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Abstract Cycling performance is dependent on physiological factors which influence
mechanical power production and mechanical and environmental factors that
affect power demand. The purpose of this review was to summarize these factors
and to rank them in order of importance. We used a model by Martin et al. to
express all performance changes as changes in 40km time trial performance. We
modelled the performance of riders with different ability ranging from novice to
elite cyclists. Training is a first and most obvious way to improve power produc-
tion and was predicted to have the potential to improve 40km time trial perfor-
mance by 1 to 10% (1 to 7 minutes). The model also predicts that altitude training
per se can cause a further improvement of 23 to 34 seconds. Carbohydrate-electrolyte
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drinks may decrease 40km time by 32 to 42 seconds. Relatively low doses of
caffeine may improve 40km time trial performance by 55 to 84 seconds.

Another way of improving time trial performance is by reducing the power
demand of riding at a certain velocity. Riding with hands on the brake hoods
would improve aerodynamics and increase performance time by ≈5 to 7 minutes
and riding with hands on the handlebar drops would increase performance time
by 2 to 3 minutes compared with a baseline position (elbows on time trail handle
bars). Conversely, riding with a carefully optimised position could decrease per-
formance time by 2 to 2.5 minutes. An aerodynamic frame saved the modelled
riders 1:17 to 1:44 min:sec. Furthermore, compared with a conventional wheel
set, an aerodynamic wheel set may improve time trial performance time by 60 to
82 seconds.

From the analysis in this article it becomes clear that novice cyclists can benefit
more from the suggested alterations in position, equipment, nutrition and training
compared with elite cyclists. Training seems to be the most important factor, but
sometimes large improvements can be made by relatively small changes in body
position. More expensive options of performance improvement include altitude
training and modifications of equipment (light and aerodynamic bicycle and wheels).
Depending on the availability of time and financial resources cyclists have to
make decisions about how to achieve their performance improvements. The data
presented here may provide a guideline to help make such decisions.

Avariety of internal and external factors interact
to determine cycling velocity (table I). Chief among
those are physiological factors which influence me-
chanical power production (internal factors), and
mechanical and environmental factors that affect
power demand (external factors). Although these
factors always influence cycling performance, they
most obviously affect time trial performance in which
race tactics are less important. Most of these factors
have been discussed in detail in the articles that
proceed this review.[1,4,10,19,20] The purpose of this
review is to summarise these findings and to rank
them in order of importance. In other words, we
sought to determine where and how we should spend
our time or money to improve cycling performance.
For example, is it more effective to buy aerody-
namic wheels or should we invest in altitude train-
ing?

Clearly, the relative importance of factors as di-
verse as interval training, carbohydrate feeding and
aerodynamic bicycle components cannot be directly
ranked. Rather, some common measure that allows
indirect comparison of the relative importance of

each factor must be used. In the present review, we
used a mathematical model[18] to facilitate compar-
ison of physiological, mechanical and environmen-
tal factors that affect cycling performance. Studies
on the physiological aspects of cycling performance
(e.g. interval training) were used to estimate how
each factor would influence the power a cyclist could
sustain for a 40km time trial. The model was then
used to predict the effects of those power changes
on 40km time trial performance. In this way, the
effects of internal and external factors were com-

Table I. Factors that can influence cycling performance

Internal factors
Training[1-3]

Altitude training[4-8]

Carbohydrate[9-10]

Caffeine[11-15]

External factors
Bodyweight[9,16,17]

Body position[18,19]

Clothing[18,19]

Bicycle[18,19]

Wheels[18,19]
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pared with respect to their influence on the time to
complete a 40km time trial.

1. The Model

Cycling velocity results from the dynamic equi-
librium between power production and power de-
mand. The mathematical model used in this review
was reported by Martin et al.[18] and included terms
for mechanical power produced by the cyclist and
for all the relevant external factors including: aero-
dynamic drag, wind conditions, rolling resistance,
bearing friction, potential and kinetic energy, and
mechanical efficiency. The expression for total
power delivered to the bicycle cranks was:

PTOT = {Va
2 VG

1⁄2ρ(CDA + Fw)
+ VGCRRmTgCos[Tan–1(GR)]
+ VG(91 + 8.7VG) × 10–3 + VGmTgSin[Tan–1(GR)]

+ 1⁄2(mT + I/r 2)(vf
2 – vi

2)/(ti – tf)}/EC

where: Va is the air velocity of the bicycle tangent
to the direction of travel of the bike and rider (which
is dependent on wind velocity and the ground ve-
locity of the bicycle); VG is the ground velocity of
the bicycle; ρ is air density; CD is the coefficient
of drag of the bicycle and rider; A is the frontal area
of the bicycle and rider; Fw is an expression equiv-
alent to the drag area (CDA) of the spokes; CRR is
the coefficient of rolling resistance; mT is the total
mass of the bicycle and rider; g is the acceleration
due to gravity; GR is the gradient of the road sur-
face; VG(91 + 8.7VG) × 10–3 is an expression for
wheel bearing friction; I is the combined moment
of inertia of 2 wheels; and r is the radius of the
bicycle wheel. Subscripts i and f represent initial
and final conditions over some interval. EC is the
efficiency of the chain drive system.

Martin et al.[18] validated this model by compar-
ing predicted power with power measured during
outdoor road cycling and reported that modelled
power agreed with the measured power [modelled
power = 1.00 × measured power; coefficient of de-
termination (R2) = 0.97, standard error of the esti-
mate (SEE) = 2.7W]. Thus, we are confident that
this model will serve as a valid tool for comparing
the effects of various internal and external factors.

2. Methods of Comparison

The effects of several physiological factors were
compared within the context of a novice cyclist
with a relatively short history of cycling training
[maximal oxygen uptake (V

.
O2max) 48 ml/kg/min

with a lactate threshold of 65% V
.
O2max], a well-

trained cyclist (V
.
O2max 66 ml/kg/min with a lactate

threshold of 75% V
.
O2max) and an elite road cyclist

(V
.
O2max 80 ml/kg/min with a lactate threshold of

80% V
.
O2max). The mass of all 3 simulated riders

was 70kg and air density was assumed to be 1.2
kg/m3. For the evaluation of internal factors, the
drag area of the simulated riders was assumed to
be 0.269m2.[18] The model was used to simulate
performance on a 40km course in which the rider
would travel 5km up a 1% grade into a 2 m/sec
headwind, 5km down a 1% grade into a 2 m/sec
headwind, 5km up a 1% grade with a 2 m/sec tail-
wind and 5km down a 1% grade with a 2 m/sec
tailwind, 10km along a flat into a 2 m/sec headwind
and 10km along a flat with a 2 m/sec tailwind. For
the specified model parameters, the baseline per-
formance times for the 40km time trial were: 72:56
(min:sec), 58:35 and 52:02 for the modelled nov-
ice, trained and elite cyclists, respectively. These
values will be used to compare the effects of vari-
ous internal and external factors.

3. Internal Factors

3.1 Training

Training is recognised as one of the main mod-
ifiers of exercise performance. Numerous previous
investigators have described the performance ben-
efits of training and the underlying mechanisms.
Participants in most of these studies, however, were
untrained individuals or patients and little or no
information is available on the effect of additional
or alternative training in already well trained indi-
viduals such as elite cyclists.[1]

Early reports showed that untrained individuals
can increase their V

.
O2max by 20 to 38% after 9 to

12 weeks of training[21-24] (table II). The very large
increases in V

.
O2max were observed in the elderly,

whereas younger people showed somewhat
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smaller improvements. This may be related to the
low initial V

.
O2max. Generally, a low V

.
O2max at the

onset of training will result in large improvements
after training whereas high initial V

.
O2max values

result in smaller increases. Unfortunately, V
.
O2max

is not always a good indicator of exercise perfor-
mance and therefore it is difficult to predict perfor-
mance improvements from these studies. However,
it is likely that these training programmes resulted
not only in an increased V

.
O2max but also in a sig-

nificant shift of the lactate threshold. In the model
we have therefore used the changes in V

.
O2max as a

reflection of changes in 40km time trial perfor-
mance.

Several studies have been conducted in moder-
ately trained to trained athletes. Norris and Peter-
sen[25] investigated the effect of an 8-week training
programme (5 times per week, 40 to 55 minutes) on
the performance of 16 competitive cyclists (V

.
O2max

57 ml/kg/min). Performance was evaluated with a
V
.
O2max test and a simulated 40km time trial after

4 and 8 weeks. Performance improvements were
observed within 4 weeks and by the end of the 8
weeks of training V

.
O2max was improved by 5% and

the 40km time was reduced by 8.4%. These large
changes are likely to be related to the low starting
level of the cyclists (i.e. the study was performed
at the beginning of the season).

Westgarth-Taylor et al.[26] investigated the ef-
fects of a modified training regimen in 8 cyclists
(V
.
O2max ≈64 ml/kg/min). A total of 15% of their

endurance training was replaced by high intensity
training. After 6 weeks peak power (Wmax) was in-
creased from 404 ± 40W to 424 ± 53W (5.0%) and
time to complete 40km was 2.4% less. During the
time trial cyclists averaged 327 ± 51W after train-
ing compared with 291 ± 43W before (11.3%). They
not only performed at a higher absolute workload
but also at a higher relative intensity (78.1 vs 72.6%
Wmax), possibly indicating a shift in lactate thresh-
old. Similar results were obtained by the same re-
search group when participants trained in a similar
manner for 4 weeks.[2] Wmax was increased 4.3%
and the 40km time was improved by 3.5% (see ta-
ble II).

Stepto et al.[3] studied the effects of 5 different
interval training protocols in 20 trained cyclists
(V

.
O2max 61.3 ml/kg/min). Cyclists completed 6 in-

Table II. Summary of representative studies showing the effects of several weeks of training on performance indices in untrained, moderately
trained and well-trained cyclists

Participants V
.
O2max

(ml/kg/min)
Training Performance improvement (%) Reference

Wmax V
.
O2max 40km time

Untrained individuals
Young and old men (untrained) 12 weeks NA 28-38 NA 24

12 untrained individuals 10 weeks 40 min/day, 6 days/week NA 25 NA 23

13 untrained individuals 42.3 10 weeks 40 min/day, 6 days/week NA 10-20 NA 22

9 untrained individuals 9 weeks 40 min/day, 6 days/week NA 23 NA 21

Moderately trained individuals
16 moderately trained cyclists 56.8 4 weeks of mixed training NA 5.5 6.8 25

8 weeks of mixed training NA 7.0 8.4

Well-trained individuals
4 trained cyclists vs 4 controls 61.3 3 weeks with 6 HIT sessions

(8 × 4 min 85% Wmax with 1.5 min
recovery)

2.4 NA 2.3 3

8 trained cyclists ≈64 6 weeks, 15% of normal training
replaced by HIT

5.0 NA 2.4 26

12 trained cyclists 65.7 4 weeks, 15% of normal training
replaced by HIT

4.3 NA 3.5 2

HIT = high intensity training; NA = not applicable; V
.
O2max = maximal oxygen uptake; Wmax = peak power.

562 Jeukendrup & Martin

  Adis International Limited. All rights reserved. Sports Med 2001; 31 (7)



terval sessions in 3 weeks, and before and after the
training period Wmax and 40km time trial perfor-
mance were measured. The interval training proto-
cols ranged from 12 times 30 seconds at 175% Wmax

to 4 times 8 minutes at 80% Wmax. Interestingly,
the most profound changes in performance (2.4%
increase in Wmax and 2.3% improvement in 40km
time trial performance; table II) were observed with
a protocol consisting of 8 times 4 minutes at 85%
Wmax interspersed with a 1.5 minute rest.

Although little or no data are available on the ef-
fects of training in already highly trained cyclists,[27]

anecdotal evidence suggests that improvements in
performance are only small despite significant in-
creases in training volume and intensity. In World
Class cyclists in the competitive season, these im-
provements in 40km time trial performance are likely
to be in the range of 1 to 3% (unpublished obser-
vations). However, it must be noted that much larger
improvements can be observed in the beginning of
the season when these cyclists are relatively un-
trained.

In summary, in novice cyclists, a training pro-
gramme which includes high-intensity intervals and
sustained endurance effort can increase performance
by 5 to 10%. The effects of modified training on
40km time trial performance in already well-trained
individuals have only been reported to be 2 to 4%.
It is likely that the margins for improvement are
smaller in elite cyclists (1 to 3%). With the model
presented above, these changes have been trans-
lated into 40km times in table III.

3.2 Altitude Training

The effects of altitude training have been dis-
cussed extensively by Hahn and Gore[4] and else-
where.[5-8] Generally, it is thought that living and
training at moderate altitude has little or no effect
on performance at sea level.[4] However, there is
some evidence that living high and training low
might have positive effects.[5,8,28,29] In runners, 5km
running performance improved by 2.2% and V

.
O2max

by 3.9% when they lived at 2500m and trained at
1250m.[29] In a follow-up study by the same research
group[30] in highly trained athletes (V

.
O2max 72 ml/

kg/min), V
.
O2max and 3km run time improved by

1.1 and 2.2%, respectively. Unfortunately, this study
had no control group.

Most of the studies have been performed in run-
ners and very little information is available on cy-
clists.[31] Furthermore, performance measurements
have typically been of short duration from seconds
up to ≈20 minutes, and therefore extrapolation to
40km time trial performance is difficult. Neverthe-
less, as concluded by Hahn and Gore[4] performance
improvements as a result of altitude training appear
to be very small (0 to 2%). Whether these improve-
ments can be extrapolated to cyclists has not been
demonstrated. Even so, it seems reasonable to as-
sume that the improvements observed in runners
are similar to those in cyclists. Therefore, we have
estimated that altitude training may elicit a 2% in-
crease in performance power. With that improve-
ment, the model predicts a decrease in time trial
performance time of 34 seconds for the novice cy-
clist (72:22 vs 72:56), 26 seconds for the trained

Table III. The effects of several weeks of training on 40km time in novice, trained and elite cyclists. Performance time data are presented
as min:sec

40km time before
training

Effect after training

minimum maximum average

Novice 72:56 69:21 65:38 67:29

–3:35 –7:18 –5:27

Trained 58:35 57:25 56:15 56:50

–1:10 –2:20 –1:45

Elite 52:02 51:30 50:29 51:00

–0:32 –1:33 –1:02
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cyclist (58:09 vs 58:35) and 23 seconds for the elite
cyclist (51:39 vs 52:02).

3.3 Nutrition

3.3.1 Carbohydrate-Electrolyte Solutions
As reported elsewhere,[10] the effects of many

nutritional supplements on endurance performance
have been previously investigated.

Results from several well controlled investiga-
tions[32-34] suggest that ingestion of water and car-
bohydrate improves exercise performance. Jeuken-
drup et al.[33] reported that power produced by well
trained cyclists during a simulated 40km time trial
performance was improved by 2.3% (297.5 ±
10.3W) by ingestion of a water and carbohydrate
beverage compared with a placebo (291.0 ± 10.3W).
Similarly, el-Sayed et al.[34] reported that ingestion
of an 8% carbohydrate solution improved power
produced by trained cyclists during a 1-hour ‘all-
out’ cycling trial by 3.0% (277 ± 3W) compared
with placebo (269 ± 3W). Using a slightly different
protocol, Below et al.[32] showed that carbohydrate
feeding improved power output by 12% during a
10 minutes all-out exercise bout after 50 minutes
of constant load cycling. This finding may be par-
ticularly relevant to road racing in which perfor-
mance during the final kilometres may determine
success or failure. With regard to time trial perfor-
mance, those results suggest that average power over
a 1-hour period would be increased by at least 2%.

Taken together these results suggest that inges-
tion of fluid and carbohydrate may increase 40km
time trial performance power by 2 to 3%. Accord-
ingly, we have used our model to predict the effect
of a 3% change in power on time to complete a
40km time trial. The model predicts that a 3% in-
crease in power would decrease 40km time by 42
seconds for the novice cyclist (72:14 vs 72:56), 36
seconds for the well-trained cyclist (57:59 vs 58:35)
and 32 seconds for the elite cyclist (51:30 vs 52:02).
Even though the total increase in power is less for
the novice cyclist (6 vs 9 and 12W), the decrease
in 40km time is greater.

3.3.2 Caffeine
Caffeine is usually classified as a nutrient but

when used in large doses may have pharmacologi-
cal effects. Caffeine is banned by the International
Olympic Committee, but only when concentration
in the urine exceeds 12 mg/L. Concentrations be-
low that threshold are considered allowable.

Several investigators have reported caffeine to
improve exercise capacity (time to exhaustion) or
performance (time to complete a certain amount of
work).[11-15] However, to our knowledge, there is only
one study of the effects of caffeine ingestion on 40km
time trial performance. Kovacs et al.[14] investigated
the effects of ingesting different levels of caffeine
in combination with a carbohydrate-electrolyte drink
on performance in 15 trained cyclists (≈67 ml/kg/
min). The best performances were observed with
the highest caffeine doses (225 and 320mg) and
individuals produced 308 ± 9 and 309 ± 10W, re-
spectively, in these trials compared with 295 ± 9W
in the control trial; a 5% increase in power. It is
important to note that the dose of caffeine used in
this study was small and did not result in high caf-
feine concentrations in the urine (below 5 mg/L).
Pasman et al.[13] also showed large improvements
in time to exhaustion at 80% V

.
O2max with a rela-

tively low dose of caffeine (5 mg/kg).
The fact that large effects on endurance capacity

were observed over a fairly large range of aerobic
fitness levels suggests that caffeine has similar ef-
fects in relatively untrained cyclists and elite cy-
clists.[11-15] Therefore, caffeine ingestion was as-
sumed to increase power by 5% for all 3 of our
modelled participants. That 5% increase in power
resulted in a time savings of 84 seconds for the
novice cyclist (71:32 vs 72:56), 63 seconds for the
trained cyclist (57:32 vs 58:35) and 55 seconds for
the elite cyclist (51:07 vs 52:02).

4. External Factors

4.1 Body and Bicycle Mass

4.1.1 Bicycle Mass
The baseline parameters used in our model in-

cluded a bicycle mass of 10kg. Much lighter equip-
ment is available and, therefore, we have used our
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model to estimate the effect of a 7kg bicycle on
40km time trial performance time. Compared with
the 10kg bicycle used in our baseline calculations,
the lighter bicycle would decrease 40km time trial
performance time by 13 seconds for the novice cy-
clist (72:43 vs 72:56), 7 seconds for the trained
cyclist (58:28 vs 58:35) and 5 seconds for the elite
cyclist (51:57 vs 52:02).

4.1.2 Body Mass
To accurately assess the effects of increases or

decreases of body mass on cycling performance,
both the mass and the resulting change in body
surface area must be accounted for in the model
parameters. Specifically, any change in body mass
is likely to be accompanied by a change in body
surface area and, therefore, a change in drag area.
In this analysis, drag area was adjusted by the ratio
of the decreased mass to the baseline mass raised
to the power of 0.425.[20] Thus, a decrease of 3kg
would decrease drag area by 1.84% to 0.264m2.
Using this joint decrease in body mass and drag
area the model predicted a decrease in 40km time
of 25 seconds for the novice cyclist (72:31 vs 72:56),
21 seconds for the trained cyclist (58:14 vs 58:35)
and 19 seconds for the elite cyclist (51:43 vs 52:02).

4.1.3 Effects of Mass on Climbing
The predicted effects of changes in bicycle and

body mass on 40km time trial performance pre-
sented in sections 4.1.1 and 4.1.2 seem quite low
(25 seconds or less). This small effect was due, in
part, to the profile of the modelled course, but also
to the fact that any additional weight provided ad-
ditional propulsive force on the descent portion of
the course. However, in certain situations the ad-

vantage of additional weight during the descent will
be nullified by other factors. For example, if the
cyclist must use braking to negotiate the descent,
that advantage is greatly reduced. Similarly, in a
mass start race, if a rider does not maintain contact
during a climb, he or she may be unable to regain
contact with the group during the descent because
the group may descend faster than the individual.
Therefore, we have performed additional analyses
to estimate the effects of a decrease of 3kg to bicy-
cle mass for 20km climbs of 3, 6 and 12% grade.
These model conditions were intended to simulate
the effects of mass on a course in which the speed
for the descent was limited by handling concerns
rather than power. As shown in table IV, the model
predicts that the use of a 7kg bicycle will decrease
the time required for a 20km climb by 29 seconds
to over 7 minutes. The novice cyclist will benefit
the most from reduced mass but the effect on elite
performance (almost 3 minutes) is dramatic as well.
Indeed, a savings of 3 minutes would almost cer-
tainly have a significant effect on the outcome of a
professional road or stage race.

4.2 Aerodynamics

4.2.1 Body Position
The effects of body position on time trial per-

formance were analysed in 4 typical positions: a
rider with his hands on the brake hoods (drag area
of 0.358m2), a rider with his hands on the drops of
road handle bars (0.307m2), a rider with his elbows
on time trial handle bars (0.269m2; baseline condi-
tion) and a rider with a wind-tunnel optimised po-

Table IV. The effects of road grade (3 to 12%) and bicycle weight (standard or light) on the time to ride 20km uphill. Performance time data
are presented as min:sec

3% grade 6% grade 12% grade

standard light standard light standard light

Novice 63:48 62:14 106:48 103:10 202:25 195:00

–1:34 –3:38 –7:25

Trained 42:37 41:53 63:48 61:56 115:33 111:31

–0:42 –1:52 –4:02

Elite 35:01 34:32 48:56 47:41 84:47 81:59

–0:29 –1:15 –2:48
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sition (0.240m2) [personal communication, John E.
Cobb] (fig. 1).

The effects of these 4 positions on time trial per-
formance of our 3 modelled participants are shown
in table V. Riding with hands on the brake hoods
would increase performance time by approximate-
ly 5 to 7 minutes and riding with hands on the handle-
bar drops would increase performance time by 2 to
3 minutes compared with our baseline position. Con-
versely, riding with a carefully optimised position
could decrease performance time by 2 to 2.5 min-
utes.

4.2.2 Bicycle Frame
The effect of using an aerodynamic time trial

bicycle frame compared with a regular (round steel
tube) frame was evaluated for each simulated rider.
The aerodynamic frame (e.g. Cervelo or Lotus) was

assumed to have 0.02m2 less drag area than the
regular frame but the rider’s body was assumed to
remain in the standard position. Thus, the total drag
area for the aerodynamic bicycle and rider was as-
sumed to be 0.249m2. With this drag area, our model
predicted a 40km time trial time of 71:12 for the
novice cyclist, 57:09 for the trained cyclist and 50:45
for the elite cyclist; the aerodynamic frame saved
the modelled riders 1:44, 1:26 and 1:17, respec-
tively.

4.2.3 Frame and Body Position Combined
If the effects of bicycle and body drag area are

additive (i.e. if the bicycle and the rider occupy
different portions of the frontal area), then total
drag area may be dramatically decreased by using
an aerodynamic frame and an optimised rider po-
sition. Based on the drag area values presented above,

Drag area (m2) 0.259

Estimated power 40km (W) 372

Weight of bicycle plus rider (kg) 80

Aero front wheel

Disc rear wheel

Estimated time 40km (min:sec) 52:22

Average speed (km/h) 45.83

Drag area (m2) 0.244

Estimated power 40km (W) 372

Weight of bicycle plus rider (kg) 80

Aero front wheel

Disc rear wheel

Estimated time 40km (min:sec) 51:22

Average speed (km/h) 46.72

Fig. 1. Example of a wind tunnel experiment and the theoretical advantage of a change in position on 40km time trial performance.
In this procedure, the cyclist’s handlebars were lowered 18mm, elbow pads were moved backward 190mm, and hands were moved
upward (≈6cm). Wind resistance was measured at angles ranging from 0 to 15°. This relatively small change in position is unlikely
to compromise power production but resulted in a 5.9% reduction in drag area from 0.259 to 0.244m2. This decrease in drag area
should result in a 60-second improvement in 40km time for this cyclist (from Rabobank Professional Cycling Team with permission).
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drag area could be reduced to ≈0.22m2. If such a
drag area were achieved, time trial performance
time would be decreased to 68:33, 54:57 and 48:47,
for the novice, trained and elite cyclist, respectively;
a time savings of 4:24, 3:38 and 3:15, for our mod-
elled riders compared with performance with a stand-
ard frame and position. Indeed, such a low drag
area may be exactly what is achieved by the World’s
top time trial riders today.

4.2.4 Wheels
The baseline parameters of our model assumed

the use of aerodynamic wheels. Therefore, to as-
sess the effects of aerodynamic wheels we deter-
mined the increase in 40km time trial performance
time that would result when total drag area was
increased by using a conventional wheel set with 36
round wire spokes. The drag area of these standard
wheels has been reported to be ≈0.0042m2 greater
than that of the best aerodynamic wheels.[35] To real-
istically model the effects of 2 wheels, we assumed
that the rear wheel was partially shielded by the
bicycle frame such that the total drag area of the bi-
cycle equipped with standard wheels was 0.0063m2

greater than that for the aerodynamic wheel set (i.e.
1.5 times the increase associated with one wheel).
Compared with the aerodynamic wheel set, the con-
ventional wheel set increased time trial performance
time by 82 seconds for the novice cyclist (74:18 vs
72:56), 67 seconds for the trained cyclist (59:42 vs
58:35) and 60 seconds for the elite cyclist (53:02
vs 52:02).

4.2.5 Wheel Choice: Weight Versus Aerodynamics
When selecting a wheel set for a specific com-

petition, cyclists often must choose between a light
nonaerodynamic wheel and a heavier more aerody-
namic wheel. This decision may be particularly im-
portant when the course includes steep grades. To
ascertain the proper choice for a variety of condi-
tions, we modelled the effects of 2 wheel sets on
climbing performance. The light wheel set was as-
sumed to have 500g less mass and 0.0063m2 greater
drag area than the aerodynamic wheel set. As in the
previous section on climbing, we modelled road
grades of 3, 6 and 12%. As shown in table VI, the
aerodynamic wheels provided superior performance
on the 3% road grade for all 3 modelled riders. For
the 6% grade, the lighter, nonaerodynamic wheel
was superior for the novice and trained cyclists, but
the aerodynamic wheel was slightly superior for
the elite cyclist. Finally, at 12%, the lighter wheels
provided an advantage for all 3 riders. Thus, the
optimal wheel interactively depends on the fitness
or power output of the rider and on the grade of the
climb.

5. Different Rules for Road Races

The model described and used may be applica-
ble to time trials but prediction of road race perfor-
mance with this model may be inaccurate. This is
mainly because in road races many other factors
will determine performance, including race tactics.
In road races it is not always the individual who

Table V. Effects of body position on 40km time trial performance time in novice, trained and elite cyclists.a Performance time data are presented
as min:sec

Positions modelled Novice Trained Elite

Brake hoods 79:45 64:11 57:03

Handlebar drops 75:59 61:05 54:16

–3:46 –3:06 –2:47

Standard aerodynamics 72:56 58:35 52:02

–6:49 –5:36 –4:59

Optimised aerodynamics 70:24 56:29 50:09

–9:21 –7:42 –6:54

a Changes in performance are expressed in time gain compared with standard position (rider’s hands on the brake hoods).

Brake Hoods = rider’s hands on the brake hoods (drag area 0.358m2); Handlebar Drops = rider’s hands on standard racing handlebar
drops (drag area 0.307m2); Optimised aerodynamics = a carefully optimised aerodynamic position (drag area 0.240m2); Standard
aerodynamics = a typical time trial position with elbows resting on supports (drag area 0.269m2).
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produces most power, or who has the best power to
weight ratio or the best aerodynamics who wins. In
road races skill, position of team mates and tactics
are the predominant performance determining fac-
tors. We recently described an example of a World
Class cyclist who participated in the Tour de France.
In one of the level stages (6 hours) with little wind
the average speed was 40 km/h. This cyclist with
excellent drafting skills managed to reduce his aver-
age power output to just 98W.[16] It can be calcu-
lated that in optimal conditions with no wind and
level roads, and with a good aerodynamic position,
riding at that speed would require ≈275W.[18] It is,
therefore, important to realise that cyclists will en-
ter the final hour of road races, in which the race is
often won or lost, having performed very different
amounts of total work and consequently may be at
very different levels of fatigue.

6. Conclusion

It may become apparent from this analysis that
novice cyclists have significantly more scope for
improvement than well-trained elite athletes. This
effect is apparent both in internal as well as external
factors. The improvements are larger for novice cy-
clists when they are expressed in absolute (seconds)
or relative terms. However, the effects are not al-
ways additive. For example, a change in body po-
sition may result in a reduction in aerodynamic drag
but may cause suboptimal joint angles and compro-
mise power. On the other hand, the effects of train-
ing and carbohydrate feeding or training and changes
in position may result in additive performance ef-

fects. Furthermore, the effects of altitude training
may add to the effects of normal training.

It is also important to distinguish between fac-
tors that prevent a reduction in performance such
as drinking in a hot environment, or heat acclima-
tisation (not discussed here) or factors that truly
improve performance, such as training, improved
aerodynamics, and caffeine.

In this review, we selected only a small portion
of the potential factors that can influence exercise
performance. However, we believe that these are
the most important factors based on the current sci-
entific literature. Support for the performance-
enhancing effects of other supposed (legal) ergoge-
nic aids was less robust, and therefore these factors
have not been included in this analysis.

From the analysis in this review it becomes clear
that training is probably the most important factor
in improving cycling performance, but sometimes
large improvements can be made by relatively small
changes in body position. More expensive options
of performance improvement include altitude train-
ing and modifications of equipment (light and aero-
dynamic bicycles and wheels). Depending on the
availability of time and financial resources cyclists
have to make decisions about how to achieve their
performance improvements. The data presented here
may provide a guideline to help make such deci-
sions.

Acknowledgements

The authors would like to thank the riders and staff of the
Rabobank Professional Cycling team for their kind cooper-
ation in the preparation of this manuscript. We also want to

Table VI. The interactive effects of wheel weight, wheel drag area and road grade (3 to 12%) on time to ride 20km uphill in novice, trained
and elite cyclists. Performance time data are presented as min:sec

3% grade 6% grade 12% grade

aerodynamic light aerodynamic light aerodynamic light

Novice 63:48 63:58 106:48 106:23 202:25 201:13

+0:10 –0:25 –1:12

Trained 42:37 42:57 63:48 63:45 115:33 114:58

+0:20 –0:03 –0:35

Elite 35:01 35:22 48:56 49:02 84:47 84:25

+0:21 +0:06 –0:22

568 Jeukendrup & Martin

  Adis International Limited. All rights reserved. Sports Med 2001; 31 (7)



thank John E Cobb for his kind input and sharing of data and
his invaluable experience and help in the wind tunnel.

References
1. Hawley JA, Stepto NK. Adaptations to endurance training in

cyclists. Sports Med 2001; 31 (7): 511-20
2. Lindsay FH, Hawley JA, Myburgh KH, et al. Improved athletic

performance in highly trained cyclists after interval training.
Med Sci Sports Exerc 1996; 28 (11): 1427-34

3. Stepto NK, Hawley JA, Dennis SC, et al. Effects of different
interval training programs on cycling time-trial performance.
Med Sci Sports Exerc 1999; 31 (5): 736-41

4. Hahn A, Gore CJ. The effect of altitude on cycling performance:
a challenge to traditional concepts. Sports Med 2001; 31 (7):
533-57

5. Bailey DM, Davies B. Physiological implications of altitude
training for endurance performance at sea level: a review. Br
J Sports Med 1997; 31 (3): 183-90

6. Saltin B. Exercise and the environment. Focus on altitude. Res
Q Exerc Sport 1996; 67 (3 Suppl.): S1-S10

7. Wolski LA, McKenzie DW, Wenger HA. Altitude training for
improvements in sea level performance: is there scientific
evidence of benefit? Sports Med 1996; 22 (4): 251-63

8. Fulco CS, Rock PB, Cymerman A. Improving athletic perfor-
mance: is athletic residence or altitude training helpful? Aviat
Space Environ Med 2000; 71 (2): 162-71

9. Jeukendrup AE. Cycling. In: Maughan RJ, editor. IOC encyclo-
paedia of sports medicine: nutrition in sport. Oxford: Black-
well Science, 2000: 562-73

10. Burke LM. Nutritional practices of male and female endurance
cyclists. Sports Med 2001; 31 (7): 521-32

11. Costill DL, Dalsky GP, Fink WJ. Effects of caffeine ingestion
on metabolism and exercise performance. Med Sci Sports
Exerc 1978; 10 (3): 155-8

12. Graham TE, Spriet LL. Performance and metabolic responses
to a high caffeine dose during prolonged exercise. J Appl
Physiol 1991; 71 (6): 2292-8

13. Pasman WJ, van Baak MA, Jeukendrup AE, et al. The effect of
varied dosages of caffeine on endurance performance time.
Int J Sports Med 1995; 16 (4): 225-30

14. Kovacs EMR, Stegen JHCH, Brouns F. Effect of caffeinated
drinks on substrate metabolism, caffeine excretion, and per-
formance. J Appl Physiol 1998; 85: 709-15

15. Spriet LL, McLean DA, Dyck DJ, et al. Caffeine ingestion and
muscle metabolism during prolonged exercise in humans. Am
J Physiol 1992; 262 (6 Pt 1): E891-E898

16. Jeukendrup A, Craig N, Hawley JA. The bioenergetics of world
class cycling. J Sci Med Sport 2000; 3: 400-19

17. Padilla S, Mujika I, Cuesta G, et al. Level ground and uphill
cycling ability in professional road cycling. Med Sci Sports
Exerc 1999; 31 (6): 878-85

18. Martin JC, Milliken DL, Cobb JE, et al. Validation of a mathe-
matical model for road-cycling power. J Appl Biomech 1998;
14: 276-91

19. Olds T. Mathematical modelling in cycling. Sports Med 2001;
31 (7): 497-509

20. Olds TS, Norton KI, Lowe EL, et al. Modeling road-cycling
performance. J Appl Physiol 1995; 78 (4): 1596-611

21. Hickson RC, Hagberg JM, Ehsani AA, et al. Time course of the
adaptive responses of aerobic power and heart rate to training.
Med Sci Sports Exerc 1981; 13 (1): 17-20

22. Hickson RC, Kanakis C, Davis JR, et al. Reduced training du-
ration effects on aerobic power, endurance, and cardiac growth.
J Appl Physiol 1982; 53 (1): 225-9

23. Hickson RC, Rosenkoetter MA. Reduced training frequencies
and maintenance of increased aerobic power. Med Sci Sports
Exerc 1981; 13 (1): 13-6

24. Jones NL, McCartney N. Influence of muscle power on aerobic
performance and the effects of training. Acta Med Scand Suppl
1986; 711: 115-22

25. Norris SR, Petersen SR. Effect of endurance training on tran-
sient oxygen uptake responses in cyclists. J Sport Sci 1998;
16: 733-8

26. Westgarth-Taylor C, Hawley JA, Rickard S, et al. Metabolic and
performance adaptations to interval training in endurance-
trained cyclists. Eur J Physiol Occup Physiol 1997; 75 (4):
298-304

27. Jeukendrup AE, Van Diemen A. Heart rate monitoring during
training and competition in cycling. J Sport Sci 1998; 16 Suppl.:
S91-S99

28. Rusko H. New aspects of altitude training. Am J Sports Med
1996; 24 (6 Suppl.): S48-S52

29. Levine B, Stray-Gundersen J. ‘Living high-training low’: effect
of moderate-altitude acclimatization with low-altitude train-
ing on performance. J Appl Physiol 1997; 83: 102-12

30. Stray-Gundersen J, Chapman R, Levine BD. HiLo training im-
proves performance in elite runners [abstract]. Med Sci Sports
Exerc 1998; 30 (5): S35

31. Mattila V, Rusko H. Effect of living high and training low on
sea level performance in cyclists [abstract]. Med Sci Sports
Exerc 1996; 28 (5): S156

32. Below PR, Mora-Rodríguez R, Gonzáles Alonso J, et al. Fluid
and carbohydrate ingestion independently improve performance
during 1 h of intense exercise. Med Sci Sports Exerc 1995;
27 (2): 200-10

33. Jeukendrup AE, Brouns F, Wagenmakers AJM, et al. Carbohy-
drate feedings improve 1 h time trial cycling performance. Int
J Sports Med 1997; 18 (2): 125-9

34. el-Sayed MS, Balmer J, Rattu AJ. Carbohydrate ingestion im-
proves endurance performance during a 1 h simulated time
trial. J Sports Sci 1997; 15 (2): 223-30

35. Greenwell EA. Aerodynamic characteristics of low-drag bicy-
cle wheels. Aeronaut J 1995; 99 (983): 109-20

Correspondence and offprints: Dr Asker E. Jeukendrup, Hu-
man Performance Laboratory, School of Sport and Exercise
Sciences, University of Birmingham, Edgbaston, Birming-
ham B15 2TT, England.
E-mail: A.E.Jeukendrup@BHAM.AC.UK

Improving Cycling Performance 569

  Adis International Limited. All rights reserved. Sports Med 2001; 31 (7)


	Contents 559
	Abstract 559
	1. The Model 561
	2. Methods of Comparison 561
	3. Internal Factors 561
	3.1 Training 561
	3.2 Altitude Training 563
	3.3 Nutrition 564
	3.3.1 Carbohydrate-Electrolyte Solutions 564
	3.3.2 Caffeine 564


	4. External Factors 564
	4.1 Body and Bicycle Mass 564
	4.1.1 Bicycle Mass 564
	4.1.2 Body Mass 565
	4.1.3 Effects of Mass on Climbing 565

	4.2 Aerodynamics 565
	4.2.1 Body Position 565
	4.2.2 Bicycle Frame 566
	4.2.3 Frame and Body Position Combined 566
	4.2.4 Wheels 567
	4.2.5 Wheel Choice: Weight Versus Aerodynamics 567


	5. Different Rules for Road Races 567
	6. Conclusion 568
	Acknowledgements 568
	References 569
	Correspondence and offprints 569
	E-mail 569

