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ABSTRACT

MOSELEY, L., and A. E. JEUKENDRUP. The reliability of cyeling efticiency. Med. Sci. Sports Exerc.. Vol 33, No. 4, 2001, pp.

621627, Purpose: The aim of this experiment was to estabfish the reproducibility of gross efficiency {(GE). delw cfficiency (DE). and

economy (EC) during a graded cycle ergometer test in seventcen male subjects. Methods: All subjects performed threc identical

s . exercise tests at a constant pedal cadence of 80 rpm on an efectrically braked cycle ergometer. Energy expenditure was estimated from
i ) measures of oxygen uptake (VO,) and carbon dioxide production (VCO,) by using sivichiometric equations Results: The subjects
characterigtics were age 24 * 6 yr, body mass 74.6 * 6.9 kg. body fat 13.9 = 2 2%, and YOy, 61.9 = 2.4 mL kg > mm™ (all means

+ SD). Average GE, DE, and EC for the three tesis were 19.8 = 0.6%, 25.8 + 1.5%, and 5.0 & 0.1 kF-L™, respectiv ely. The coefficients

of variation (confidence limis) weve GE 4.2 (32-6.4Y%, D% 6.7 (5.0-10.0)%, and EC 3 3 (2.4-4 9)%. GE was significantly lower at

B 95 W and 130 W when compared with 165 W, 200 W, 235 W, 270 W, and 305 W GE at 165 W was significan’ly lower (P < 0.05)
i that GE at 235 W. A weak cerrelation (r = 0.491; P < 0.05) was found between peak oxygen uplake (VO.peck) and GE, whereas
v no corrclations were found between VO,,,,, and DE or EC. Conclusion: We conclude that a graded exercisc test with 3-min stapes
and 35-W increments is a method by which reproducibl ments of both GE and EC can be obtained, wl ereas meastrements
of DE scemed slightly more variable Key Words: GROSS EFFICIENCY, DELTA EFFICIENCY, ECONOMY, VO,,.,., ENERGY
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EXPENDITURE -

commonly expressed as the percentage of total en-

{ ergy expended that produces external work. During

cycling, the efficiency of the human body is in the range of

10-25% (10), implying that 75-90% of all the energy

obtained from ATP hydrolysis is used to maintain ho-
meos-asis or, more importantly, is wasted as heat.

Be ore efficiency can be examined the exact definition of
efficiency needs to be established. There has been much
debats in the literature on this point. The basic definition of
gross efficiency (GE; (29)), as indicated above, is the ratio
of wcrk done during the specific activity 1o the total energy
experded and expressed as a percentage. Gaesser and
Brool:s {10) suggested that GE distorts the essentially linear
relationship between work rate and energy expenditure to
make it appear that efficiency increases with work rate. This
distortion occurs due to the proportion of energy expendi-
ture t1at is-used to maintain homeostasis becoming smaller
as tofal energy expenditure increases. Therefore, an alter-
native solution is to select a baseline energy expenditure
from which changes can be calculated. Two methods of this
type exist, the first is net efficiency (NE), where the baseline
is the energy expended at rest, the second is work efficiency
{(WE), where the baseline is the encrgy cost of unloaded (0
W) cyeling (typically about 5 kJ-min"). Both of these meth-
ods have the same flaw in their methodology (10,30), be-
cause it is unlikely that either measure of baseline energy

E! fficiency is a measure of effective work and is most
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expenditure remains constant during changes in oxygen
uptake {VO,), pedal cadence, or environmental conditions.
For example, NE uses the energy expenditure at rest and
assumes that during exercise this is cqual to the energy
required to maintain homeostasis. Increasing exercise inten-
sity, however, will cause changes in gastrointestinal {GI)
blood flow (12), splanchnic processes {27), cardiac output,
and ventilation rates (11,24). These changes result in an
increase in the energy needed to maintain homeostasis dur-
ing exercise and therefore alter the assumed “baseline”
value. '

A further definition of efficiency is delia efficiency (DE).
DE has been calculated in two ways, either as the change in
wotk performed, divided by the change in energy expended
(10), or as the reciprocal of the slope of the linear relation-
ship between energy expenditure and work rate (6). Coyle et
al. (6) used both GE and DE wher. evaluating their data but
suggested that DE provides the most valid estimate of mus-
cular efficiency. DE expresses the change in encrgy ex-
pended relative to the change in actual work accomplished
and therefore removes the influence of the maintenance of
homeostasis on the energy expenditure. In addition to these
definitions of efficiency, the term economy (EC) is ofien
used as a measure of oxygen consumption per unit of power
output.

Efficiency has been suggested to be an important factor in
relation to obesity (9,28), weight loss (19,25), and exercise
performance (14,15,23), and heace it is impottant to know
the reproducibitity of its measurement. For example, cy-
clists with very similar physiology and using similar equip-
ment may display large differences in exercise perforinance
as a result of small difference in cfficiency (15). Theoretical
modelling has predicted a 3% improvement in 26-km time-
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trial time with a 1-SD improvement in GE (23), whereas
modelling software (15) predicts that, for a trained rider
(riding an average of 300 W over 40 km), a 1% improve-
ment in efficiency will give an 63-s improvement in 40-km
time- rial time, whereas the time gain would even be greater
in less skilled riders. In addition, experimental studies by
Horowitz et al. (14) have suggested that gross cycling effi~
ciency could have a large effect on cycling performance in
trained athletes.

At present, there is very little conclusive information
about the factors that determine or influence efficiency.
Befote this area can be addressed to auempt to determine the
factors that influence efficiency, it is important to first
establish what percentage change in efficiency can be reli-

ably detected. Various studies have reported a range of

differsnces in efficiency between two groups (20,21,31).
For example, Nickleberry and Brooks (21) repotted a de-
crease in DE (27% to 21%) as a function of cadence,
whereas Sidossis et al. (29) reported an increase in delta
efficizncy (20.6% to 23.8%) with increasing cadence at a
constint work rate. In addition, physiologically relevant
but siatistically nonsignificant differences in GE were ob-
served between endurance trained and untrained subjects
(20,21,31). Bowever, without knowing the reliability of the
meastre of efficiency, it is difficult to interpret these results.
These conflicting results could be due to differences in

-measnurement, subject characteristics, or simply poor reli-

abilit- of the measure. More studies are needed to elucidate
the refationship between aerobic fitness and efficiency. To
our knowledge, there are no studies in the literature that
bave quantified the reliability of a measure of efficiency.
Therefore, the purpose of this study was to assess the re-
producibility of GE, DE, and EC using a graded cycle
ergometer test to exhaustion. In addition, we wanted to
study the reliability of peak heart rate (HRpeak), peak power
output (Wpeak), and peak oxygen uptake (VO,peak) as
achieved by this experimental protocol. A third aim of the
study was study a possible relationship between estimated
of aevobic fimess (VO peak) and measures of efficiency.

METHODS

Subjects. The subjects were 17 men, 7 of whom werc
club level or greater cyclists. All subjects participated in a
range of sports at vanous levels and performed regular
cycling exercise. The study was approved by the local ethics
committee, and all subjects signed a consent form after
reading the information and the procedure having been
expla:ned to them. Subject’s individual data and the group
means are shown in Table 1. Their absolute VO,peak
ranged from 3.72 to 5.39 L-min™ (mean 4.5 + 0.2 L-min’").

General design. On three occasions separated by 5-7
d, subjects performed an identical graded exercise test to

TABLE °. Subject characteristics.

exhaustion on a cycle ergometer to determine VO,peak.
Measures of V0,, VCO, and power output were made
throughout the exercise test. Energyy expenditure was calcu-
lated using stoichiometric equations (8}, and, in conjunction
with workload (power output), estimations of GE and DE
were made.

Experimental design. After an overnight fast, subjects
arrived at the lab where their weight and height were mea-
sured. Body fat was estimated using calipers (Jobn Bull,
British Indicators Ltd., Nottingham) from the sum of four
skin-fold sites (biceps, triceps, subscapular, and suprailiac)
and using the formula from Dumin and Womersley (7). The
subjects” bike set-up (the saddle height and reach) was
recorded and reproduced for each subsequent test. Seat
angle has been shown to affect cfficiency (26) and therefore
was also kept constant across the tests. Subjects could use
their own clipless pedals or toe clips and straps were fitted.
The graded exercise tests were performed on an efectrically
braked cycle ergometer (Lode Excalibur Sport, Lode, Gro-
ningen, The Netherlands) starting at 60 W and the workload
increasing by 35 W cvery 3 min. Subjects were asked to
maintgin their pedal cadence at 80 rpm and were given
visual feedback from the Lode control box in order to do
this. Once the RER rose consistently above 1.00 for an
entire workload, the measures of energy expenditire were
no longer valid (due to the contribution of unmeasured
anaerobic work), and maintenance of cadence was no longer
necessary. Exercise was continued to exhaustion in order for
measurements of VO,peak, peak heart rate (HRpeak) and
peak power output {Wpeak) to be made. Cadence was re-
corded at the end of every slage. The ergometer was cali-

‘brated before the start of the study and found within 1%

between 50 and 500 W. Subjects were asked to refrain from
stremuous exercise the day preceding each test and subjects
were asked to maintain a similar diet. No warm up was
prescribed, as the initial workloads were very low.

Subjects breathed through a mouthpiece with a built-in
turbine, which was wom continuously throughout the tests.
The mouthpiece was connected, both electronically and via
a twintube, to a breath-by-breath gas analyzer (Oxycon
Alpha, Mijnhardt, Bunnik, The Netherlands). Recordings
were made of the mean of eight breaths and averaged over
30 s. The Oxycon was calibrated before testing with both
room air (20.93%0, and 0.03%CO0,) and a gas mixture
(15.53% O, and 5.25%C0,). The Oxycon was connected to
a PC that calculated VO, and VCO, by using conventional
equations (16). A telemetric heart rate monitor (Polar Van-
tage NV, Polar Electro Oy, Kempele, Finland) was used td
record heart rate every 5 s and to identify HRpeak. Wpeak
was defined as the sum of the tinal completed workload,
plus the fraction of the partly completed workload per-
formed before exhaustion.

Ay1 fym) Hody wass (kg Haight (em} Busy fat (%)

Sum of 4 Skintolds {(mm} ¥0,peak {Limin~"} Wpeak (W)

246 746+ 6.9 179+ 4 139+22

N5+46 451 02 350 = 14

Group rean ages, weights, heights, body fat, and VO, max measurements are ait shown + SD.
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GE, DE, and GE were calculated from measures of en-
ergy 2xpended, VO, and work rate. DE was calculated as
the reciprocal of the linear trend line joining the points on an

-energy expended versus work rate plot (6). Energy ex-

pended (BE) was calculated from the measures of VCO, and
VO, obtained from the Oxycon and analyzed using the
formula of Brouwer (2):

Energ . Expenditure (J-5~") =
[13.869 X FO.) + (1.195 X PCO.)} X (4.186/60) X 1000

" GE was calculated as the mean of all data collected in the
last 2 min of every work rate over and including 95 W aud
until ~he respiratory exchange ratio exceeded 1.00.

GE%) = (Work Rate(W))/Energy Expended(J-s™") X 100%

EC was calculated as the power output divided by the rate
of oXygen consumption and expressed as XL

Statistics. GE, DE, GE, HRpeak, VO,peak, and Wpeak
data from each individusl test were averaged, and an overall
mean for each of the three tests was obtained. The coeffi-
cients of variation (CVs) for each'individual were calculated
as the standard deviation expressed as a percentage of the
mean (13). The 95% confidence interval was calculated as
the upper confidence limit minus the lower (13).

Incividual CV were calculated for each subject/variable
combunation. To obtain an overall CV, the mean of the CVs
squarzd was calculated and the square root was taken of this
value (13). The precision of the coefficients of variation is
show: using 95% confidence limits to define the likely
range of the true value in the population from which the
samp ¢ was drawn.

All data is presented as mean * SD. A repeated measures
ANOVA was used to compare efficiency at different work
rates and a Scheffe’s post hoc test was used to locate the
differences. A one-tailed Pearson product moment was used
1o calculate the comelation between GE, DE, EC, and
VO,reak. A one-way ANOVA was used to examine the
presence of an order effect.

_RESULTS

All subjects completed all three tests. At the 60-W stage,
efficicncy was significantly lower (F(12,5) = 113.8, P <
0.05) compared with the other stages. The 60-W stage was
reganjed as warm-up and not further included in the
analyses.

Table 2 illustrates the individual GE results of the 17
subjects. The mean GE was 19.8 * 0.6%. The mean DE
(Tablz 3) was 25.8 * 1.5%, and the mean economy (Table
4) was 5.0 £ 0.1 kJ-L", The within-subject CV for GE, DE,
and EC were 4.2%, 6.7%, and 3.3% with 95% confiderce
intenvals of 3.2-64%, 5.0-10.0%, and 24-4.9%,
respe stively. .

Although there was considerable - intra-individual varia-
tion in GE, DE, and EC within the three tests, no order effect
was cbserved (GE F(2,48) = 1.60; P = NS, DE F(2,48) =
0.90; P = NS, EC F(2,48) = 0.14; P = NS).

RELIABILITY OF CYCLING EFFICIENCY
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TABLE 3. Dafta efficiancy results of the thres trials by idl;}act.\

4 5 B 7 ] 1] 10 1 12 13 14 15 16 17 . Mean

Subjsot 1 2 [ E

DE1-(%) 274 28.8 288" 271 25.4 243 - 55 69 258 22 51 67 301 %9 310 266 208

DE2 (%) 231 217 %5 219 27 243 %4 260 273 242 271 258 261 84 29 2093 228

DE3 (%) 53 B85 A4 - 264 24 B4 BT ue B B1 a1 A4 A1 %6 83 286 237

Wean DE (%) %3 %4 %8 251 249 u7 %5 B9 a0 A5 w4 86 2 273 284 285 24 58

SD (% 22 36 13 28 .17 08 02 19 10 06 12 12 28 19 14 17 15 15

oV (%) 85 14.0 50 12 72 28 08 39 39 26 44 45 98 35 48 58 66 6.7

85% conf!idm;csv ) 63130 104213 3877 B4-179 53-109 1938 04-09 2959 2959 1889 8368 3468 73149 2654 3673 43-88 45101 50100

intervals of GV (%

No significant differences between trials 1, 2, and 3 ware observed. The data are presented Identically to table 2.

TABLE 4. Ecanoniy resuite. of the three trials by subjact.

Subject 1 2 3 4 § b6 1 ] 9 10 1 12 13 14 1§ 16 17 Mean

ECT (kiL 9) 44 47 54 48 49 52 53 48 5.1 5.2 48 51 50 49 8.3 5.1 42

EC2 (kiL™Y) 40 44 53 54 50 52 54 5.0 54 5.0 48 53 49 49 5.1 52 43

EC3 (k+L™Y) 47 47 5.0 5.2 5.1 5.0 54 438 5.5 49 48 53 49 5.0 52 54 44

Mean EC (ki 1) 44 48 52 51 50 5.4 54 49 5.3 5.0 47 6.2 48 5.0 52 5.2 43 5.0

SO (kL ) 03 0.2 02 03 LAl 0.1 0.1 0.1 02 0.1 0.t 0.1 0.0 0.1 01 0.2 0.1 01
V% 7.6 33 35 53 24 2.2 1.0 2.3 34 2.6 3 22 9 1.3 9 6 22 33
95% configence §7-116 3163 2960 3980 1632 1633 0916 1735 2552 1939 17-35 1634 0613 0819 1428 2754 1734 2448

Intervals of CV %
No significant differences between trials 1, 2, and 3 were abserved The data are presentad identically to table 2,
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TABLE 5. Summary fable of 7720,max shown both absolute and relative to body mass, maﬁimal heart rats, and peak power oulput.

5%
Confidence
Inlervals ol
Mein 1 Mean 2 Mean 3 Mean sD V% ' (4]

VI2,peak (mikg ““min—") 614 624 618 24 57 4.3-86
VN, peak (L-min~") 4.50 460 45 02 44 33-66
H3peak (bpm) 188 189 188 4 25 1.9-38
¥ paak (W) - 342 358 350 14 58 42-84

Means znd standard deviations are calculated from the individual tests and not of the overall test means.

As already mentioned, DE was calculated as the recipro-
cal of the gradient of the line passing through the points on
an energy expended versus work rate plot. The validity of
this estimation of DE can be found be examining the accu-
racy of the trend line. The mean R? value for the linear trend
lines linking the points on the graphs was 0.993.

A significant but weak correlation was found between
VO,reak and GE (r = 0.491; P < 0.05). No significunt
correlation was found between DE or economy and
VQ,reak (r = 0.48; P > 0.05 and r = 0.067; P > 0.05,
respertively).

The variation in GE with work rate is ilfustrated in Figure
1. At 235 W, the GE was significantly greater (@ < 0.05)
than the GE at 95 W, 130 W, and 165 W. In addition, the GE
at 95 W and 165 W was found to be significantly different
(P < 0.05) from that at 235 W, A polynomial trend line was
calcu’ated by the least squares method with the formula
descr:bing the relationship between workload and GE being
y = 0.0002x* + 0.0077x + 10.529 (R* = 0.991). Of a
possible 51 (17 subjecis X 3 tests) completions of any one
workload there were 51 at 95 W and 130 W, 47 at 200 W,
36 at 355 W, 27 at 270 W, and 10 at 305 W.

In Table 5, the means and within subject CV of VO,peak,
HRpeak, and Wpeak are displayed, as well as the 95%
confidence intervals. The CV for VO,peak (mL-kg™! -min™')
was £.7% similar to the CV for Wpeak (5.6%).

DISCUSSION

There is a growing interest in measures of work effi-
ciency. For example, efficiency is believed to be an impor-
tant factor in the development of obesity (28). It has also
been suggested that the effect of weight loss programs is
counteracted by an increase in efficiency, reducing the ef-
fectiveness of the program (19). Efficiency has also been
linked to exercise performance (14,15). At present, there is
very “ittle conclusive information about the metabolic and
physiological factors that will determine or influence effi-
ciency, and surprisingly there is no information available
about the magnitude of change in efficiency that can be
deteced using established procedures. Therefore, the main
purpcse of this study was to assess the reproducibility of
GE, DE, and EC using a graded cycle ergometer test.

The results of this investigation show that a graded ex-
ercise test using 35-W increments and 3-min workload
stages is a reproducible measure of both GE and economy.
There was no significant leaming effect across the tests,
whichi can be inferred from the lack of an order effect in the

RELIABILITY OF CYCLING EFFICIENCY

mean result from each test. Although familiarization with
the test protocol is generally advantageous, it seems as
though that it was not necessary in this case. This may be
due to many of the subjects being familiar with the ergome-
ter and testing procedure before testing began. Values for
GE and DE in the present study (Tables 2 and 3) were
comparable to those in the literature in comparable subject
populations {(6,10,14,21,29,32). The coefficients of variation
of GE (3.2-6.4%) and EC (2.4—4.9%) werc smaller than
that of DE (5.0-10.0%). These observations may have prac-
tical implications. For example, the smallest change in GE
that can be detected would normally be the mean CV (3.2%)
implying for example an improvement in GE from 20.0% to
20.6%. With DE it would be more difficult to detect small
differences in efficiency. It is interesting that although it has
been suggested that DE is the most valid estimate of mus-
cular efficiency (6), it is not the most reliable measure.
Possible reasons for this are addressed below. As described
in the methods section, 95% confidence intervals define the
likely range of the true value in the population from which
the sample was drawn and are used here to describe the
accuracy of the CV.

To date, the research into efficiency has mostly concen-
trated on identifying the variables that affect efficiency, with
recent research using both GE and DE. However, it was
observed that the variation of GE 1s approximately half that
of DE, suggesting that smaller changes in efficiency can be

" detected in GE compared with DE. The reason for this

difference in variation can only be speculated upon. It may
arise from inaccuracies in the estimation of DE from the
energy expenditure/work rate plot. However, this estimation
relies on the accuracy of the linear regression line from
which DE is calculated. Here, it was found that the mean R?
of the linear regression lines used to calculate DE was 0.993,
suggesting that the lines were an accurate representation of
the relationship. It is also possible that errors arise from
interpreting the relationship as linear when it is in fact
curvilinear. This possibifity is discussed in more detail
below.

The low CV of EC indicates that this is also a reproduc-
ible measure. EC is defined as the rate of oxygen consump-
tion per unit of power output, or in other words the amount
of oxygen in L per unit of energy transferred to the cycle

- ergometer. Although EC is not often used in cycling, it may

be very important in relation to exercise performance. This
importance has been recognized for many years in nanners
(22). In running, EC is expressed as the rate of oxygen
consumption at a constant submaximal running speed.

Medicine & Science in Sports & Exercisee 625
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FIGURE 1—The change in gross efficiency with Increasing workload.
¢ = raean tofal GE x SID. The formula of the pelynomial trend line
fs y = 0.0002x’ + 9,0077x + 10.529 and the R’ value is 0.991. *
Significantly different from the efficiencies at 95 W and 138 W (F <

©.05). + Significantly diffcrent to the efficiency at 235 W (P < 0.05). -

Reseerch (5) has demonstrated that variations in EC can
explain 65.4% of the variations in performance among a
groug of elite runners simifar in VOyp,,,. As already men-
tioned, the importance of EC in cycling has not been estab-
lishec. but seems likely that the rate of oxygen consumption
at a certain work rate is related to performance,

Figure 1 indicates that efficiency seems to be related to
the exercise intensity and specifically improved at the
higher work rates. The efficiency at 60 W was signifi-
cantly Jower than other stages and was therefore excluded
from the calculations. It is likely that this is an artifact
arising from the increased energy expenditure of the
noncycling specific muscles needed to stabilize the body
while pedalling agatnst such a low resistance. It is also
possiole that a warm up period before the test began
would have prepared the muscles before the exercise and
increased the efficiency. Gaesser and Brooks (10), how-
ever, suggested that GE distorts the essentially lincar
relationship between work rate and energy expenditure to
make it appear that efficiency increases with work rate,
This distortion occurs due to the proportion of energy
expenditure that is used to maintain homeostasis becom-
ing smaller as total energy expenditure increases. For GE
to increase at high work rates, energy expenditure must
increase nonlinearly; this implies that the points on a
work rate versus energy expended plot cannot be a
straight line. However, the calculation of DE assumes this
relationship. Therefore, no definition of efficiency is
completely satisfactory as both GE and DE have flaws
that are apparent during calculation. It is generally agreed
that GE is a poor measure of the efficiency of muscular
work (6,10,31). However, it has been suggested that GE
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. research i this area (21,31). The results do concur with

those reported by Kunstlinger et al. (18), who, although not
looking directly at efficiency, suggested a link between
cycling experience and GE. The contro} group in that study,
however, was comprised of noncyclists and differences in
technique could well have led to the effect. It is possible that
this explanation may well apply in this case, Carefully
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smaller that that (4.20-11.35%) found by Kuipers et al.
{17). They (17) obtained measurements over 9—12 months,
and it is possible that the greater variation is due to the
longer time period and the resulting greater exposure to
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in Wpeak {CV = 3-6%) to that found by Kuipers et al. (17)
(2.95-6.83%), which would tend to discount that explana-
tion. It is likely that the differences arise due to-the con-
founding variables. The variation in HRpeak was smaller
(1-3%) than that of Wpeak and comparable to previous
reports (17).

In conclusion, a graded exercise test using 35-W incre-
ments and 3-min steps is a reproducible measure of both GE
and economy. The day-to-day variability of DE with this
test was somewhat greater.
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