa. 0-second runs interspersed with
I secongs of complete rest. since VO, reacked
VO with o Tow blood lactate accumulation. In
1960 the first siady!”! describung the metabolic re-
sponse curing interval training with particularty shont
periods from 5 to 30 seconds, was published. This
was remarkable considering the absence of auto-
matie methods for measurng VO, They reported
that & rapner (the individual BS, with a V0o« =
5.6 L/min, 67 mb/mun/kg), performing very short
interruitent runs (15 seconds) of alternating brief
heavy ntensity repetitions at 1009% of vV Gapg, with
comslete rest { 15 seconds). sustamed th:s exercise
for 3C minutes with 2 low level of blood lactate (2.3
mmol/L) Moreover, this runner reached VO, at
the end of the exercise. Using shorter pauses (10
seconds)y BS reached 95% ot V., by the 18
mimie and the end blood lactate level stayed rather
lew. that is, 5.6 mmol/L. However, because of pas-
sive recovery this value fluctuated between 89 and
95% of VO With shorter work and pauses (5
seconds, 5 scconds). this indiv:dual reached only

Sports Med 2031, 31 (1)
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81% of V., but this value was more constant
because of the very brief pause. The end blood lac-
tate fevel was just above 2 mmol/L (2.5 mmol/L),
stmilar to that seen with very short intermitient runs
and pauses (15 seconds, 15 seconds).

In the 1960y, the tirst studies by the Astrand and
Christensen greun examining the immediate and
long term effects on metabolism were published.
In the first study, 'Y they compared the same work
performed at the same power output (360W and
almost 98% of power output, 1.e. pV Qo) but with
different work durations (30 seconds, 1, 2 and 3
nunutes). The continuous time kimit of this heavy
cxercise was egual to 9 manuees. It was found that
when the cycizng exercise was split into short pe-
riods of work and rest it was transformed into a
submaximal load cn both circulation and respira-
tion (63% V0.« blood lactate fevel 2 mmol/L)
and, hence, was well tolerated during 1 hour. With
longer periods (2 or 3 munutes duration) the work
outous became close to the upper linut of perfor-
mance and could be fulfitled only with the utmost
strain (blood lactate of 16.6 mmol/L. and VOanax
at :00%) From a practical puint of view the auo-
thors stressed that by choosing longer periods, for
example 2 or 3 minutes, one could obtain a higher
tra‘ning effect on cardiorespiratory function. More-
over, to explam the fow lactic acid values during
the short pertods of work znd rest it was proposed
that the myoglobin funcoions as an ¢xygen siore
during short spells of heavy muscular work ¥

In another paper published in the same vol-
ume, ' 1 the same group hypothesised that myoglo-
b would represent an oxygen store which 15 used
during the initial phase of work before respiration
and circulation are able to reach the values which
correspond to the actual oxygen demand. This ox-
vgen store was calculared to be cqual to .43L,
which represents about 10% of the maximal accu-
mulated oxygen deficit obtained in an all-out exer-
cise of 2 minutes, 17

Thesc investigators alse described the vxygen
Kinetics in the afl-out exercise al pVOunay (time
Lirit: 9 minutes). They emohasised that the time
course of oxygen tacrease was dependent on the
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work outpul and the fuiness of the mdividual and
was exceptionatly reszstant to changes in the men-
iaf state of the trained individual. They pointed out
the fact that in 4 mirutes (for this individual and at
this work rate) the athlete reached Vo This
fact is of imporiance when the purpose is to choose
the duration of interval training. Indeed, about 5C%
of the time at this work rate is required to reach
YVQomu. If the goal is to elicit ¥,y at the first
repetitior, the duration must be equal to at least
50% of the time hnnt!"3 Astrand and Salom, 13
1961,1'% demonstrated that because of the acceler-
ation 1 vxygen kinetics with high work rate, VOzpa,
was reavhed and maintained (about half of the tme
limit} for exercises lasting between 2 and 8 mun-
utes. Actoally, oxygen peuk could, after warming
up, be attained within I minute. More than 10 years
later, the same team,! '™ did hopsies after cach of the
5 repetitions of 1 minuie of excrcise at about 120%
of pV Oy tollowed by 5 munutes of rest. Creatine
phosphate (CP} was progressively depleted after
each repetition and muscle lactate level reached its
highest value (23 mmol/L/kg wet muscie), at the
first work period. Blood lactate levels took more
time (o increase, but reached 20 mmol/L by the
third repetinon. Hermansen!®! had previously re-
ported very high levew of blood lactate (30 mmol/L.)
using the same kind of interval training.

At the end of the sixties. the American group of
Fox et al.l'"T tocused on interval training in a mil-
stary context.l'7 1% They compared metabolic en-
ergy sources during continuous and interval run-
ning at the same rate. Moreover, they compared the
shysiological response for o recovery run (60% of
vV or passive complete rest. They emphasised
that coaches had succeeded in improving the per-
tormance of highly trained athletes using the inter-
val training method, These investigators explained
this by the fact that there *s a slower accumulation
of lactic ac:d. and theretore a delay in the onset of
fatigue. This results from: the replemshment and sub-
sequent reutilisation of part of the phosphagen re-
serves which enable the athiete 1o accomplish large
quantities of work (distance} at very high intensi-
tics. However. these investigators advised coaches

Sports Mec 2001, 31 (7
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1o alternate the work intervals with rest, rather than
running. t¢ be able to restore phosphocreatine re-
serves. They did not control the amount of time
spent at VOomax. Ut Just the work performed at
high mtensity. which supports the training corcedt
of Tim Noakes.'? but is in contrast to that of Jacx
Danieis.[20!

During the same period, the New Zealand trainer
Arthur Lydiard (who trained Peter Snell. double
gold medatlist in 1960) zlso developed 2 very short
interval traraing method run at 100% of vVOimay.
The duration of this short interval training, ron at
100% of vWO i, was 10- 1o 15-second runs wiih
pauses of the same daration run at 34 to 40% ot
Vo We sha:l sec in sectior 3 chat this proce-
dure of short interval traming at 100% vVOpnux
with active pauscs allows the runner (0 stay a very
long time at VOonax. Indeed. this has recently beer
demonstrated on the track using ¢ portable breat!
by breath gas exchange analyser (K452, Cosmed.
Italy) In addition to this short interval training,
Lydiard’s athietes (ever the middie-distance run-
ners) regularly performed training runs of 2 hours
daration (100 mules per week) as the Kenyans do
today.

In the sixtics, Wasserman and Mcllrey! 2 Hinvent-
ed the concept of anaerobic threshold (1964) as a
pathological diagnostic too.. However, this concept
has not vet been used to delineate training velocity
zones and training m this veloeity range was done
as a form of Fartlek.

In 1967, the Swedish physiologists Bengt Saltir
and Per Olgt Astrand!?! published data on VOnax
ior athletes including the world record holder for
3000m (7 minudes 39 seconds), Kip Keino. They
reporied the highest vaime recorded for a runner (82
ml/mi/kg). not much higher than that reported
1937 by Robinson et al.t?% for the 2 mile world
record holéer. Donald fash who had a VO of
81 ml/min/kg. However, considering the vV O
vaiue reported (21.6 knwv'h) on the level treadma:l,
these data were probably not overestimated. In 1955,
Astrand published higher valuesi? found in cross—
country skiers. However. despite these prestigious
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papers. no VO values were routinely measured
for training advice purposes.

2.2 The 1970s and 1980s

During the seventies Vo, began to be sys-
tematically measured in athletes, and in the eighties
<he lactate threskold was measured. East German
pays.clogsts, such as Alois Mader, determuned 2
blood lactate tareshold 2t 4 mmoy/L using stages of
constant veloeity, 5 minutes long (for review see
Billat™h,

The zighties were years of exceptional runners
such as Scbastian Coe (800 to 1500m). Coe was
trained by tus father Peter who was very inspired
5y screntific methods. Scbastien Coe periormed aer-
obic and anacrobic irterval traming as well as cir-
cuit tramnintg ‘or strength and power imprevement.
North African runners, such as Said Acuita the great
middie-distance runner (who held the world records
for the 1500 o 5000m) used interval traning ses-
sions with ditferent velocities. In the same interval
training session. he ran at velocities from the max-
imal lactate steady-state velocity to v300C (94%
of vVOnma and then to vI500m in the same inter-
val traming session {(distance varywng from 3600 to
200my).

Trasners used specific velocities from 800 to
5000m to calibrate their interval traming without
taking mto account the physiological markers. Dan-
iels ot al 29 defined the parameter vV Gipa, as the
velocity associated with VOinux determined by an
incremental work tes: on a treadmill. Furthermore,
this vWOmax was found to be close to the average
velocity sustained over 3000m.126-27]

The concent of velocity associated with the
Voma, appeared ai the beginning of the eighties
with Damiels et al. .28 di Pramperot?® znd the max-
1mal aerodic speed of the Montrea® itrack test of
Léger and Boucher’® {for review. see Billat and
Koralsztein-*!)). This last test allowed one to have
an estimate of VOoya, (With an average cnergy cost
of runn:ng) and provided the minimal velocity elic-
iting VOamay in 22 mncremnenial test.

However, Karisson et al.!??] had already shown
11 1967 that the speed exhavsting ranners in 4 min-

Sports Med 20C1, 31 (1)
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O Velooiy or 5000 PR
25 B Velocity on 5000 NR
O WVelocity on 10 000 PR
& Veincity on 10 000 KR

Velocity (km/h)
N3
W
i

T T T T T
2

3 & 8 5 7 8 8 1
Distance (1000m)

Fig. ¢+ Vanaton i velooity dunng 5000 and 10 000m of the
previous record (PR} and of the new world racord (NR) for the
5000 and 10 000m events

utes could be ~educed to 80% (-3 kav'h), without
decreasing their oxygen consumption. It is now
well known that the minimal velocity which elicits
VO 18 a steady-state velocity condition is below
VVOomae (found 1 incremental 3-minute stages),
and is set just above the critical velocity, in the mid
range between the velocity at the maximal factate
steady state (Vi ss ) and vV (the so-called vASQ
veloerty).[?3!

Indeed. vV Oy 18 easy to measure with an in-
cremcntal test and can be used as a reference for -
terval training calibration. Moreover, out of compe-
tition season it scems better to refer to the velocities
associated with particular physiological responses
in the range fror maximal lactate steady state to
the absolute maximal velocity. The range of veloc-
ities used 1 the race must nevertheless be taken
mto constderation, since even world records are not
run at a constant pace. Figure | shows the velocity
change in the world record race vver 10 000 and
5000m. and one can appreciate that the competition
is also a type of interval running. It we consider the
traiming of the best middle- and long-distance run-
ners of the 20th century (table 11}, 1f can be seen
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that they have available a very wide range of ve-
Iocity and interval fraining from vy sg to maxima
speed.

Another key factor, as we shall see in this re-
view, is sivengih and power deveiopment which
becomes more ard more mmportant in improving
performatice over long distances (by Jecreasing the
cost of activity). This was emphasised by trainers
stch as Perey Cerntty who tratned Austra’ian dis-
tance runners {Herb Elliot end John Landy) whe
dominaied the international competitions n the late
1950s and carly 1960s. He asked these runness to
perform incerval runs ap sand-hil's as well as unaer-
take extensive weight training sessions. He recom-
mended that all distance runners spend at least a
third of thewr training time 1 nonrunning activities,
171 particular weight wraming, which can be organ-
ised as an interval training (called ‘circuit trainng’)
Cerutty emphasised that there were 2 important as-
pects during traming: (1) to run at compeutive speed
[not full distancel; and (i) to train at high velocity
continuowsly for the Sl distance. However, almost
everything was included 10 us programme.

This requirement of usirg weight training was
confirmed recently by Paavclairen et al.’% who
reported that the velocity over Skm was positively
correlated with the maximal velecity, the contact
time and the stride rates over 20m (runmng stari).
Both the veloeitios over 5 and 10%m were correlated
with the mean contact time of the constant velocity
laps durirg 5 ard 10km The abiluy of fast torce pro-
daction during maximal and submaximal renning
was related to both the 5 and 10km performance 1]
The same group of researchers also showed that
explosive strength training (various sprint, jump-
ing exerciscs, leg press and knee extensor-{lexor
exercises) replacing 32% of the raining volume
induced a significant decrease in the Skm time (3]
This increase in performance was related io the m-
proved runmang zconomy and the veloe:ty reached
in an anaerobic treadmill runring test.130]

Another new interval traimng technigue coulg
be (0 use different sports (cycling and ranning tor
mstance ) simultzrecusly in the same interval tramn-
g session. This has heen used by triathietes o
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Tabte iif. Summary of some of the greatest champion’s training referenced with physiclogical marker velocities®

Yeas, name, best performance VvV Oszpmax (kri/hy, <wmss® Cnbcal velocity® 90-100% >VWOzmax 9
VOomax (MYrmin/kg) WWOpmav ®
1920, Paavo Nurmy, 14 min 28 220,75 15-20 sm/day 20x 100m. R= 4 x400m at
sec over 5000m (30 7 km/h), 30 200m walked maxima! verocity
min & sec over 10 000m {18 ¢ over 400m, R= 15
kao/h), 1 traiming/day i rest
1950 Enuf Zafopsk 13 mun 235 762 20 km/day 20x200m+40x2+  40x200m r= 6 x 400m ai 90% of
57 02 sec over 5000m (215 400m + 20 x 200m = 200m jogged maxsnal velocily
km/h}, 28 min 54 02 sec cver 10 200m trot, or 50 x over 400m, R =10
GO0m (20 8 kmvh), 2 tramings/day 200m morming and min rest
afternoon
19868, Kip Kesno, 7Tmin 39 05 sec 235,800 5% 45 mn or 10x400m, r=2 10x200m - 10x
over 3000m (23 5 km/h), 13 min € x 60 nun min jogged, cr & 100m + 4 x 80m at
36 05 sec over 5000m (22 1 x 8007, R=3-5 80% of the maximal
kry/hy, 2-3 tramings/day rmm jogged veloctties over the
distances = 300m
walked
1972-1976, Lasse Viren, 13min 24 0,830 80km per 130km Fartlek {over 10x200m,r=2 & x600m, r=500m
16 sec over 5000m (22 6 krvhy), week at 10¢  12-15km) mn, or € x wal<ed
27 min 38 sec over 10 000m bom 800m r=3-5
(21 7 km/h), 2-3 trainings/day min jogged
1984, Grets Watiz; 1I5min8sec 210,730 45 men-2h 2Ziminat CY B0 min B> 1000m, r=1 2x(10x300m)}, =
over S000m (19 & km/hy, 3G min every day of runming {tempo T, or 5 ¥ 100m walked, R=5
59 08 sec over 1C COOm (18 4 training) 1800m, r=2 min walked
k/h), 20 25 mun 28 sec in miri jogged, or 5
marathon {17 4 km/h}, 2 x2000m r=3
tramings/day min jogged
1986, ingnd Knstansen, 14min 217,760 45-150 mur 2y 15minatCy¥ el 5x1030m,r=2 2senesaf5x
37 03 sec over 5000m (205 every day T un {(lempo traming) min 100m, * = 200m
km/hy, 30 mun 13 07 sec over 10 walked, A = 400m
000m (18 8 km/h). 2h 21 min 6 walked

sec »1 marathon (17 9 kmvh), 2
trainings/day

a  WOsmax and YOzma. were sstimated from the runner’s personal best over 3000m (87% of Wiluma) CV was compuied from thewr per-

sonal best over 3000 1o 10 000m ]

b Run over a d stance (km/day or km/week) or for a duration {min} 80% vWOirmax

¢ Run over a distance {m or km) or for a duration (min} 85% vWOamax

d Runover a distance (m or k) or for a duration {min}

bpm = beats per minute, OV = cntical velocity, R = recovery between seres (| & sex of several repetitions), r = recovery between repetitions,
wmLss = velocity at the maxumal lactate steady state, VOamax = maximal oxygen uptake, vWamax = velooity at maximal oxygen uptaie

elicit longer V0o« 10 the same training sesston
and to become accustomed to working successive-
Iy with d:fferent muscle masses. However, cross-
tramning has been reported to be less effective m
mmproving V0o« especially in highly tramed in-
dividuals.B37% The 1deal cross-training could be a
muxture of aerchic and anserobic interval training
for both short-long sprint (400m run} and middie-
distance runners (800 to S600m).1%

Multiple regress:on analyscs have indicated that
the maximal accumulated oxygen defici: was the best

© Adis Imtemahonal Lrnited Al nghts reserved
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metabolic predictor for 100, 200 and 400m perfor-
mance, and that the peak oxygen uptake (Vngeuk)
was the best predictor for 800, 1500 and 5000m
performance. *) However, Spencer et al.H clearly
demonstraied 1hat even over 400m the role played
by the acrobic cniergy system is rore unportant. [n-
deed, VOomay was elicited in the last 20 seconds of
a4 400m run in 52 seconds (run at 1709% of vV QOapay)

The energy procuced by oxidative phosphorylation
was 46% of The total energy versus 69 and 83% lor
a 800m and “S00m run in | minuvte 38 scconds and

Sporte Mod 2001, 31 (1)
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4 minutes 2 seconds, respectively (regionai perfor-
mance). The maximal accumulated deficit was the
same over ali these distances. This confirmed the
hypothesis of Hill*. explaining the decrease of ve-
locity with time; the fact that the oxvgen deficit
was divided by g longer time decreased the power
output. As noted 5y Houmard et al.,?¥ anacrobic
systems influence middle-distunce perfornance in
runners of simlar abilities.

Thus, all types of mterval training should be
ased. especially n middle-distance runners up t©
[0k and perhaps. 1 the fiture, for marathon run-
rers. The last lap of a 10 000m race 1s currently run
in less than | manute (524 kmv/h), well above the
runner’s vV Oam, .

3. Agrebic interval Training

3.1 immedicie Respenses to Agrobic
intervat Troning

Aerobic tramning is defined as an interval train-
ing which elicits aerobic metabolist at a higher
ratio than anaerobic metabolism. This can be esti-
mated from the ratio between the accumulaled ox-
ygen deficit and the oxygen consumed 1 interval
traming,.

3.1.1 3nort Aerobic Inferval Training

Short aerobic interval training has been shown
to prevent glycogen depletion by using lipids com-
pared with continuous exercise performed at the
same velocity A high intensity cxercise (100 to
102% of pY Qo) performed contmuocusly (time
limit = 4 to 6 munutes) or infernuttently (1129 of
5V Oama ) for 60 minutes (15 seconds of work and
15 seconds of rest) did not deplete muscie f2bres in
the same way. * The blocd _actate level was equal
to 2 mmoVL in the imtermittent exercise versus 10
mmol/L 1n the continuons one. Indeed. atter 60 min-
utes of intense irterval training, a sigmficant and
similar depletion occtrred in both type I and type
I1 (A + B) fibres With continuous intense excrcise
to exhaustion, ghy cogen depletion was more marked
in type I (A + B) than type [ fibres In fact, inter-
mutent exercise depletes muscle fibres in an inter-
mediate way betw cen continuous submaximal (50%

0 Ads Intemarionas ivite 3 Al nghits rescives

of PV and all-out exercise (6 irutes) at 100%
of pVO 2. With active pause. it may be that. since
the average power output is higher, intermittent cx-
ercise 1s closer o continucus maximal exercise al
100% of p¥Y Oy, concerrmg muscle fibre type re-
cruitment and echancement of the glycogernolysis
since CP has less time (o be reconstituted. More-
over, during imtermittent exercise a lower glycogen
depletion may he vxplaine.d by a relaiive inciease
in the contr’bution of bipids to oxidative metabo-
lism. ! These could vlso mcrease levels of aden-
osine triphosphate (ATP), CP and citrate at the end
of each rest pentod, which would suppress glycol-
ysis in the early phase of the subseguent work pe-
r1od.

As a consequenve of the brief work mtervals,
oxygen stored 11 myoglobin (40Um!) can supoly
haif of the oxygen reguirement. As undertined by
Chnisiensen et al.[? there may be an increased ay ail-
ability of oxygen because of the reloading of myo-
globin stores 1n the resting penods and subseyuently
a greater erobic energy output which wouwd give
ahigher ATP production per glucose unit compared
with lactate formation. In fact, for the purpose of
maximally taxing the oxygen-transport sysiem, As-
trand and Rodahl! recommended intermitient 16-
second runs and S-second pauses to reach VOap,..
A well trained athlete (Vo = 5.3 Lirun) is able
to sustain this configuratic 1 of exervise for 30 nun-
vtes with an etfective run time at v¥WOz,, of 20
minutes (since the work @ rest ratio was 1/2) The
exygen deficit {the difference between the amount
of oxygen needed and the amennt of oxygen aclu-
alty consumed). was thought 1o be accounted for
by the utilisanon of othe: energy wtores such as
high encigy phosphates (e.¢. phosphocreatine) and
the oxvgen bound to myoglobin,

Olbrecht et al. ¥ have demonsizated that in swim-
ming, the velocites during brie! mtervais of 10-
second switns with rest periods of 1) seconds were
kigher than those corresponding to the sarme lactic
acid levels during continuous swimming, +H1.2.
4.2, 29 and 2.0% of the velocity at the 4 mmol/L
level on 50, 100, 200 and 400m, respectively The
velocity on the hasis of the 4 mmol/l. level was

Sports Mad 2061, 31D
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obtained from the 2-speed test (2 X 400m).147! This
short rest of 10 seconds aflowed the swimmer to
regenerate the myoglobin oxygen reserve but prob-
ably not the CP reserve. With a longer rest (30 sec-
onds) the increase in the velocity compared with
continuous work was 1.5-fold greater thar those
obtained with a rest of [0 seconds.

I rowing, short mterval training with 15 sec-
onds at the competition velovity {since the compe-
ation :asts & minutes, 11 1s probable that the rowers
elicit 100% of VOia and -5 seconds of west has
also been tested.[*8] This was performed as 5 sets
of § repetitions. Each set was separated by 30 sce-
onds of rest. During the ‘ntermitient rowing, no sig-
nificant differences were detected in any of the vari-
ables measured between sets, Heart rate, Vi Oopeak
and blood lactate averaged 89, 78 and 32%, respec-
tively, of values measured duning the continuous
incremental exercise test. Therefore, with rowing,
the investigated :5/15 infermittent exercise moce!
demands relatively high aerobic loading and low
glycolytic activity, Gullstrand!*® concluded that ihis
type of interval training may be considersd as an
aiternative model for fraimng which would allow
the rowers to work for prolonged periods of time
at values slightly above competition intensity.

The short interval training carrently being used
by runners axd studied by rescarchers is the 30-30-
second work : rest pattern. Thirty years ago, Edwards
et al.* had already measured, breath by breath,
oxygen kinetics in 30-second interval “raining dur-
ing active pause performed at 50% of s work raie
associated with a time limit of 6 mirutes {(close to
the power octput at VO pVOrnax). This was
carried out on a cyc.c-ergometer. The work © patse
ratio was 1 and the mterval duration was 30 sec-
onds, They emphasised that VO, (ventilation and
heartrate) remained high throughott the Z{-second
recovery intervals and did not fall aporeciably tntii
30 seconds after the end of the last work period.
With passive rest in a 30~30-second wierval train-
ing performed at 120% vV Oz, VO, reached only
70% of VO Curing the work periods (and 14
mmok/L of blood factaze).[50

© Aciis nferatona Limited All nghts reserved
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Gorostiaga et 21,01 showed that mterval train-
g w.th repetitions of 30 seconds work at 100%
VYO separated by 30 seconds of rest, produced
a greater increase i VQiy,, than continuous train-
ing at 70% vV Oapax. In thas last study. both contin-
uous or intermittent framing only ehicited & VO,
which was 70% of VO All 0 these studies were
atred at improving VO, and were based on the
assumpiton that the more specific the stimulus. (i.c.
taxing the cardiovascular and acrobic cazymafic
system to thewr maximum) the greater the improve-
ment. However, again, none of tese studies mea-
sured the time the atblete spent at V3o,

It is interesting 0 note that none of the previous
stucies cheched 17 their panticipants had reached
YV omax durng the interval training session. How-
ever, Astrard ot al.1% reported that interval iraining
of 2 minvtes run at vVOoy,, aternated with inac-
tive rest of the same duration clicited a VO, egual
10 95% of ¥Oon, accompanied by a very low blood
lactate level (2.2 mmol/L) The same study also
reported that mterval training using shorter repeti-
tons {15 seconds at vV QO ux alternated with 15
seconds of complete rest) did not vring the VO, to
maxim [evels.

Billat et al. ¥ reported that 1 a 30-30-second,
skort interval trarmng, the 30 seconds cf recovery is
active (50% vV Oz, ), and runners stayed at VO
even during the recovery period from the tifih to the
fast ( 18th) repetit-on of a 30-sceond run at vV 0oy,
and a 30-second run at 50% of vV Oomu,. This short
interva. trasning with dctrve pauses allows individ-
uals to sustarn Vo, for 10 minutes (83% of ol
time run at vV o). The average blood lactate
end vaiue was 7.4 1.8 mmol/L. Runners reached
VOma. durmg the mtermitient exercise, the associ-
ated blood Jactate was ai a steady-state .evel and from
the third (o the sixth minute was below 4 mmol/L.
Hence. for at least | minute, these 5 runners were
at VOyay with oniy 4 mmoi/L of blood lactate. This
15 mnteresting sunce in previous stadies which have
exantined blood lactate accumulation durmg inter-
mittent exercise, 1t has been reported that only a
high valae of dlood lactate accompanies a VO, at
its maximum value [ This is because of the fact

Spoms Med 2007 31 (1)
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that these studies have used long 2- to 3-minute
intervals 1o elicit VOpm,, with complete rest be-
tween repetiticas. Therefore. when using the 30-
second rest/exercise intervals with inactive pause
they did not reack VOiumax.

Interval training performed at velocities close to
the velocity associated with VO (VVOame) may
maximise the :mprovement in ¥VQOin,., as well as
result m significant improvements in mitochondrial
densitw.[% in fact, in addition o these aerchic (O,
fransport) traimng benefits, interval training stim-
ulates the rate of lactate removal which depends
directly on its level (Le. the greater the level, the
greater the removal) 53! Therefore, interva, train-
ing thdat increases biood lactate levels will also stim-
ulate lactaze rericval. For this reason Brooks et 21,053
recommended activity during the resi interval to
stumulate this lactate removal and hence avoud biood
lactate accumulation. Indeed, 1n 1937 Newman ot
al.1%! had alreadsy noticed that the removal of lac-
tate. accumulated after exhausting exercise, was en-
hanced if the individual continued o exercise dur-
ing recovery, but at lower wtersity, which normally
did not accumuiate lactate. Thrs information, con-
firmed in 1975 by Belcastro and Bonen,[% was ap-
phicd 1 training programmes for elite athletes
the 1950s. Despite high lactate production af the
hign velocities used in wterval training (i.e. above
the lactate threshold) walking or jogging in the rest
phase of mtermitient exercise would tend to stim-
ulate oxidative recovery.)’® Therefore, we suggest
that active. rather than passive, pauses betwesn the
intervals of hard work will not only clicit and main-
tam YOz, bt wiit also sumulate lactate remioval
whilst remaining close (o the maximal blood lac-
tate steady state,

The bicod iactate values obtained at the end of
the mtermittent tests (6.8 + 2.2 mmot/L) are of a
similar magmitude to those reported by Gimenez et
al. *7! These authors used a 45-minute exhaustive
‘sguare wave’ endurance exercise test composed of
9 repetitions with [ minute at vV, « and < min-
ates at 50% +VOQsmae. This blood laciate level is
alse in accordance with that reported by Billat et
al.'"¥ during running with interval training periods

« Adis Irfemnationa limred Al nghrs resenved
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at vV O (intervals set at 50% of the individual’s
time to exhaustion at vV 0o, separated by active
pauses of the same duration rue at 50% vV 02
Saltin et al. * found similar blood lactate values at
the end of 30 miantes of intermitient cyching with
intervass of 30 seconds of suprumaxunal work
(400W, %Y Ope, ot specified) and 60 seconds ot
rest. By using the same ratio (1 : 2) between rest
and exercise but by increusing the tme by 2 (ie.
60 seconds work and 120 scconds rest), their par-
ticipants tripled their end blood lactate values (18
mmok/LL).

However, if we consider, enadurance {ame to ex-
haustion) at VO, 1t would be interesting to com-
pare the influence of traimng using protocols which
elicit V0o« but which are run at differen: veloe-
ities {(vASO versas vV, tor mstance). In ac-
cordance with Noakes ! the benefits of traming
also depend on the distance covered at & high ve-
locity determimung the muscular adaptation max-
rmising the number of powerful muscle contrac-
tions. For this purpose, the mntermiltent excrcise
trasming at vVOrn,.. not only allows the cardiovas-
cular function to be stinnlated at its maximum {at
VOoma) for a longer ime, but ailows the ran to be
nade at a higher velocity 1+ 1.6 km/h). Therefore,
hoth from the cardiovescular and muscular adapta-
tion point of view, intermittent exercise at vV Qanax
is likely to produce increased performance for mid-
die-distance runners.

Before speculating on (1e cause of VO, im-
provement {rom a given training design, 118 essen-
tial to cxamine the eftect of this stimulcs on car-
diovascular and metabolic 1esponses. In the absence
of this informanon, we can only hypothesise that
the henefit of these truming procedures on aerobic
capacity {and especially on V(3,5 is cependent
not only on the wme spent at VO, but alsc on
the distance run at a high veiccity. With this
mind we are then able to discrimmate between the
benetits gained from either intervil or constant load
tests.

3.1.2 Long Asrobic interval Tralning

In addition to the above studies, # has been stated
for a long time now that a typical endurance tram-

Sports Med 2007 31 (1)



ing programime consisting of repeated 1- to 8-nunute
runs at 20 to {009% vV, is the most cffective
programime for improving Vo, and performance
for nuddle-distance runners.PS. Durmg interval trai-
ing lasting 7 X 2 minutes at p¥ Oy, (With recovery
periods long enough to allow heart rate to retarn to
130 bpm), VO, reached 70% of Vo, in the fisst
munuie and 100% of VOimax 10 the second minute.
Therefore, with thes active recovery procedure (heast
rate oeing at 230 bpm at the end of the recovery),
it took only 1 mirtte o reach VOoy,  when running
at 100% vV Oy The total tine spent at VO«
was 7 minutes in all 7 work intervals. However, the
time spent at VO in this 2-minute interval tram-
ing at vVOyp, . was no longer than that durirg an
ali-out run at a stbmaxunal veloerty inducing 2 slow
phasc of oxygex kinetics (90% vV Qi)™

Thercfore, 30 seconds appears to be the longest
interval duration allowing work at pVOsp, (0 eicit
VOamax even in the tecovery period One or 2 nun-
utes at pVOaaa induces high blood lactate levels
because of the depletion of CP and the use of the
oxygen myoglobin-hound oxygen rescrve. A recov-
evy period of the same durztion as the work perwed
(1 to 2 minutes) allows the rephesphorylaticn of
CP but decreases oxygen consumption. Moreover.
passive or a low work rate (40% of VO, 1 the
recovery phase. allows the CP store to be replaced
and avouds a high blood lactate level. However,
using a higher work rate during recovery, Fox et
al.[%% demonstrated that when CP rencwal is par-
tially blocked by performing aerobic work {60%
vWhma) rather than resting during the relief in‘er-
vals, a greater proportion of the energy needed dur-
ing the work intervals was supplied by the anaero-
bic luctic metabolism

Hence, long interval training is ditficudr to man-
age if one wants Lo gvoid acidosis. To “calibrate’ the
intensity of mterval training. coaches oflen refer to
the running velocity associated with the achieve-
ment of VOsx durning an incrementa’ treadma.i
test (vVQOonmax) and Lo the ruaning velocity at the
onsct of blood iactate accumutlation (vogpa). These
have both beer reported to be reievant mdicators
of performance for middle- anc iong-distance rur-
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ping events.|7-2327.21 6162l (ptimal improvement in
cardiorespiratory fitness 1s thought to be induced
by traumng at an intensity corresponding to 90 to
130% of VOamae*F

The duration of 1nternmitent effort varies con-
sigerably depending umon the author. In traming
for track and field events, intervals between 10 sec-
onds to 3 mnutes, generally spaced by inactive rest,
kave been mnvestigated but have not been referenced
to indivictal possibilities to sustan high intensity
exercise (1.e. fdre to exhaustzon at vV3Ooma )21
Training with mtermittent runs at 60 and 100% of
vV Ohmax (with a duration cgual to half of the indi-
vidual time to exhaustion at vVQOyp,,) al.owed long-
distance runners to couble the distance covered at
vVWOimax compared with continuous training runs
at vV, 13! More recently, Billat et al.s* and
Smath et al. ® have reported that only 1 session per
week (for 4 weeks) of this kind of mndividualised
mterval training (530 to 75% of the time to exhaus-
tzon vV significantly increased vV Qe m a
group of nuddle- and iong-distance runners.

Te calibrate long nterval training. time {0 ox-
haustion at the velocity 2ssoviated with VOopa, could
be a new parameter which could be used to deter-
mine & rationa. busis for mterval training in elite
mddle- and long- distance runners.:'3! Therefore.
the usc of time to exhaustion (time lmit = ;) at
vV (o could allow elite long-distance runners to
run longer cistances al vV O, during nterval tram-
ing. Since t:me 1o exhaustion at vVO),,, has Seen
previously reported to be very different among run-
ners with the same vV Oy, we hypothesised thai
this could be a rational basis for deterruning the
fength of the work intervais. We have compared the
distznces run with the physiological responses at
the end of 2 interval traiming sessions that were
performed on a treadinilf and run at vV Qo5 Two
exhausiive intermittent tests were performed, one
ustng a standasd Z-minute duration for the alternat-
ing excreise and recovery periods. the other using
durations ‘hat were individually determined based
on time spent at vVOay,,. The study involved 16
mwale ‘good lever’ runners (VO 2and vW3inax
were 69 1 + 4 3 mUmunkg and 21.4 £ T km/h, re-
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spectively).! U] When the intermitient excreise train-
g stimulus was standardised by alternating dura-
tion equal to 50% of the time spent at vVGan,
{with equal pcrmds of recovery run at 60% vV Qap,,).
the rotal time at vV, was 2.5 times the contin-
uous time limit whatever the value of timme to ex-
haustion at vV Q0. This means that al} of the run-
ners were able to run § repetitions at %0"}? of therr
continuous time to exhaustion at Vs, [

We are going (o consider now, the very long
interval training at velocities between the vypss
and vVOin,, Continuous running above the run-
mng velocity at which the critical velocity s at-

1anedi®® could be more efficient to elictt VO, of

longer duratuon then mterval traming at vVO0a,.%7)
Indeed. previous studies reported that during “se-
vere exercise” an additional siow phase of V0o, 4
(the VO, slow component) is superimposed upon
the underlying VO, kinctics and VO, continues o
werease until the end of the test or until exhaustion,
and will possibly drive VO, 1o the VO, 08091

Therefore, by using this VO, stow component
phenomenon, 1t niight be possible to elicit VO
for a longer time, provided tae individuals run
for a sufficienily long period ot this supra-critical

clocity.! ! in this last study, the work rate chosen
was in the mud range of the work rates associated
with maximal laclate steady state and vVOonas
{called ‘vASO"). In fact, 5 runners out of 8 reached
W ana during this severe constant load run. There-
fore, continuous running at vA30 can be used to
elicit VO, in & group of middle level runners
(15 munutes 30 seconds for S000m) having a high
Sractional VOan.. at the lactate threshold but not a
very high VO« Indeed. most of this group of
runners (6 of B) developed a VO, slow component
duning track runming at vASO. However, this was
not the case 1 a study of high level runpers having
a similar endurance capacity (1.e. vy g at 84% of
vV Omax) but with a VQopax which was 23% greater
(75 vs 61 ml/minfkg).™0

Moreover, Billat et all" reported that in a supra-
critical velocity mun (90% vVOimau 9% these 14
highly trained iong-distance runnpers reached a VO,
steady state, but dud not reach their V0o, levels
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over tune VO, reached = 69.5 £ 5.0 vs VO, of
74.9 £+ 3.0 mlkg/min). In other words, highly trained
long-distance runmers did not exhibit the VO, slow
componert when perfornung exhaustive, supra-
critical velocity runs at 90% vV Qo significant-
ty above thew critical and lactate threshold velocities
(at 82 and 86% ot v¥ 0oy, "espectively). Instead,
these runners maintaned ¢ steady-state VO, below
YV Ooman, such that the time to exhaustion at 50% of
vV oma for these runmers was posiaively corre-
lated with the critical velocity expressed as a per-
centage of YW« Critical veleeity is known to
correspond to an exercise intensity that ies between
the work rate associated with the lactate threshold
and V0o 2 It has been suggested that this in-
tensity 18 comparable to taat achieved in a com-
petitive 10km race.l°87! Ip addition, Gaesser and
Poole!®” have proposed that during prolonged ex
ercise at mtensities above the critical velocity, V 02
would continue 10 rise untsd VQOoy. 1 reached.

However, the results from the study of Billat et
al. Mireperted that a VO; slow curmponent was not
expressed by high ‘evel long-distance runners dur-
ing exhaustive supra-critical velovity runs at 96%
of vV Oy Indeed, although these runners were
assigned to run af & work rate which was 5% above
thewr critical velocity (9C% of vV 0oy, ). they reached
a V(3 steady state at an average of 93% of VOoua
for 17 minutes and did not demonstrate 4 progres-
stve increase in VO; over time. Al the end of thas
all-out run they had a blood lactate level of 6.5
mmol/i., a value of the same magnitude us those
obtained in the preseni study.

Indeed, the YO, slow component appears m in-
dividuals heving a smaller VO, rather than ehite
athletes. Theretore, it 15 pessible that continuous
severe exercise (ne, vAS0) cannot be used 1o stimn-
ulate YOop,« Tor ughly tramed runners who al-
ready have a high VOon., 70 mb/minfkg).

Most previous investigations have described a
stow phase of V€3, during :ntense cycling exercise
performed by unirained mcividuals |5 72 7 For un-
trained individuals, endurance training has been
shown to reduce the magnitude of the slow com-
ponent,! 7l and it can be sugpested that for them,

Sports Mect 2007, 31 (D
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long interval training at vAS0 can be used to stimulate
W Gomax. This kind of continuous supra-critical ve-
focity is known as tempo training and is often used
for training long-distance runners. However, few
trainers are aware of the VO, siow component phe-
nomena. Continuous work at vASG allows less time
to be spent spevifically at VOipg. much less than
duriag the 30/30 seconds light/neavy exercise in-
tervals (3 minutes of time spent at VOaqpy for vASQ
versus L0 minutes ir 18 * 5 repetitions of 30/3C
seconds). Moreover, the blood Iactate response was
more pronounced in the A50 rut compared with the
intervel training (6.8 £ 2.2 vs 7.5 + 2.1 mmel/L,
respectively).

However, vAS0 can be used for an :ntermittent
protocol rather than a continuous cne.’® Demarie
et ai.** have demonstrated that lower level runners
(VOomax = 60 ml/mirfkg) reached VO, at 92 +
2% of vV Qo a velocity between the onser of
blood lactate accumuiation and vV O, (VSORA).
The long :nierval training was set at half the ‘ime
6 exhaustion at v50% A as described previously by
Billat et al.| '3 for interval training at vV QOoma. The
recovery was active {50% vV Qi) and the work
$ pause rat:e was 2/1. A time to exhaustior of 10:23
+ [:26 min:sec ranging from & to 13 minutes for
the continuous ren at v50%A was tound. Hence, the
exercise pertods of the intermittent exercise ranged
from 4:00 to 6:30 mir:sec and the recovery periods
from 2:00 (0 3:15 mun:sec. The sum of the exercise
periods resulted in an average time limit of 19:38
= 5:19 min:sec for the wnterval training. Runners
performed 3 + | repetitions of these long interval
Funs.

All partzcipants showed similar VO» hinetics.
with maximai VO, throughout all exercise periods.
YOpux was sustained for twice as long in this “ong
mnterval training than in the continuous run a; the
same velocity (v50%A) [10:23 £+ 5:51 vs 5:07 +
3:03 min:sec for the intermitient versus continucus
run, respectively]. Biood lactate accumulation was
less in the intermittent (8.5 + 2.2 mmol/L) versus
the continucus run (7.8 = 2.2 mmol/L}. The authers
concluded that interm:ttent training at a velocity
which elicits a VO, slow component (zbove the

© Adis International Lmied Al nghis ieserved

critical velocity or at a mid-way between vOBLA
and vVQOanx) can e used as an ntensity to elicat
YO imax for fong periods of time. Moreover, the in-
div:dualisation of the duratzon of the repetition
voids carly blocd lactate accumulation. The aver-
age duraticn was, on average, 5 minutes at 92%
VVOmax w.th a recovery of 2:30 at 50% vVOiax.
However, this 1s probably not sufficient to elicit
Vomy. in high level ranners where shorter and
higher velocity interval training may se prefera-
Sl 19 76]

3.1.3 Intervail Training to Esfimeie Performance

interva. training can be used to estimate perfor-
mance. In 1957, Babineau and Léger 7" reported
that pesformance over 5000m was well predicied
by the maximal cruising speed on a 6 X 3C0m run
(30 sceonds rest), Maximnal cruising speed was the
highest average speed that could be maintained over
all of the work intervals in a single traiming session.
For both runners and rulti-sports participants, 6
x 300m interval traimng was more closely corre-
tated with pecformance [the recovery between rep-
etittons {1} = 0.95, p < 4 001, o = 23] than 12 X
400m (.5 seconds rest) [r=0.90, p<3.001. n = 23]
end 3 x 1600m (60 seconds rost) {r = .93, p <
0001, n=23]. Towl distance run was slways 4800m
and the work ¢ pause ratio wes equal to 5. For run-
ners only, the cruising speed over 160Cm corre-
sponced to (he specific velocity during the 5000m
run. This study was adapted to trainer’s methods
which uses the target specific ve.ocity of the com-
petition {those of the last season 1o target those for
the present season) os a reference.

3.2 Long Term Effects of Aerobic
Interval Training

3.2.1 Long Term Effects of Short Aerobic

interved Training

in some cases short interval training has been
considered ‘o be less effective in enhancing VGanax.
The erfectiveness of the different types of interval
training has peen compured: short (30 to 40 repeni-
tions of 15 seconds work, 15 seconds rest) versus
long (4 to 6. 4 minutes work, 2 minutes rest) per-
formed at 130 and 115% of vVQOomay, Tespeciively,

Soorts Med 2001, 31 71)
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for recreational runners (54.8 £ 3.0 mi Gx/kg/mun). 7%
The third kind of training was continuous distance
renning at 90% vVOonux for 20 10 30 minutes. The
tota! duration of the differeat types of training
(pertormned by 3 paired groups. 3 days per week
over a 6 week perwod was similar. The VOop,. im-
provement was significantly ngher for the long m-
terval training and the continuous running (+6%)
versus the short interval training (+3.6%). This
could e because of the fact that complete rests
were used that prevented VO, reaching Vo, in
the short mterval traiving. Moreover, the continu-
ous runmng was performed at a high velocity (90%
0f vVOpy. making them reach 92.5% VO;,,.x) to
mduce a VO, slow component and moerease VO,
towards Vo, 1™ In addition to this intense pro-
gramme. renners had slow-pace rans at 78% of max-
umal heart rate 1HR .. The greatest improvement
was in the time limit at 83% of the pretraining (80%
posi-training) The largest increase was seen in the
conlinious rup group where time to exhauastion in-
creased by 94¢% from 35 to 68 misutes; for long
‘nterval tramning fone increased by 67% and for
short interval training time to exhaustion increased
by 65%. The contunuous run scems to be more ef-
feciive 1n enhancing both YOy and endurance
at 2 submaximal yelocity; however, this probably
comes from the inactive rest used in the interval
training. Submaximal V- at the same velocity (85%
Vopux Of pretraining value) was decreased in re-
lation to ventilation. Blood lactate measured at the
end of the submaximal run was decreased from 6.6
+ 0.4 t0 5.1 £ 0.3 mmol/L after training.

This study clearly showed that moderately train-
ed recreational runners can improve both runmng
economy and V.., within a relatively short pe-
riod (6 weeks) by exchanging parts of therr con-
veniional aerobic distance training with more in-
tensive distance o7 long interva! training. A reduced
pulmonary ventilotion following tramning correlated
significantly with the imaproved runping economy,
suggesting that ventidatory adaptation may centrib-
ute to the improved running performance. Other
poteniial factors such as percentage of type [ libres
in the vastus lateralis muscle, stnde length. stride

o Actis Iinternctioral Lrited  All ngnts reserved
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frequency end/or respiratory eachange ratio during
submaximal run were unaliered with training. 78!

in 1971. Davies and Knibbs!" insisted that to ef-
fect an improvement 1 Vi, an individual maust
be prepaied to work at or close to their VO for
orolonged periods of 1:me, and even then improve-
ment mught be disappomtingly small. Recently. in
his trainicg book tor rinning. Daniels et al. 18! sharec
this peint of view. This is especial’y important for
previously tramned runners compured with untrained
‘ndaviduals; even for untrained individuals, VOma
was stable after 4 weexs of traming and did not
merease anii: the eighth week (end of raimag) 281

Enterval training was more effective for increas-
ing rates of fatty acid oxadatior than continucus
training, despite lower total energy expenditure. With
contintous training, Te refative merease in rates
of respiration with pyruvate and pabmityl-carnitine
were equal. implying that the activity of enzvmes
involved exclusively in pyruvate oxidation (i.e. py-
ruvate dehydrogenase) increased in proportion o
those invoived in fatty acid oxidation {i.e. cnzymes
of $-oxidation). In contrast, with interval trainimng,
the relative increase in the rate of respiration was
greater with palmityl-carniiine, compared with py-
ruvate, ‘mplying that activity of enzymes involved
in faity acid oxidation increased to a greater exient
than those involved in pyravate oxidation. Indeed,
adaptations of the B-oxidation pathway are most
tikely induced with exercise that promotes the use
of tats and 4 high flux rate for fatty acids. Interval
training may promote these conditions. % This con-
Srms the hypothesis propoesed 20 years earlier by
fssen!*! and Essen et al. ¥

With repeated high ntensity bouts (close to
2V Ooma). laclate and citrate may 1mhibit glycoge-
nolysis during ster bouts, resulting in an increased
reliance on fatty acid oxidation.[*5) Hssen et al. i3]
have used 60 minutes of intermutient intense exer-
cise, 158 seconds work at vVQayg, and 15 seconds
rest, compared with 60 minutes of continuous ex-
ercise ot a load (irean 137W) ie. 30% of Vo
seiected to vield the same integrated VG,. Thus,
tae same total armwunt of work was performed dur-
ing both tyves ot exercise She demonstrated that

Sports Mad 2001, 31 (1)



ar similar igh workloads less glycogen is utilised
and lipids coniribute more to oxidative metabolism
when exercise 1s performed intermittently (15 sec-
onds work, 15 seconds rest) than continuously The
overall metaholic response to “niermilicnt exercise
is more sumiiar to continuous exercise at about half
the load than at an egually high workload. There-
fore, high wiensity witerval training resulted in a
smaller depletion of glycogen and 2 larger deple-
fion of intramuscuiar triglycerides compared with
low intenstity continuous stimulation With the in-
terval training & repeated stimulation of {atty acid
oxidation might have fed to an up-regulation of this
pathway. restlting 1o a greater stimulation of cuto-
chondrial respiration in the presence of fatty acids. 189

Henriksson and Reitman!® showed that nter-
val trainiag (5 X 4 minwles at 10% VO with a
rest of 2 minutes i between) enhances the vxida-
irve capacity of type I fibres compared with a con-
t:puous exercise of the same duration performed at
79% of ¥ Oapax. These data are interesting tor mid-
dle-d.stance runners who have more type I [ibres
with a high oxidative capacity. However, oniy con-
tinuous training mnproved the whole bocy Vo
(+12%. p < 0.01)

Tabata et al. *!l reported that supramaximal ex-
ercise (8 X 20 seconds at 170% VOyma, with o 10-
sccond rest) enhances V(3.4 after 7 weeks where
individuals (VOzy,¢ 33 mi/min/kyg) carried out 3
training sessions in 5 days. This very short interval
training (less than 5 minutes of effective work) al-
towed them to increase both maximal accumulated
oxygen deficit, an indecator of the anaercbic capac-
1ty (+28%) and VO (+73%).181 The very shors
pause means that the average pewer output is stel
very high (115% VOay,) and allows VO, to in-
crease 10 YOy as demonstrated © year later by
the same authors, 87

3.2.2 Long Term Effects of Long Asrobic
interval Fraining

As seen in section 3.1, 2 longitadinal studies(6+5%1
caltbrated the long interval iraiming with reference
to the time limit at vV Oy, and have reported 2
rapid increase of vV (4 week, 2 mterval train-
ing sessions per week) with no decrease i the time
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spent {post-iraining} at vV Oz, Good level run-
ners increased their vV fTom 20.5 £ 0.7 to
21.1 £ 0.8 kivh (p = 0.02) after 4 weeks of 1 nter-
val training sessions at VWO, per week consist-
g of 5% 50% of tyy 2t vV Oamg, with a work ¢ active
recovery ratio of 1/1. Recovery was run at 50%
vV The second mtensive traning was per-
formeed af the maximal blood lactate steady state: 2
X 20 minutes with a work s active recovery mato of
4/1, that 15, 5 minutes as 60% vVOagax.|®®

The duration of =aterval training at vVOiq.u
can be longer: 60 and 75% of the tume limit at
VYOm0 Using this interval training proiocol
2 dmes per week, the performance over 3U00m,
V¥V Oz, YOy, and time Himit at the previous
vV oy, invteased after only 4 wecks.[9% As inthe
study of Bulat et al. 19! Smith et al.-*> used a work
srate ratio of 1 and recovery was run ai 60% of
YW, The Gird traming session was a recovery
sessior: 30 minutes at 60% of vVWOiux. [ good
fevel athletes 1t meay not be necessary to use such
long interval durations since in less than 2 men-
utes[ oxygen reaches YO« when they Tun at
vV and the fime limnit at vV, 1s higher
han 4 munutes.8 Smith et al. %% tested runners
with performances of 10 minutes over 3000m, 1.c.
a middle level runner. Tt has been reported that vx-
ygen kmnetics 15 accelerated with traming. 738455
Uswng an individualisation of the duration ot inter-
val trasung with reference 1o the time limit at a
aiven velocity allows the athlete to run the same
number of repetitions (5) despite the great inter-
vartabihity of the time limit of the continuous exer-
cise. 13

Importantly. the peiformance pnprovement in
all individuals in the study by Smith et al.."! was
uniform cespite the heterogencity (high coelficient
of variatzon) of VWi (18 10 22.7 km/h) and per-
Sormance over 3000m (9 to 11 minutes). Therelore,
for coaches with a group of runners with heteroge-
reous leveis. it may be useful to apoly the time
lirut to calibrate interval fraining work duration.

Burke et al.l¥¢] demonstrated that if the exercise
intensity is the same (95% VOip0). thieival train-
g enhances VO, .« (+7%) and blood lactate ve-
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locity (+25%). These changes appear (o be inde-
pendent of the length of the interval (30 seconds or
2 minutes with a work ¢ pause of 1). However. these
results were oblamed in 21 female physical educa-
tion students having only 40 and 43 mi/min/kg,

respectively before and after the tramming peried of

7 weeks at 4 times a week. The blood lactate thresh-
old velocity increased from 64 10 78% VO,

1t may be reasonable to assume that the high VO,
obtamed during seme forms of intermittent traming
reads to a significant stress on the aerobic sysiem and
results in the large increase in VO /%282 How-
ever. 1t may be possible. as demonstrated by Billat
et al. [ that vWO )., increases because of the de-
crease of renning economy and not of V0o, €5-
pecuzmy with athletes who already have a good level
of YOopna (above 70 mlfmin'kg). Even if mterval
traming taxes VO a. the increase i V), 18 not
certain. To have some chance of mereasing vV GOan .
in this case, the distance run at a high velocity may
be a determinant for vV Q. and performance im-
provement,#7) since vV Qi is related more to per-
formance than VQOnu. However, as previously
demonstraied by F'ox’s group!® 37 almost 30 years
ago, it is more important (o obtain inprovement in
Y Oama miensity than distance 199

3.2.3 Hypoxoemic Induced by Exercise and
interval froining

Maximal interval training has been shown (o
contribute to the development of arterial oxygen
desaturation (hypoxaemia)l?"! and less hyperven-
tilation during heavy exercise.[%! However, some
athletes with high ¥ Opunay do not develop arterial de-
saturation Juring heavy exercise %3 Interval traimng
was performed for 12 weeks (4 daysfweek) onacycle
ergometer at 100% VOam, for 3 minutes with 2 min-
utes of active recovery (50% VOun). VOura wWas
mcreased from 50.5 £ 5.6 to 61.6 mimun/kg (+19%)
whereas maximun expiratory volume (VEp () -
creased only slightly during the carly wecks of train-
ing Moreover, interval training also induced lower
alveolar partial pressure (PAG;) and less hyperven-
tilation during heavy exercise. Half of the reduc-
tion 1 arterial oxygen saturation (5a{;) with in-
terval training can be accounted for by the var:ation

« Adhis Intarmciicral Lvtted Al ngnis reserved

mn ventilation. As hypothesised by Dempsey, >
his suggests that there is [ittle adaptability in the
pulmonary system to physical training for severzl
mronths even if the enhancement of maximal aero-
bic power is huge

4, Conclusion

In conclusion, as stated by Astrand and Rodahi!#6l
it 18 an important but unsolved question which
type of traiming is most etfective: to mamtain a
leve! representing 90% of the YO for 40 min-
utes, or to tax 100% of the YO- capacity for about
16 minutes’. Today, this is strll an oper question.
Betors beginming longitudinal studies to {ry (o an-
swer this guestion, it .s important 10 determine the
metabolic response solicited by the ditferent inter-
val training protocols used by tramners, 20

Even if optimal improvement 1 cardiorespira-
tory fitness 15 thought to occur {rom tramming al an
mtensity corresponding to 90 to 100% ot VO, !
this central factor of performance is not the only
one (0 induce its improvement, Corsequenty, time
spent at VO:pox s not the only parameter to be
taken mto account 1o judge the efficiency of a cer-
tain pattern of inferval trainung on the improvement
of VOyp  and performance
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