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Abstract Performance tests are an integral component of assessment for competitive

cyclists in practical and research settings. Cycle ergometry is the basis of most
of these tests. Most cycle ergometers are stationary devices that measure power
while a cyclist pedals against stiding friction (e.g. Monark), electromagnetic brak-
ing (e.g. Lode), or air resistance (e.g. Kingcycle). Mobile exrgometers (e.g. SRM
cranks) allow measurement of power through the drive train of the cyclist’s own
bike in real or simulated competitions on the road, in a velodiome or in the
laboratory. The manufacturers’ calibration of all ergometers is questionable; dy-
namic recalibration with a special rig is therefore desirable for comparison of
cyclists tested on different ergometers.

For monitoring changes in performance of a cyclist, an crgometer should
introduce negligible random error (variation) in its measurements; in this respect,
SRM cranks appear to be the best ergometer, but more comparison studies of
ergometers are needed. Random error in the cyclist’s performance should also be
minimised by choice of an appropriate type of test. Tests based on physiological
measures (e.g. maximum oxygen uptake, anaerobic threshold) and tests requiring
self-selection of pace (e.g. constant-duration and constant-distance tests) usually
produce random error of at least ~2 to 3% in the measure of power output. Random
crror as low as ~1% is possible for measures of power in ‘all-out’ sprints, incre-
mental tests, constant-power tests to exhaustion and probably also time trials in
an indoor velodrome. Measures with such low error might be suitable for tracking
the small changes in competitive performance that matter to elite cyclists.
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Cycling coaches and sport scientists use field-
and laboratory-based tests of cycling performance
10 assess competitive cyclists and to investigate nu-
tritional strategies, new cycling equipment and other
factors that might affect performance. Time trials
and other field-based tests that reproduce the de-
mands of competitive events are generally better
tham laboratory-based tests for these purposes,!!!
but cycling performance outdoors is markedly af-
fected by wind speed. Most cyclists do not have
regular access to an indoor velodrome, so tests us-
ing stationary cycle ergometers are in widespread
use. Mobile ergometers that measure power in the
drive train of the cyclist’s own bike have also come
into use at the elite level in the last few years; these
crgometers produce some of the best measures of
performance in the laboratory or outdoors. In this
review, we describe the various types of ergometer,
their errors and the protocols for tests that can be
used in the laboratory or field.

1. Types of Cycle Ergometer

All eycle ergometers measure power developed
by the cyclist against some form of resistive load.
In stationary ergometers, the foad is an integral part
ofthe device and is generated by either sliding fric-
tion, electromagnetic braking or air resistance. Mo-
bile ergometers measure power developed against
the resistance of real cycling.

The Monark is the most widely used make of
friction-braked ergometer. The frictional force, which
is generated by a belt sliding against a rotating fly-
wheel, is balanced and measured by either a pen-
dulum or a basket holding a range of weights.

In the numerous makes of electromagnetically
braked ergometers, an armature rotates through a
magnetic field to provide a resistive load. For most
of these ergometers, work rate can be set to a con-
stant value independent of pedalling speed, or it
can change with changes in pedalling speed, as for
friction-braked ergometers. -

Several types of air-braked ergometers have
been used for testing competitive cyclists. On
Repco ergometers vanes are placed equidistantly
around a flywheel to create air resistance. On
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Kingcycle ergometers the rear wheel of the cy-
clist’s own bike drives a roller connected to an im-
peller fan to create air resistance; the rolling resis-
tance of the rear wheel against the roller also
provides resistance similar to the rolling resistance
a cyclist would experience on the road.

Mobile ergometers consist of a device fitted to
the drive train of the cyclist’s own bike for meas-
urement of torque and angular specd. These ergom-
eters can be used during normal cycling or in con-
junction with other cycle ergometers in the
laboratory. Two makes are available. SRM cranks
measure torque in the chain ring (the toothed wheel
that drives the chain) with either 2, 4 or 8 (pre-
viously 20) strain gauges, depending on the model.
Torque and angular velocity data are transmitted by
induction from the crank to a unit on the handle-bar
that converts the data to power. The latest mobile
ergometer is the PowerTap hub, which works on
the same principle as the SRM crank but interfaces
with the drive cassette and hub of the rear wheel.

2. Enrors in Cycle Esgomelry

Cycle ergometers contribute two kinds of error
to a cyclist’s measure of performance: systematic
and random. We will explain the meaning and im-
portance of these errors with examples.

Suppose we drive an ergometer with a motor
that delivers a true power of 400W. We sample the
reading on the ergometer every minute and record
421, 418, 420, 417, 421, 424W ... The average
(mean) of a large number of such readings is 420W,
and the typical variation about the average (the stand-
ard deviation) is 2W. The systematic error is there-
fore +20W or +5%, and the typical random error is
2W or 0.5%. In statistical terms, systematic error
refers to a consistent bias or offset in the reading of
power provided by the ergometer, whereas random
error refers to fluctuations in readings from meas-
urement to measurement. Random ersor in an er-
gometer or other measuring instrument is some-
times referred to as ‘noise’. We would correct the
bias in any reading of around 420W by subtracting
off 20W; the corrected reading would be different
from the true reading by typically 32W.

Sports Med 2001, 31 (1)
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Systematic error is clearly an issue when the
objective of assessment is to compare the perfor-
mance of an athlete or athletes on different ergom-
eters (¢.g. when the test is used as a guide to team
selection). Researchers estimate the systematic er-
ror by driving the ergometer with a dynamic cali-
bration rig.2%l The rig consists of an electric motor
connected to the drive shaft (the ‘bottom bracket”)
of the cranks of the ergometer. Torque applied to
the drive shaft is measured viaaload cell, a weights
balance or a torsional strain gange. The power de-
livered to the ergometer is the torque multiplied by
the angular speed of the drive shaft. By driving the
ergometer over a range of powers, the researchers
can derive a calibration equation to correct any read-

ing on the ergometer. We summarise the findings .

of such studies in sections 2.1 to 2.4, under sub-
headings for each type of ergometer.

Random error reduces our ability to track
changes in performance of individual cyclists
when they perform repeated tests on the same er-
gometer (¢.g. when monitoring change in fitness of
a cyclist or measuring the effectiveness of an
ergogenic aid in a controlled trial).l’} Rescarchers
could estimate the random error in an ergometer by
performing repeated ‘tests’ using a given test pro-
tocol (e.g. constant power to exhaustion), but with
a calibration rig replacing the cyclist. This procedure
would give an estimate of the random error that the
ergometer contributes when a cyclist performs he
test. Unfortunately, no researchers have used this
procedure. Instead, they estimate the typical or
standard error of measurement (or some other mea-
sure of reliability) for @ human performing a test
repeatedly on a given ergometer, because this error
is what practitioners or scientists have to contend
with in their assessment of patients, clients or study
participants. Although this error is a mixture of er-
gometer error and biological test-retest variation,
comparison of the error for similar participants per-
forming similar tests on different ergometers al-
lows at least a ranking of the random error in the
ergometers. '

On the basis of available studies, the authors of
arecent review of reliability of tests of human power

© Adis inlomationa Lirmited. AB rights reserved.

could make no firm conclusions about the random
errors in different types of cycle ergometer.!V) They
stated that modified Monark ergometers or Mon-
ark models with weight baskets seem to be more
reliable than the pendulum models, They also pointed
out that some of the best values of reliability in any
tests of human performance have been observed
with SRM, Kingcycle, and Politecnica cycle er-
gometers, which are used in conjunction with the
athlete’s own racing bike. These ergometers must
have relatively small random errors, and they may
also reduce biological variation by giving cyclists
the feel of pace and effort of real competitions. We
support the authors’ call for more studies aimed at
comparing the reliability of performance on differ-
ent ergometers, preferably with the same partici-
panis.

2.1 Systematic Eors in
Friction-8raked Ergometers

In calibration studies, pendulum models of the
Monark ergometer underestimate true power by ~5%
at high workloads (~300W).13-5.6.3 The error is sub-
stantially greater at lower workloads, and the error
varies between individual ergometers by typically
+2%.18] These errors arise largely from frictional
losses in the drive train linking cranks to the fly-
wheel. There was also a substantial difference (~1
to 5%) between power measurements when the load
was gradually increased relative to when the load
was gradually decreased.[®] This hysteresis effect,
which must be caused by static friction in the bear-
ings of the pendulum and pulley system of the er-
gometer, might contribute substantially to random
error during a test of a cyclist. Other sources of
random error with the pendulum model of the Mon-
ark include imprecision in reading the load on the
pendulum scale and the need to continually reset
the load to adjust for changes in friction as the con-
tact surface between belt and flywheel heats up.
These random errors probably account for the lower
reliability of the pendulum model of the Monark in
tests of performance,!!] and, together with the sys-
tematic errors, make the pendulum models of the
Monark ergometer unsuitable for tests of compet-
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itive cyclists. Models that use a weights basket in-
stead of a penduium may have less exror, but fric-
tional losses in the drive train will always be pres-
ent. Consequentiy, we do not agree with the claim
that the Monark is a *gold standard” for cycle er-
gometers.l%]

2.2 Systemalic Errors in Elecirorﬁcgneﬁcally
Braked Ergometers :

An carly study of two Elema ergometers (model
unspecified) revealed systematic errors of 6 and 12%
at high workloads, although it is unclear whether the
ergometers were reading too high or too low.I*) The
performance of one of the ergometers in constant-
power mode at different pedalling rates was also
grossly unsatisfactory.

Recently Maxwell et al.l®) performed dynamic
calibration of 5 electrically braked ergometers (2 Sie-
mens, 1 Elema-Schonander, 1 Ergoline and 1 Col-
lins; models not specified). At high workloads (250
to 400W for an unspecified time) the average et-
gometer read slightly high (0.5 to 2.0%), and the
worst ergometer read ~4% too low. The authors did
not associate specific errors with specific models.
Unfortunately, they also chose pedalling speeds of
40 and 60 min™!, which are unrealistic for compet-
itive cyclists, and they did not investigate the accu-
racy of the ergometers ih constant-power mode at
different pedalling speeds. These shortcomings ap-
ply to two other studies of a single electrically braked
ergometer (makes and models unspecified); in one
study the ergometer read a little high (by ~2%) at
the highest workloads, but immediately after an in-
dividual was tested for 15 minutes at low power the
ergometer read slightly tow (by ~0.5%);!5! in the
other study the ergometer read ~3% too high at the
highest workloads, and after 1 hour of use at a high
workload the error increased to 50%.121 Such vari-
ation in systematic error would contribute substan-

_ tially to random error in endurance tests.

2.3 Systematic Errors in Air-Braked
Ergometers '

In a study!®! of five research-grade Repco er-
gometers, the average reading at a true power of

€ Adis Infemnational timited. All iights reserved.

275W was low by less than 0.5%, although the typ-
ical variation (standard deviation) between ergom-
eters was ¥2.3%. At the highest power of 1140W
the average reading was high by 1.5% and the vari-
ation between ergometers was +1.7%; the pedal-
ling rate at this power was a realistic 150 min™* for
competitive sprint cyclists. At pedalling rates of 70
min~!, the average power reading was 3% too low;
at 50 min~! the reading was 10% too low, and one
ergometer read low by as much as 3§%. These au-
thors adjusted the power readings for changes in
ambient temperature and pressure, which have con-
siderable effects on air resistance through changes
in air density. For example, the power readings in-
crease by 1% for an increase in temperature of 2.7°C
or a decrease in pressure of 7.6mm Hg; the readings
also increase by 0.1% for each 10% increase in
relative humidity.1'%)

Researchers have used the Kingcycle in numer-
ous studies, but there are no reports of dynamic
calibration for this ergometer. However, there has
been a comparison of power recorded simultaneously
on a Kingcye¢le and on either a single 4-gauge or
20-gauge SRM crankset during three types of per-
formance test with competitive cyclists.!!1 The SRM
power was 0.90 of the Kingcycle power in an in-
cremental test to peak power and in an anaerobic
threshold test; in a simulated 16km time trial the
factor was 0.92.

Users of the Kingcycle should be aware that the
‘run-down calibration’ procedure performed before
cach test is a means of setting the rolling resistance
to a standard value;!'? this procedure adjusts the
ergometer readings for changes in temperature and
barometric pressure for the power at which the run-
down is performed (B. Barker, personal communi-
cation). The latest version of the computer inter-
face (Mk 3) measures air pressure. temperature and
humidity and adjusts the power reading to account
for their effects on air density over the full range
of power.[13] :

2.4 Systematic Errors in Mobilke Ergometers

Lawton et al.['4] investigated the systematic er-
rors of 19 4-gauge SRM cranksets at a constant

Sports Med 2001: 3! (7}
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pedalling frequency of 100 min~!. They mounted a
bike on a stationary wind trainer and changed gears
to create 18 loads in the range 50 to 900W. For a
given load, the power delivered by the calibration
rig was subtracted from the SRM reading; this sys-
tematic error was then averaged over the 18 loads
for each crankset. The error averaged over the 19
cranksets was 2.5%, and the typical variation be-
tween cranksets was +5.0%. The authors noted that
4 of the 19 cranksets had average errors of ~10%.
Even after recalibration, some cranksets had errors
of up to 2.5% at some powers. The source of these
errors is uncertain, but one possibility is that they
arose partly in the calibration rig.

There are no published studies of systematic er-
rors with 20-gauge SRM cranksets using a calibra-
tion rig with direct measurement of power deliv-
ered to the crankset. However, Jones and Passfield!)
compared the errors in two 20-gauge cranksets and
one 4-gauge crankset by driving the cranks from
the rear wheel of a bike mounted on a motor-driven
treadmill while they measured power with a mod-
ified Monark ergometer connected by a second chain
to the crankset. They found that all the cranksets
read high only by ~1% at high powers. This differ-
ence between the cranksets and the Monark prob-
ably represents frictional losses in the Monark drive
chain, which Jones and Passfield took care to min-
imise. In the only other study of SRM systematic
error, an overall difference of 2.4% in power be-
tween one crankset (presumably 4-gauge) and a
pendulum Monark powered by a cyclist was also
attributed to frictional losses.!%]

No published studies of systematic error in the
PowerTap are available. Our own unpublished si-
multaneous comparison of a single PowerTap, a
single 4-gauge SRM crankset and a Kingcycle in 5-
minute time trials with 9 competitive cyclists showed
that the PowerTap read higher than the crankset by
~8% and lower than the Kingcycle by ~1%.

3. Choosing a Cycling Test
Cycling offers a variety of events ranging in du-

ration from 10 seconds for a track sprint to road
races that last over 6 hours. Various types of test

© Ads Infernational Limited. All ights reserved.

are available to measure the power that a cvclist

needs to produce in these events:1!

» Constant work (time trials) — the cyclist com-
pletes a set amount of work or 2 set distance as
quickly as possible. '

» Constant duration — the cyclist completes as
much work or covers the most distance in a set
time.

¢ Constant power — the cyclist maintains a set
power to the point of exhaustion.

& Incremental for peak power or oxygen consump-
tion — the cyclist increases power to maximum
effort, usually over 8 to 12 minutes.

» Incremental for anaerobic threshold — the cyclist
performs a series of constant-power workouts at
increasing intensity; the anaerobic threshold is
the intensity associated with particular levels of
blood lactate or changes in levels of lactate or
respiratory variables.

¢ Critical power — the cyclist performs a series
of constant-power, constant-load or constant-
duration tests at different intensities; the dura-
tion and mean power of each test are combined
in a mathematical model to estimate anaerobic
work capacity and maximum aerobic power.
The most important consideration when choos-

ing one of these tests is a strong relationship be-

tween competitive performance and performance
in the test. The usual way to quantify the relation-
ship is to calculate the correlation between perfor-
mance in a single test and a single competition for
a sample of individvals. Comparing correlations
from different studies to select the best test can be
problematic, because the correlation is sensitive to
the inter-individual spread (standard deviation) in
performance in the different studies. A better mea-
sure of association between competitive and test -
performance is therefore the typical (random or
standard) error of the estimate of competitive per-
formance. We have calculated this statistic for all
the studies in which cycling performance was com-

pared between a competition and a test (table 1).

The small sample sizes in these studies are respon-

sible for considerable uncertainty in the typical er-

rors, but it is reasonable to conclude that peak

Sports Med 2001: 31 (7}
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Table 1. Typical eror of estimate of performance time in a competitive cycling event based on per!onnancehatest All participants were

competitve male cydists. Studies are sorted by the typical error

Measure® Mean + SD Performance test; ergometer” Correlation  Typicat 95% LR Reference
) emoi® (%) (%)

18.kmpower® 311:41(16)  Peak power; SRM (+ Kingcycle) 0.99 0.7 0542  Balmeretall™

40km time 61£3(N Simulated 40km fime; Kingcycle 0.98 1.0 0.6-2.4 Palmer et al.F4

AQkm time 58.041.3(44)  VOzat ventiiatory threshold; (Lode) -0.82 13 0.92.4 Ho[:)ﬂgeveen et
al

40km time 58.0£1.3(14)  VOzmax (Lode) -0.71 16 1128 Ht:%)eveen at
al.

40km time 613123 (8) Power at ventilatory threshold; Mijnhardt -0.81 22 1448 Hopkins &

KEM3 : McKenzie!'l

15km time 235+15(22) VO at ventilatory threshold; (Monark)  -0.93 23 1834 Miller &
Manfredi'®

A0km time 56.3+3.7(15)  th mean power, Monark 819 -0.88 31 2350 Coyle et a1./¥)

20km time. 37.3142(19)  Peak power; Lode -091 47 3570 Hawley &
Noakes®Y

16.1km time® 225+12(16) Peak power; SRM -0.46 47 3575 Baimer et al."

a Measure of power In Watts; measure of performance time in minutes.
b Ergometers shown in parentheses did not contribute directy to the measure of performance.

¢ Estimated as 100SD {1 - corelabon?) /mean.
d Each participant performed a time Irial on a different day.

e Estimated by dividing the typical enror of 16.1km power by 2.5, to convert it to an error in performancs time.!%

95% LR = 95% likely range of true value; SD = standatddevialion: V0z = oxygen uptake.

power measured with SRM cranks in an incremen-
ta! test and time or mean power in a simulated 40km
time-trial on 2 Kingcycle are currently the two best
measures for predicting competitive time-trial per-
formance. The peak-power test also has the advan-
tage of being less stressful and time consuming for
the cyclist, although the time needed to attach the
SRM cranks makes both tests similar in overall du-
ration,

The small typical error of the estimate in the
peak-power test is remarkable, because each cy-
clist performed the time trial on a different day,
sometimes under quite different environmental con-
ditions.['"] We suspect that the typical error esti-
mated from mean power in time trials performed
understable environmental conditions would be even
smaller. The typical error of the estimate for the actual
performance time is the worst in table I, reflecting
the marked effect of wind and possibly temperatare
on cycling performance.

Prediction of time-trial performance on the ba-
sis of a test can be useful for team selection, but

@ Adis Inlemational Limited. All nghts reserved.

longitudinal monitoring of the performance of ath-
letes as individuals or in studies of factors that af-
fect performance is a more frequent and useful ap-
plication of tests, To determine whether a test is
suitable for this application requires a complex anal-
ysis of concurrent estimates of the typical (racdem
or standard) error of measurement for performance
in the test and the typical variation of performance
between competitive events,[2' If the correlation
between test and event is high (>0.90), a relatively
simple condition for suitability is that the typical
error of the estimate should arise only from typical
error of measurement of the test and event {com-
bined by taking the square root of the sum of their
variances).[2'] Until tests are assessed in this way,
researchers should assume that the condition is sat-
isfied for most tests. How well the test tracks the
event then depends only on the typical error of meas-
urement of the test: the smaller the error, the better
the test. Indeed, in a simple test-retest situation, a
test can be trusted for tracking small changes in
individuals or used for quantifying small changes

Sports Med 2001: 31 73
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in controlled trials only if the typical error is less
than or equal to the small change (unpublished ob-
servations). For example, a test with a typical error
of 1% would track a change of 2%, but tracking a
change of 0.5% with this test would require multi-
ple pre and post tests to prevent the noise (the typ-
ical error) from swamping the signal (the change).

Are any tests good enough to track the smallest
worthwhile change in performance? For an elite
athlete, a performance enbhancement makes a dif-
ference to the chance of winning when it is ~0.3 to
0.5 of the typical variation between events,21) There
are no published data on the typical variation of
cyclists from event to event, but our own unpub-
lished observations indicate that elite male cyclists
have typical variation for time of~0.5% in the kilo
{duration ~60 sec) and probably ~1% for time trials
lasting ~1 hour. These values require transforma-
tion to equivalent random variation for power to
allow comparison with errors in measures of power
from performance tests. The transformation is a
factor derived from the relationship between speed
and power;!] for most individual races the factor
probably has a value of ~2.5. The smallest worth-
while change in power is thus ~(0.3 to 0.5) x (0.5
to 1) X 2.5, or ~0.5 to 1%.

It is clear from a recent review!!Jthat most meas-
ures of cycling performance in laboratory tests have
random errors larger than this ~0.5 to 1% change.
Some of the noisier measures of performance, in-
cluding maximum oxygen uptake and ventilatory
anaerobic thresholds, are based on respiratory vari-
ables. With random errors usuaily in excess of 2%,
these measures are unsuitable for tracking the small-
est changes in performance that matter to elite cy-
clists. Measures of lactate anaerobic threshold have
lower errors in some laboratory studies, but our
own unpublished experience of lactate thresholds
with athletes preparing for competition leaves us in
no doubt that these measures are unsuitable for mon-
itoring small changes in performance, even when
the threshold is measured as power on a good er-
gometer.

Random errors of around 2% are a consistent
finding with ~1-hour tests requiring self-selection

© Ads International Uirvted. Al ights reserved.

of pace (constant-duration and constant-distance -
tests) when the tests are performed on a Kingeycle
or SRM ergometer. These tests will not track the
smallest worthwhile changes in performance of elite
riders without multiple tests of each cyclist at each

-time point. The error increases to ~3 to 4% with

tests lasting several hours, possibly because cyclists
have less experience with appropriate pace for longer
tests. These tests are also unlikely to track the small-
est worthwhile changes in performance for longer
events.

Measures of power with random errors that
come close to the smallest worthwhile change in
performance include mean power in all-out sprints
and peak power in incremental tests. Egrors as low
as ~1% are possible when these tests are performed
on good ergometers. Another promising measure
awaiting a confirmatory study is time to exhaustion
in a constant-power test, when the time is converted
to equivalent mean power in a time trial of similar
duration. Anyone using an electromagnetic ergom-
cter to determine time to exhaustion should first
ensure that the ergometer works reproducibly in
constant-power mode. Finally, simulated time tri-
als in an indoor velodrome are almost certainly as
reproducibie as any laboratory-based test and may
be as good as competitive time trials. Further re-
search on the reliability of these tests is needed.

4. Concluslon

Any commercially available ergometer is likely
to have substantial systematic error in its calibra-
tion. Dynamic recalibration with a special rig is
therefore desirable for comparison of cyclists tested
on different ergometers. For monitoring changes in
performance of a cyclist, an ergometer should in-
troduce negligible random error in its measurements;
in this respect, SRM cranks appear to be the best
ergometer. Random error in the cyclist’s perfor-
mance should also be minimised by the choice of
an appropriate type of test. Peak power in incre-
mental tests and mean power in all-out sprints have
the lowest random error. Measures of performance
derived from constant-power tests to exhaustion

Sports Med 2001, 3) (D
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and from time trials in an indoor velodromé are
probably at least as good.
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