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ABSTRACT

LAURSEN, P. B, C. M. SHING, J. M. PEAKE, J. S. COOMBES, and D. G. JENKINS. Interval training program optimization in
highly trained endurance cyclists. Med. Sci. Sports Exerc., Vol. 34, No. 11, pp. 1801-1807, 2002. Purpose: The purpose of this study
was to examine the influence of three different high-intensity interval training (HIT) regimens on endurance performance in highly
trained endurance athletes. Methods: Before, and after 2 and 4 wk of training, 38 cyclists and triathletes (mean  SD; age 25

6yr;mass 75 7Kg VO 645 52mLkg “min ') performed: 1) a progressive cycle test to measure peak oxygen
consumption (VO,,ey) and peak aerobic power output (PPO), 2) atime to exhaustion test (T4 at their VO,p,e, power output (Pr,ay),
aswell as 3) a40-km time-trial (TT,g). Subjects were matched and assigned to one of four training groups (G, N 8,8  60% T,
at P 1:2 work:recovery ratio; G,, N 9,8  60% T,k & Prao recovery at 65% HR,.; Gs, N 10,12 30 sat 175% PPO,
4.5-min recovery; Geon, N 11). In addition to G,, G,, and G performing HIT twice per week, all athletes maintained their regular
low-intensity training throughout the experimental period. Results: All HIT groupsimproved TT 4, performance ( 4.4to 5.8%) and
PPO( 3.0to 6.2%) significantly morethan Gy ( 0.9to  1.1%; P 0.05). Furthermore, G, ( 5.4%) and G, ( 8.1%) improved
their VO, peq significantly morethan Geoy ( 1.0%; P 0.05). Conclusion: The present study has shown that when HIT incorporates
Pax @ the interval intensity and 60% of T, as the interval duration, already highly trained cyclists can significantly improve their
40-km time trial performance. Moreover, the present data confirm prior research, in that repeated supramaximal HIT can significantly
improve 40-km time trial performance. Key Words: CYCLIST, ENDURANCE PERFORMANCE, OXYGEN UPTAKE, SHORT-

TERM TRAINING

that high-intensity interval training (HIT) can en-

hance endurance performance (for recent review,
see Laursen and Jenkins (16)). However, little is known of
the optimal type of HIT program (i.e., optima intensity,
duration, and recovery) for producing the greatest improve-
ment in endurance performance in those who are already
highly trained (16). Some research that has examined HIT
program optimization in highly trained runners has used the
minimal running speed that elicits V O,y during an incre-
mental test (V) asthetraining intensity; specific fractions
(50—70%) of the time to exhaustion at V4 (Tma) have
then been used for the interval duration (5,6,23). However,
the applicability of this approach to cyclists is yet to be
reported.

Only one study has examined HIT program optimization
in endurance-trained cyclists (24). The effects of five dif-
ferent HIT programs performed twice per week for three
consecutive weeks on endurance performance were inves-

Coaches of endurance athletes have long recognized
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tigated in 20 endurance-trained cyclists. Interestingly, two
markedly different HIT programs produced similar im-
provements in peak power output (PPO) and 40-km time
trial (TT,g) performance. Whereas one of these programs
involved submaximal intervals (8 4 min at 85% PPO,
90-s recovery), the other required subjects to perform su-
pramaximal exercise bouts (12 30 s at 175% PPO, 4.5-
min recovery); endurance performance improved equaly in
response to both training programs. The finding that re-
peated supramaximal training could improve endurance per-
formance is intriguing, as supramaximal training has not
traditionally been used for endurance events lasting ~1 h.
However, the sample sizein the study wassmall (N 4 per
group), and the authors noted that the response to training
was variable (24).

Little attention has been given to optimizing the recovery
duration between HIT work bouts. Generally, fixed work-
recovery ratios (i.e, 2:1, 1:1, 1:2) (5,23,25) or recovery
durations based on heart rate returning to a fixed percentage
of its maximum have been used (1,22). To our knowledge,
only one study has examined the influence of different
recovery durations between work bouts in highly trained
athletes (29); this study showed no effect on performance
and related variables in middle-distance runners. Again,
however, the sample size in this study wassmall (N 4 per
group). Thus, optimal recovery duration between HIT bouts
isyet to befully described. The purpose of the present study,
therefore, was to compare the effects of three different HIT



FIGURE 1—Overview of the laboratory test-
ing and training throughout the 7-wk exper-
imental period.

protocols on changes in endurance performance with highly
trained cyclists.

METHODS

Subjects. Forty-one highly trained male athletes (mean

SD;age 25 6yr;height 180 5cm;mass 75

7 kg; sum of five skinfolds 42 15 mm; VO,pen
645 52mLkg *min ) with aminimum of 3 yr cycle
training experience volunteered for the present study; sub-
jects included 26 cyclists [14 grade A (top grade), 8 grade
B (mid grade), 4 grade C (lower grade)] and 15 multi-sport
athletes (12 triathletes, 3 duathletes). All had been training
for, and competing in, cycling events on aregular basis for
6 3 yr; their average cycle training distance during the
study was 285 95 km-wk *, which was similar to their
training distance before the study. After being fully in-
formed of the risks and stresses associated with the study,
subjects completed amedical history questionnaire and gave
their written informed consent to participate. The experi-
mental protocol was approved by the Medical Research
Ethics Committee of The University of Queensland.

Preliminar y testing. Preliminary testing was con-
ducted during the off-season and precompetitive phase of
the athletes' yearly training program. All subjects were
asked to keep a detailed training diary during this time. For
three consecutive weeks before the intervention, athletes
reported to the laboratory three times each week to perform:
1) aprogressive exercisetest to determine VO, and PPO,
2) atime to exhaustion (T, test a the VO, power
output (Pa0), and 3) a40-km timetria (TT,,) on their own
road bicycle mounted to a stationary windtrainer. Athletes
reported to the laboratory for testing on alternate days in
consecutive order, having not trained for at least 12 h; the
order of the tests remained the same on each testing occa-
sion (Fig. 1).

Exercise during the first week served to familiarize the
subjects, whereas the test results obtained during weeks 2
and 3 were used to establish the coefficients of variation
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(CV) for baseline measures. Subjects reported to a con-
trolled environmental laboratory condition (~21°C,
40-60%RH, 760—770 mm Hg) at the same time of day for
al tests (21). During each test, and on all occasions, incre-
mental power output, speed, and/or exercise time were
blinded to the athlete. Athletes were asked to keep their
eating habits constant before all tests and to avoid consum-
ing food within 2 h of exercise. Anthropometric data in-
cluding body mass and sum of five skinfolds (biceps, tri-
ceps, subscapular, supraspinale, and abdominal) were
measured in duplicate by the same investigator using elec-
tronic weighing scales and Harpenden skin-fold calipers
(British Indicators, West Sussex, UK).

Progressiv e exercis e test. VO, Was determined
using an electronically braked cycle ergometer (Lode Ex-
calibur Sport, Quinton, Seattle, WA) modified with clip-in
pedals and low-profile racing handlebars. The saddle and
handlebar positions of the cycle ergometer were adjusted to
resemble each athlete’s own bike, and subjects warmed up
a a self-selected pace for 5 min. The incremental test
commenced at an initial workload of 100 W; workload
thereafter increased by 15 W-30's * until volitional fatigue.
Expired air was analyzed for FzO, and FcCq, every 30 s
during exercise (Ametek gas analyzers; SOV S- 3A11 and
COV CD3A, PFittsburgh, PA). Minute ventilation (VOg) was
recorded every 30 s using a turbine ventilometer (Morgan,
Model 096, Kent, UK). The gas analyzers were calibrated
immediately before and validated after each test using a
certified beta gas mixture (Commonweath Industrial Gas
Ltd., Brisbane, Australia); the ventilometer was calibrated
before and validated after each test using a 1-L syringe in
accordance with the manufacturer’s instructions. The met-
abolic system was verified by the Laboratory Standards
Assistance Scheme (9). V O,peq Was recorded as the highest
VO, reading averaged over two consecutive readings, and
the PPO was recorded as the highest 30 s power output
completed during the incremental test. VO, Was defined
by the following criteria: 1) the oxygen consumption ceased
to increase linearly with a rising workload and approached
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TABIE 1. High-intensit intervd trainirg (HIT) prograns for groups 1-3 and
controb (G.,)-

Bouts/ Rest
Group Sessin Intensity Work Duration Duration
G 8 Pohax 60% T,ax 120% T,k
G, 8 Pohax 60% T,ax 65% HR, .«
G, 12 1796 PFO 30s 4.5 min

Geonlcontrd group Low to Moderate-Intensittrainirg only]

Prnaxe Minimd powe output to elict VO,,eqk Trax time to exhaustia & P,,,, PPO,

max

pe& powe output HR,,.,, maximé heat rate.

a plateau or dropped dlightly, the last two values agreeing
within - 2mL-kg “min % 2) 90% of age predicted HR .
was attained; and 3) respiratory exchange ratio (RER) was
greater than 1.10.

Time to exhaustio n at P.x (Trmax)- Pmax Was calcu-
lated from the progressive exercise test and defined as the
minimal power output that elicited a VO, reading that was
within2mL-kg *-min * of the previous reading, despite an
increase in workload (3,4). After a 5-min warm-up at 100—
250 W, subjects cycled to fatigue at P, the test was
stopped when the cadence fell below 60 rev-min . Athletes
were blinded to the time elapsed on all testing occasions.
The total amount of work completed during the T, test
(Wrmad) Was calculated as a product of P, and T,

Laborator y simulate d 40-km time trial (TT,g). A
laboratory-simulated TT,, was completed on the athlete’s
own road bicycle mounted to a stationary windtrainer (Cy-
closimulator CS-1000; Cateye Co. Ltd., Osaka, Japan) ac-
cording to methods that have previously been described
(20). The rear tire was inflated to 120 pounds per square
inch and placed gently against the friction device before
securing; the spring-loaded release brake was removed,
placing a wind-regulated friction load against the rear
wheel. The athletes same rear wheel was used for each TT 4.
Total time to complete 40 km was recorded for the calcu-
|ation of average speed. Subjects were permitted to consume
water ad libitum during the TT 4.

High-intensit y interval trainin g (HIT) protocols.
Previously, randomizing subjects to training groups pro-
duced nonhomogeneity in the training groups that affected
the results (unpublished data). To avoid this from occurring,
athletes were assigned and matched to groups based first on
their TT 4, performance and second on their VO,pey.. Multi-
sport athletes and cyclists were equally distributed through-

out the HIT groups. All HIT groups (Table 1) trained twice
per week for 4 wk and were reassessed after 2 and 4 wk of
HIT (Fig. 1). The HIT program workload was adjusted after
the mid-HIT assessment. At each interval training session,
cyclists in group 1 (G;) completed eight intervals at Py,
for a duration equal to 60% T, With a 1:2 recovery ratio
(23). Group 2 (G,) performed the sasmework intervalsas G,
except that recovery time was based on HR returning to 65%
HR .« Group 3 (G;) completed twelve 30-s bouts per
session at 175% of PPO, separated by 4.5 min of recovery
(24). The control group (Geop) Was reassessed at the same
times, and subjects in this group were asked to maintain
their regular low-intensity base-training program (12). Total
work completed during each HIT session (W,,,,) was cal-
culated as a product of the amount of time completed at the
assigned power output.

Data analysis. Using the standard deviation (3 min)
from TT,q in previous research (17) to determine the effect
size (12), it was calculated that 10 subjects per group would
be required to obtain a statistical power of 0.80. A one-way
ANOVA examined differences between the groups before
the HIT intervention. A repeated-measures ANOVA was
run separately in each specific training group in order to
determine whether each specific HIT program had an effect
on the dependant measures. As well, a4 3 (Group
Time) repeated-measures ANOVA compared the change in
the dependent measures over time between the groups; trend
analysis delineated the pattern of this change (14). Dunnett’s
post hoc comparisons were used to determine whether the
HIT groups improved significantly more than the control
group (14), whereas Tukey’ s post hoc compared differences
between HIT groups. Pearson product moment examined
relationships between variables. All statistics were run on
SPSS 10.0 for Windows, and alphawas set at 0.05. All data
throughout are expressed asmean  SD, with the exception
of figures, where data are presented as standard errors of the
mean for clarity.

RESULTS

Data from two athletes from G;, and one athlete from G,
were eliminated from the data analysis due to illness or
failure to comply with the training regime. Therefore, eight
athletes remained in G;, nine athletes in G,, 10 athletes in

TABIE 2. Descriptie characteristigsage cyck competition experiene (exp) heigft (Ht), weiglt (Wt), sum of five skinfolds (SSF) pe& oxygen consumption (VO Peak
powe outpu (PPO) pedk heat rate (HR,), time to exhaustia (T,,,,,) a the minimd powe tha elicited VO, during the progressie exercie tegt (P,,), and 40-km time
trial performane (TT,); there were no significan difference in ary of the pretrainig variable betwea the groups.

G G G Geon
Age (y1) 26 6 24 7 % 6 % 5
Ex (y1) 7 6 5 4 6 5 5 3
Ht (cm) 181 4 183 7 179 5 178 6
Wt (kg) 76 10 75 4 77 6 73 8
SF (mm) 4 2 42 10 47 20 36 6
VO, pea(MLkg *min %) 66.5 62 637 41 62.6 41 652 5.9
PFO (W) 439 29 431 23 425 32 422 29
HR oo 194 14 194 14 193 7 189 8
T (S) 241 37 249 58 251 54 235 35
P (W) 424 30 413 16 402 35 404 34
TT,, (min:s) 57:00 3:08 58:10 3:24 57:29 349 57:28 154

Datare mean SD.
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TABIE 3. The totd amourt of work complete during the T, test (Wi ) for G;,
G,, G;, and G throughot the 4-wk high-intensy interva trainirg program.

TABIE 4. Pek oxyge uptale (VO,,.,) scores for G, G,, G,, amd Goymeasured
throughot the 4-wk high-intensy interva trainirg program.

Wi (KJ) PRE MID POST VO, o (LMD Y PRE MID POST

G 121 22 124 23 134 22* G, 500 0.5 514 053 526 0.47*
G 120 26 119 16 122 22 G 489 0.8 506 0.2 528 0.35%
G 120 30 130 44 109 27 G 491 037 499 0.8 506 0.46*
Geon 111 19 109 22 103 23 Geon 492 045 496 041 496 041

* P 0.06 vs PREmeasure.

Gs, and 11 athletes in Gy for the final analysis. Descrip-
tive measures of the training groups before the HIT inter-
vention are presented in Table 2. There were no statistical
differences between any of the groups on the dependent
measures before the HIT intervention. The CV calculated
from the preliminary tests on the dependent measures of
TT 49, PPO, VO, and T, Were found to be 0.9%, 1.8%,
2.1%, and 6.0%, respectively.

HIT trainin g sessions. W, significantly increased
from HIT session number one to eight (linear trend; P
0.05). However, al training groups appeared to improve
W, @ the same rate (nonsignificant group  time inter-
action). G, and G, completed significantly more work than
G; (both P 0.001), whereas G, aso performed signifi-
cantly more W, than G, (P 0.05). The mean number of
entirely finished prescribed interval bouts completed
throughout the HIT sessionswere5 2,4 3,and9 3
for G;, G,, and Gg, respectively. G; had a significantly
greater total mean recovery time between bouts (2028
312 s) compared with G, (1248 92 s, P 0.001). Mean
recovery time between interval bouts for G, (based on HR
returning to 65% HR,,,,,) significantly increased throughout
the HIT sessions (117 34 safter bout 1t0o 227 105 s
after bout 8; P 0.05).

Pmaxs Tmax: @Nd Wepax: Pmax @0d T, did not signif-
icantly change throughout the HIT program. However, W-
max Was significantly different between the groups (i.e.,
significant interaction; P 0.05). W« Was significantly
increased post-HIT for G;, when compared with Gggp
(Table 3). Although trends for greater increases in Wq
were present for G, (P 0.174) and G5 (P 0.207), these
were not significantly different from Geoy (Table 3). The

FIGURE 2—Change in peak oxygen uptake
(MO,pea) scores for Gy, Gy, Ga, and Geop
measur ed throughout the 4-wk high-intensity
interval training program. * P < 0.05 vs
Geconi P < 0.05vsGs.
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* P 0.06 vs PREmeasure.
** P 0.01 vs PRE measure.

calculated P, of al the athletes was significantly less than
their PPO (414 32Wvs436 31W; P  0.01).

\&szeak, PPO, and TT,, performance. The change
in VO,peq Was significantly different between the groups
(i.e, significant interaction; P 0.05). VO,peq Was signif-
icantly increased in G;, G, (both P 0.01), and G5 (P
0.05) but not in Gooy (Table 4). The improvement in
VO,pe Was significantly greater in G; and G, compared
with Gy (P 0.05; Fig. 2). Aswell, the improvement in
VOppea IN G, was dso significantly greater thanin G; (P
0.05; Fig. 2). PPO and TT,, were both significantly en-
hancedin G;, G, (bothP  0.01), and G5 (P 0.05) but not
in Geop (Table 5 and 6). The improvement in TT 4, perfor-
mance and PPO in al three HIT groups was significantly
greater than in Gooy (Figs. 3 and 4; P 0.05). The im-
provement in PPO in G, was also significantly greater than
that of G5 (Fig. 3; P 0.05).

DISCUSSION

The present study has shown that of the three different
types of HIT protocols employed, the use of P, as the
interval intensity, and 60% of T, &s the interval duration
elicited the most consistent improvements in endurance
performance in aready highly trained cyclists. The im-
provementsin TT,, ( 5.1-5.8%), PPO ( 4.7-6.2%), and
VO,peac ( 54-8.1%) (Figs. 2-4; al P 0.05) observed
for G, and G, were dlightly greater than those previously
reported for TT,, ( 2.1-4.5%) and PPO ( 2-4%) after
different HIT programs over a similar time course
(17,24,27,28). There may be two reasons for this. First, our

http://lwww.acsm-msse.org



TABIE 5. Pe& powe output (PPQ measurd during the progressie exercig test
for G, G,, G;, and G (See text for trainirg progran detaily throughot the high-
intensiy interva trainirg program.

PFO (W) PRE MID POST
G, 439 29 456 32 460 37+
G 431 32 43 22 457 26+
G, 425 32 431 32 438 36+
Geon 422 29 425 31 418 28

* P 0.06 vs PREmeasure.
** P 0.01 vs PRE measure.

T iNtervals may have been more taxing than those pre-
viously used in HIT-cycling studies (17,24,27,28). The
present subjects were pushed to exhaustion in nearly every
HIT session. Indeed, only 64% of the prescribed number of
HIT bouts could be completed. Second, the present subjects
performed a mid-HIT assessment, and adjustments in HIT
program parameters after 2wk of HIT training resulted in an
increase in the training stimulus. This may aso help to
explain thelargeimprovement in VO, (Fig. 3; P 0.05)
observed for G; and G,. VOypey after HIT in highly trained
cyclists has remained either unchanged (15) or has not been
reported (17,24,27,28), dthough it has been increased
( 7%) after 8 wk of HIT in previously trained, but not
highly trained, cyclists (VOj,pen 56.8 6.6
mLkg “min *) (19). Our findings that VO,pey improved
using T, intervals for G; and G, are in agreement with
those of Smith et a. (23), who noted significant improve-
ments in VOppey (- 4.9%; P 0.05) using asimilar HIT
program in highly trained runners. Collectively, these find-
ings support the view (2,3,23) that training at V Oppey May
be the most effective means of eliciting additional improve-
ments in VO, in aready highly trained athletes.

A second finding in the present study was that improve-
mentsin TT,, performance ( 4.4%; P 0.05; Fig. 4) was
similar in response to the supramaximal HIT program. PPO
and VOype Were also modestly increased (- 3.0%; Figs. 2
and 3; P 0.05). The significant improvementsin TT ,, and
PPO after supramaximal HIT are consistent with the find-
ings of Stepto et al. (24), who noted similar improvements
inTT,( 4%) and PPO (| 4%) after the same HIT program
as that used in the present study (Table 1). However, the
3.0% increase in VO,peq in G3 (P 0.05) was not signif-

INTERVAL TRAINING PROGRAM OPTIMIZATION

TABIE 6. Averag speel during the 40-km time trial (TT,o) performane for G, G,,
G;, ard G throughot the 4-wk high-intensiy interva trainirg program.

TT,, Spea (kmh ) PRE MID POST
G, 422 24 432 23 444 2.8
G 414 25 429 21 437 2.4
G 419 26 426 27 437 2.1*
Geon 418 14 414 13 414 15

* P 0.06 vs PREmeasure.
** P 0.01 vs PRE measure.

icantly different to that for Gy (- 1.0%). Improvementsin
endurance performance have been shown previously to oc-
cur independently of improvements in VO,pey (7,8). It is
possible that improvements in performance after supramaxi-
mal HIT could be due to a simultaneous enhancement of
both aerobic and anaerobic metabolic pathways (11,18,26)
and/or an increase in skeletal muscle buffering capacity (28)
in response to the metabolic acidosis resulting from the
repeated supramaximal exercise (10). However, it is also
possible that our study lacked the statistical power to dem-
onstrate a significant difference in VO, between G; and
Geon:

It is not possible to unequivocaly state that one HIT
group improved to a greater extent than the other HIT
groups. However, there are some nonstatistical trendsin our
data that should be mentioned. In terms of absolute percent
change, G, did achieve the greatest improvement in TT 4,
PPO, and V O,pex (Figs. 2-4), and also improved PPO and
VOypex Significantly more than G; and Geon (P 0.05).
Although HIT programs have previously used the fractional
utilization of HR,,,, @ a basis for determining recovery
between work bouts (1,22), only one previous study has
attempted to investigate the effects of different recovery
durations between HIT bouts on the improvements in per-
formance (29), and this study showed no effect on perfor-
mance and related variables in middle distance runners. It is
therefore not possible to unequivocally state that optimizing
recovery from HIT bouts based on HR returning to a frac-
tion of its maximum is a more suitable approach to using a
fixed work:recovery ratio, as improvements in PPO and
VOypex IN G, were not significantly different to those for
G,. However, given that performances of elite athletes are

FIGURE 3N Change in peak power output
(PPO) measured during the progressive ex-
ercisetest for G,, G,, Gs, and Gy (See text
for training program details) throughout the
high-intensity interval training program. * P
< 0.05 Vs Geons P < 0.05vsGs.
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FIGURE 4N Change in average speed during
the 40-km time trial (TT,) for G,, G,, Gj,
and Gy throughout the 4-wk high-intensity
interval training program. * P < 0.05 vs

GCON'

separated by very small margins that would be difficult to
statistically detect (12,13), the apparent trend toward the
improvement in performance after recovery optimization
between HIT bouts may be important in practical terms.
In conclusion, this study has shown that HIT performed at
intensities of P, and durations of 60% of T, (G, and G,)
is an effective means for enhancing 40-km time trial per-
formance, peak power output, and V O, in highly trained
cyclists. Moreover, the present research has confirmed that
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