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PLASQUI, G., G. RIETJENS, L. LAMBRIKS, L. WOUTERS, and W. H. M. SARIS. Energy Expenditure during Extreme Endurance
Exercise: The Giro d’Italia. Med. Sci. Sports Exerc., Vol. 51, No. 3, pp. 568–574, 2019. Purpose: Little data are available on doubly labeled
water (DLW) assessed total daily energy expenditure (TDEE) during extreme endurance exercise. Doubly labeled water is considered the gold
standard to measure TDEE, but different calculations are being used, which may have a large impact on the results. The aim of the current study was to
measure TDEE during the Giro d_Italia and apply two different calculation methods. Methods: Seven male cyclists (age, 28 T 5 yr; body mass index,
22.1 T 2.1 kgImj2) completed the 24-d professional cycling race ‘‘Giro d_Italia’’ in which a total distance of 3445 km was covered, including 10
mountain stages. Total daily energy expenditure was measured over the entire duration of the race, with the ingestion of DLW at three different time
points. To calculate TDEE and body composition, the isotope dilution space was calculated using two different techniques, the ‘‘plateau’’ and
‘‘intercept’’ technique. Results: The %fat mass at baseline was 7.8% and 16.8% with the plateau and intercept technique respectively and did not
significantly change over the course of the race. Total daily energy expenditure was on average 32.3 T 3.4 MJIdj1 using the plateau technique versus
28.9 T 3.2 using the intercept technique, resulting in an average physical activity level (PAL) of 4.37 T 0.43 versus 3.91 T 0.39, respectively. The
dilution space ratio was on average 1.030 with the plateau and 1.060 with the intercept technique. Conclusions: Given that the observed dilution
space ratio with the plateau technique is similar as the expected ratio from literature and the % fat mass of 7.8% is more realistic for the athletes
being studied, we propose the application of the plateau rather than the intercept method, when using DLW during extreme endurance
exercise. Key Words: DOUBLY LABELED WATER, CYCLING, PROFESSIONAL ATHLETES, PLATEAU VERSUS INTERCEPT

Southland total energy expenditure was found to be 27.4 MJIdj1,
which was adequately compensated with an average energy intake of 27.3 MJIdj1 (ie, mean PAL 2.4) (6). Sjodin et al. (4)
measured energy expenditure over 1 wk in professional crosscountry skiers and found mean values of 18.3 and 30.3 MJIdj1
(corresponding PAL, 3.4 and 4.0) for females and males, respectively. Also, these athletes were able to maintain energy
balance as no changes in body mass occurred. In cyclists
competing in the Tour de France, measured PAL were as high
as 4.3 to 5.3 (5). During this cycling race, athletes covered over
4000 km and about 30 mountain passes in 3 wk time. For
optimal performance, it is essential that during such race, energy
requirements are still met. The PAL values of 4.3 to 5.3
corresponded to a TDEE of 29.4 to 36.0 MJIdj1 (5) and corresponding energy intake was found to be 24.7 MJIdj1 on average
over the entire race (5,7). Although these data suggest that the
cyclists in the study were not able to compensate energy loss,
given that no weight loss occurred, energy intake may have been
underestimated because of self-reporting methods (5,8).
Using doubly labeled water during extreme endurance events. Using doubly labeled water (DLW) under
conditions with such high energy turnover is challenging. One
of the debated issues with DLW is the calculation of CO2
production from the isotope elimination curves, that is, whether
to use the plateau or intercept method. To calculate the isotope
distribution space, the plateau method uses the isotopic enrichment of the urine samples, taken after equilibration of the

T

otal daily energy expenditure (TDEE) of the general
population has been found to range between 1.2 and
2.5 times basal metabolic rate (BMR) (1). However,
physical activity levels above 2.5 have been found for soldiers in training (2,3) and endurance athletes (4,5). At these
high rates of energy turnover, maintaining energy balance is
challenging as it is hard to match energy expenditure with
sufficient energy intake (2,3).
Energy expenditure during competitive endurance
events. Given the difficulty of accurately obtaining data on
energy expenditure during professional competitive events,
such as multiple stage cycling races, not many studies are
available providing data on energy turnover in professional
endurance athletes during the race. During the 6-d Tour of
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isotopes has taken place. This means that a small part of the
isotopes has already been washed out during equilibration.
The dilution space can also be calculated from the final (at the
end of the observation period) and initial urine samples by
extrapolating back to time 0. Then an error could be made
because the decline in isotopic enrichment during equilibration (for example, with equilibration overnight) is smaller than
the decline over the entire observation period (i.e., 1–2 wk),
resulting in an overestimation of the initial isotopic enrichments and consequent underestimation of the dilution spaces.
This problem that was already indicated by Schoeller et al.
(9) may be a lot larger during extreme endurance exercise
due to the high isotope turnover. To our knowledge, this has
not been studied.
Study aims. Given the scarcity of DLW measured energy expenditure during extreme endurance exercise and the
possible impact of choosing the plateau versus intercept
technique to calculate CO2 production, the primary aims of
this study were: 1) to measure energy expenditure using DLW
during the entire 3-wk cycling race, the Giro d_Italia and 2) to
compare the effect of using the plateau or intercept calculation
technique to measure energy expenditure. We hypothesize that
the intercept method will lead to an underestimation of the dilution space and hence underestimation of TDEE. Given that
we could collect the data during the actual race, a secondary
aim was to study the relationship between energy expenditure
and race duration.

METHODS

TABLE 1. Subject characteristics at the start of the race (n = 7).
Mean T SD
Age (yr)
Weight (kg)
Height (m)
BMI (kgImj2)
*%FM

28
76.4
1.86
22.1
7.8

T5
T 8.4
T 0.04
T 2.1
T 2.0

(Range)
(23–37)
(64.2–86.7)
(1.79–1.93)
(19.3–24.8)
(4.7–10.2)

*%FM at the start of the race as calculated using the plateau method.
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Subjects. Subjects were eight male cyclists from a professional UCI World Tour Team. Because seven of eight
cyclists completed the entire 3-wk race, data presented here
are for these seven subjects only. Subjects were on average 28 T 5 yr old with a mean body mass index (BMI) of
22.1 T 2.1 kgImj2. Subject characteristics are presented in
Table 1. All subjects were fully informed about the study, and
informed consent was obtained from all participants before
the collection of any urine samples.
Race characteristics. The study was performed during the Giro d_Italia, which is one of the three ‘‘grand tours’’
or major European professional cycling stage races, the other
two being the ‘‘Tour de France’’ and ‘‘Vuelta a España.’’ This
24-d stage race covered 18 mass start stages (eight flat,
five medium mountain, five high mountain), two individual time trials, one team time trial, and three resting days
(see Table, Supplemental Digital Content 1, overview of
the different race stages, times of dosing and urine

sampling, http://links.lww.com/MSS/B422). A total distance of 3445.4 km was covered, with the best overall time
being 88 h, 14 min, and 32 s.
Energy expenditure and body composition. Energy
expenditure over the entire 24-d race was measured using the
DLW technique. Given the high turnover rates of the isotopes
during extreme endurance exercise, subjects received a dose
of DLW at three time points, that is, the day before the start of
the race (day 0), on day 10, and day 17. Baseline urine samples
were always collected in the evening, just before dosing. After
overnight equilibration, the second urine sample was collected
from the second morning urine. Subsequent urine samples
were collected approximately in the middle and at the end of
each observation period. For energy expenditure calculations,
the entire race was subdivided in three observation periods,
that is, days 1 to 10, days 11 to 17, and days 18 to 24 (see
Table, Supplemental Digital Content 1, overview of the different race stages, times of dosing and urine sampling, http://
links.lww.com/MSS/B422).
The given dose was calculated based on the subjects_ total
body water (TBW), which was estimated based on BMI, age
and sex (10). Subjects received a first dose of 2.5 gILj1
TBW of a water mixture containing 9.8% enriched H218O
and 6.5% enriched 2H2O, followed by a second dosing of
approximately 80% of the initial dose and third dosing that
was 74% of the initial dosing. These numbers were based
on the doses used in the Tour de France study by Westerterp
et al. (5). This resulted in an average amount of 112.6, 90.1,
and 82.9 g of labeled water mixture given for the first,
second, and third doses, respectively, and resulted in an
initial excess enrichment of TBW with ~135 ppm for 2H
and ~200 ppm for 18O.
Urine samples were collected by the team_s physician and
immediately transferred to 2  2 mL airtight glass vials and
frozen at j20-C. At the end of the race, all urine samples
were transported to Maastricht University where they were
stored until analysis.
For the analysis of deuterium concentrations in urine, a 2-mL
glass vial containing 300 KL of urine was filled with hydrogen
gas and equilibration occurred for 3 d at room temperature
with a catalyst (5% platinum-on alumina, 325 mesh; Aldrich
Chemical Company Ltd) placed in an insert. For measuring
18
O in urine, again 300 KL of urine was put in a glass vial,
which was then filled with CO2. Equilibration then took place
for 4 h at 40-C. The relative amounts of deuterium in hydrogen
gas and 18O in CO2 were then determined using isotope ratio
mass spectrometry (Micromass Optima, Manchester, UK).
The isotope dilution spaces were calculated using two
different methods, that is, the plateau method and the intercept method. Using the plateau method, the isotopic dilution
spaces for 2H and 18O were calculated from the background
enrichment in the baseline urine samples and the urine
sample from the second voiding in the morning after dosing
(T1), allowing overnight equilibration. Using the intercept
method, the dilution space was calculated from the final (at
the end of the observation period) and initial urine samples

TABLE 2. Body mass and body composition over the course of the race (mean T SD).
Day 1
BM
TBWp
TBWi
%FMp
%FMi

76.4
51.3
46.4
7.8
16.8

T 8.4
T 4.7*
T 4.9
T 2.0**
T 2.6

Day 5

Day 10

75.7 T 7.9
—
—
—
—

76.2 T 8.1
—
—
—
—

Day 11
76.2 T
52.7 T
45.9 T
5.1 T
16.9 T

8.0
5.0*
4.4
3.0**
2.1

Day 15

Day 17

76.1 T 8.6
—
—
—
—

75.7 T 8.1
—
—
—
—

Day 18
76.1 T
52.6 T
47.3 T
5.2 T
17.0 T

Day 24
76.3 T 8.2
—
—
—
—

8.3
5.3*
5.0
3.3**
2.6

APPLIED SCIENCES

Body composition was calculated using the plateau method (T1, i.e., morning urine sample after overnight equilibration) and from the intercept method (T0, i.e., backward extrapolation).
BM, body mass; TBWp, TBW from plateau method; TBWi, TBW from intercept method; %FMp, %fat mass from plateau method; %FMi, %fat mass from intercept method.
*Significant difference between intercept and plateau method (P G 0.05).
**Significant difference between intercept and plateau method (P G 0.001).

against TDEE from the intercept method, including the regression line and line of identity. In addition, bias and limits
of agreement between both methods is shown by a Bland–
Altman plot.
To statistically investigate the relation between TDEE and
total race duration, multiple linear regression analysis was
used with FFM and race duration as independent variables.
In addition, energy expenditure divided by body mass was
plotted against total race duration.
Statistical analyses were performed with SPSS 23.0 for
Mac (IBM Corp., Armonk, NY). The statistical significance
level was set at P G 0.05.

by extrapolating back to time 0 (T0). Calculated energy expenditure using both the morning samples (further referred to
as T1) and from backward extrapolation (further referred to as
T0) are reported. Total body water was calculated from the
dilution spaces of 2H (Nd) and 18O (No), assuming the dilution
space of 2H is 3% larger than the 18O dilution space, and the
latter is 1% larger than TBW.
CO2 production was calculated from the difference in
elimination rates of 2H and 18O using the equation derived
from Schoeller et al. (equation A6) (9). CO2 production was
converted to energy expenditure by assuming a respiratory
quotient (RQ) of 0.90 taking into account the higher carbohydrate oxidation in elite athletes compared to the general
population. Westerterp et al. (5) found an average RQ of 0.90
from food records in four athletes during the Tour de France.
Body mass was measured on the mornings of days 1, 5,
10, 11, 15, 17, 18, and 24. At the start of each observation
period, percentage body fat was calculated from TBW assuming a hydration fraction of fat-free mass (FFM) of 0.73
(11,12).
Statistics and calculations. Subject characteristics,
body composition and energy expenditure values are expressed
as mean T SD. Basal metabolic rate was calculated using the
Oxford equation based on body mass (on day1) and height
(13). Consequently, the PAL was calculated by dividing TDEE
by BMR.
Results for body composition and energy expenditure are
reported using both the dilution space calculated from the
morning urine sample (T1, i.e., plateau) and from using
backward extrapolation (T0, i.e., intercept). Differences
between both methods were assessed using repeatedmeasures ANOVA with the three observation periods as
‘‘within’’ subjects effect and plateau versus intercept as
‘‘between’’ effect.
The relation between TDEE from both methods was investigated by plotting TDEE from the plateau method

RESULTS
Body composition. Body mass did not significantly
change over the course of the race (Table 2). Total body
water and %FM calculated using both the plateau and intercept method did not change over the duration of the race.
Using the intercept method, TBW was consistently lower
(P G 0.05) and %FM consistently higher (P G 0.001) compared with the plateau method (Table 2).
Energy expenditure, PAL, and dilution space
ratio. Using the plateau method, energy expenditure was
on average 32.3 T 3.2 MJIdj1 corresponding to a PAL of
4.37 T 0.40 (range, 3.95–5.05) (Table 3). The highest energy expenditures were achieved during the third period
(days 18–24 of the race), corresponding to an average PAL
of 4.70 T 0.35. The average dilution space ratio (Nd/No) was
1.030 T 0.003 (Table 3).
Using the intercept method, energy expenditure and PAL
for the three periods were consistently lower (P G 0.05) with
an average energy expenditure of 28.9 T 3.1 and PAL of 3.91 T
0.37 (Table 3). The average dilution space ratio (Nd/No) was
then 1.060 T 0.004 (Table 3).

TABLE 3. Total daily energy expenditure, physical activity level and the dilution space ratio over the three observation periods calculated using the plateau method (T1, i.e., morning urine
sample after overnight equilibration) and from the intercept method (T0, i.e., backward extrapolation).
Period 1 (10 d)
TDEE (MJIdj1) plateau
TDEE (MJIdj1) intercept
PAL plateau
PAL intercept
Nd/No plateau
Nd/No intercept

31.1
28.3
4.21
3.82
1.029
1.063

T 4.5*
T 4.3
T 0.62*
T 0.57
T 0.003*
T 0.011

Period 2 (7 d)
31.6
27.5
4.27
3.72
1.028
1.057

T 2.5*
T 2.3
T 0.27*
T 0.24
T 0.006*
T 0.008

Period 3 (7 d)
34.8
31.2
4.70
4.22
1.033
1.058

T 3.2*
T 3.1
T 0.35*
T 0.32
T 0.008*
T 0.003

Total (24 d)
32.3 T
28.9 T
4.37 T
3.91 T
1.030 T
1.060 T

3.4*
3.2
0.43*
0.39
0.002*
0.006

‘‘Total’’ represents the weighted average of the three periods.
*Significant difference between intercept and plateau method (P G 0.05).
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FIGURE 3—Relation between energy expenditure (expressed as
MJIdayj1Ikgj1) and total time needed to complete the 3-wk race.

(B = j2.4, P G 0.05) significantly added to the explained
variation in TDEE (model R2 = 0.79, P G 0.05).
FIGURE 1—Scatterplot of TDEE according to the two calculation
methods, plateau vs intercept. The full line indicates the regression line,
the dashed line indicates the line of identity.

DISCUSSION

Regression analysis showed a strong relation between
both methods (R2 = 0.96, P G 0.001; Fig. 1) and Bland–Altman
analysis showed a mean (T2SD) bias of 3.4 (T1.3)
MJId j1 (Fig. 2).
Determinants of total energy expenditure. The
fastest subject of the team finished the entire race in 88 h
25 min 32 s corresponding to an average speed of 39 kmIh j1
(10.8 mIsj1). There was a strong negative correlation between energy expenditure over the entire race (MJIdj1Ikgj1)
and race duration (B = j2.83, R2 = 0.72, P = 0.01; Fig. 3).
Multiple linear regression analysis showed that both
FFM (B = 0.79, P G 0.05) and total race duration (in hours)

Using DLW during the entire 3 wk multistage cycling
race Giro d_Italia, we have shown that energy expenditure
values were as high 32.3 MJIdj1 corresponding to an average PAL of 4.37. When backward extrapolation was used to
determine the dilution space, the observed PAL was considerably lower (3.91). There was a strong negative correlation between total race time and energy expenditure (per kg
body mass).
Limits of human energy expenditure. Energy expenditure values measured here are amongst the highest
reported in literature. To our knowledge, the only other
study measuring during similar conditions was the Tour de
France study, that is, 3-wk multistage professional cycling
race with a total distance covered of 3820 km including nine

APPLIED SCIENCES
FIGURE 2—Bland–Altman plot of TDEE calculated according to both calculation methods, plateau and intercept. The solid line indicates the mean
bias, the dashed lines indicate the limits of agreement (mean T 2SD).
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mountain stages (5). In that study, there was a large discrepancy between EE and EI intake (from diaries) as well as
between EE from DLW and EE recalculated by Saris et al.
(7). However, in concordance to the current study, there
were also no changes in body mass, indicating that energy
balance was maintained and hence energy requirements
were met with sufficient energy intake. Also, the measured
PAL values in the current study ranged from 3.95 to 5.05
and confirmed the high values obtained by Westerterp et al.
(range, 4.3–5.3), even though the equations used to calculate
CO2 production differed between the Tour de France study
and the current study. Other data from multistage cycling
races is scarce. Rehrer et al. (6) found TDEE (from DLW) to
be 27.4 MJIdj1 during the 6-d Tour of Southland, resulting
in an average PAL of 2.4. That PAL value is surprisingly
low given the high TDEE, and a closer look at the measured
resting metabolic rate (RMR) showed surprisingly high
values. When mean body mass and height obtained from
that study was filled-out in the same BMR equation as used
for the current study, the resulting BMR was 8.00 MJIdj1
instead of 11.5 MJIdj1 reported by Rehrer et al. This observation was also made and discussed by the researchers,
and they speculate that previous day exercise may have increased measured resting metabolic rate. So it is plausible to
assume that true BMR was lower and hence the resulting
PAL in that study would be considerably higher (ie, PAL =
27.4/8.00 = 3.4).
Our energy expenditure values can be put further in perspective by comparing them with other extreme endurance
exercise events. During the race, athletes were on average
cycling for a little over 4 hIdj1. A well-known example of
extreme energy expenditure values was for two men crossing Antarctica for 2300 km puling sledges with a starting
mass of 222 kg, exercising for approximately 10 h d for 95 d
with temperatures ranging from j45-C to j10-C (14). No
PAL were reported in that study, but on average, TDEE for
these two men was 32.3 MJIdj1 for the first 50 d (mean
starting body mass was 85.2 kg), that is, comparable to that
in the current study. However, between days 20 and 30,
values as high as 46.7 MJIdj1 were measured, which would
roughly correspond with a PAL ~6.3. These men were, however, unable to maintain energy balance, leading to considerable weight loss (~20 kg in 50 d) (14).
DLW during extreme endurance. During extreme
endurance exercise, measuring EE using DLW is a challenge. The technique is based on the fact that after a subject
is given a dose of DLW, containing deuterium and oxygen18, deuterium is eliminated from the body as water and
oxygen-18 is eliminated as both water and CO2. The difference in disappearance rates between the deuterium and
oxygen-18 isotopes is hence a measure of CO2 production.
To calculate CO2 production, the distribution space needs to
be measured and this is often done by using backward extrapolation also known as the ‘‘slope/intercept’’ method,
based on the final (at the end of the observation period) and
initial urine samples (samples taken after equilibration has
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taken place). This is done because some isotopic loss already
occurs during equilibration, and also the analytical error
decreases when the slope/intercept approach is used (15).
However, using backward extrapolation, the isotopic loss is
measured over several 24 h periods whereas the equilibration period was only one night. As mean energy expenditure
and hence isotopic loss is much smaller during the night then
over 24 h, the slope/intercept approach is not entirely correct. In the case of extreme endurance exercise, this problem
is even amplified due to the very high-energy turnovers and
leads to incorrect results. To make this apparent, we have
reported both body composition and EE data using the dilution space calculated from backward extrapolation and
from using the morning sample after overnight equilibration.
The latter is in this case more correct. This is confirmed by
the dilution space ratio (Nd/No), which was on average 1.060
using backward extrapolation but 1.030 using the morning
samples. The latter is exactly the expected value as reported
by Schoeller et al. (9) and close to the expected value of
1.034 reported by Racette et al. (15) and 1.037 reported by
Westerterp et al. (16). This is in our opinion an important
issue to consider as the differences in the measured body
composition and EE values are significant. During extreme
endurance exercise as in the current study, the resulting
values for %FM were ~17% versus ~8% and PAL values
were 3.92 versus 4.39 when using the intercept versus plateau technique, respectively.
An important consideration is that for the slope–intercept
method to be used, it is assumed that the isotopic depletion
is uniform over the entire observation period. It can be argued that this is not the case in the current study as for the
three observation intervals, the first day was either a team
time trial (period 1) or a rest day (period 2 and 3). It is
therefore conceivable that EE on the first day of each observation interval was lower than on the following days.
However, we argue that the rate of isotope depletion over the
entire measurement period is too steep compared with the
rate of isotope depletion during the first night, when isotope
equilibration is taking place. So regardless of some variation
in EE over the observation interval, we believe the slope–
intercept method will always underestimate the dilution
space and hence TDEE when isotopic decline is so steep
because of the extreme high energy expenditures.
Determinants of race duration. The between subject
variability in PAL is considerable, even though all subjects
covered the same distance and all finished the race in a time
between 88.5 and 93.5 h in total. Expressing this as a relative number, one could say that the slowest subject is only
5.6% slower (average speed 36.9 kmIhj1) then the fastest
(average speed 39 kmIhj1). Yet, looking at this from an energy expenditure perspective, the fastest member of the team
needed to spend on average 33% more energy to cover the
same distance then the slowest (ie, 0.50 vs 0.38 MJIdj1Ikgj1;
Fig. 3). Many factors determine the energetic cost of cycling
and the ability of an athlete to sustain high levels of oxygen consumption over time. As wind resistance increases

http://www.acsm-msse.org
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proportionally to the square of the speed, the cost of transport
also increases with increasing speed (17). Also, the faster
cyclist, to achieve a better racing time, will spend less time in
the peloton, especially during high mountain stages, therefore, gaining less wind protection. On the other hand, this
rider may be more sheltered in the peloton during other
stages. McCole et al. have shown that V̇O2 (LIminj1) may be
reduced up to 39% by riding at the back of an eight-rider pack
formation at 40 kmIhj1 (18). From a physiological point of
view, cycling performance will be determined by maximal
oxygen uptake capacity of the body (V̇O2max), the percentage
of V̇O2max where the lactate threshold occurs and cycling
economy. Even with the same V̇O2max, subjects with a higher
lactate threshold can longer maintain a high power output
(19). It is also known that differences in energetic efficiency
(economy) exist between cyclists (20). Unfortunately, we
were unable to measure any of these factors in the current
study, but it is clear from the data provided that the fastest
subject is not just being more energy efficient but is able to
maintain considerably higher levels of energy turnover (on
average 32% more) over long periods then the slowest.
Limitations. We only measured one professional team
consisting of eight cyclists of which seven finished the race.
Despite the small sample size, we believe the sample is a good
representation of cyclists participating in these Fgrand tours_
with the fastest rider of the team finishing in the top 10 and the
slowest finishing with the last 10.
For the current study, we could not collect any data on
energy intake. However, given that neither body mass nor
body composition changed over the course of the race, energy balance was maintained and energy intake should
therefore match energy expenditure.

Unfortunately, data on actual mechanical power performed
is lacking. Even though an attempt was made to collect this
data from the power meters fitted to the bicycles, the amount
of missing data was so large that none could be presented here.
In future work, we aim to collect both power and energy expenditure data simultaneously.
As BMR could not be measured in this study, the calculated PAL is also dependent on the choice of the formula
used to calculate BMR. We chose the Oxford equations as
they were developed on a large database with a differentiation for sex and age (13). It can be debated that for athletes it
would be better to use an equation based on body composition rather than body mass and height. Therefore, PAL was
also calculated using a BMR equation based on age, FFM
and FM (Sabounchi et al., equation 11) (21). The resulting PAL
was then 4.18 instead of 4.37.
In conclusion, during the Giro d_Italia, measured PAL
values were on average 4.37, confirming the high levels
measured previously during the Tour de France. When applying DLW during such extreme endurance exercise, the
‘‘plateau’’ rather than the ‘‘intercept’’ method should be used
to calculate the dilution space.
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