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Abstract

Although cyclists often compete at altitude, the effect of altitude on gross efficiency (GE) remains
inconclusive. Purpose To investigate the effect of altitude on GE at the same relative exercise
intensity and the same absolute power output (PO). Additionally, we sought to determine the effect
of altitude on the change in GE during high-intensity exercise. Methods Twenty-one trained males
performed three maximal incremental tests and five GE-tests, at sea level, 1500 m and 2500 m of
acute simulated altitude. The GE-tests at altitude were performed once at the same relative exercise
intensity and once at the same absolute PO as at sea level. Results Altitude resulted in an unclear
effect at 1500 m (-3.8%; +90% CL 3.3%) and most likely negative effect at 2500 m (-6.3%; +1.7%)
on pre-GE, when determined at the same relative exercise intensity. When pre-GE was determined
at the same absolute PO unclear differences in GE were found (-1.5%; £2.6% at 1500 m, -1.7%;
+2.4% at 2500 m). The effect of altitude on the decrease in GE during high-intensity exercise was
unclear when determined at the same relative exercise intensity (-0.4%; +2.8% at 1500 m, -0.7%;
+1.9% at 2500 m). When GE was determined at the same absolute PO, altitude resulted in a
substantially smaller decrease in GE (2.8%; 4+2.4% at 1500 m, 5.5%; £2.9% at 2500 m).
Conclusion The lower GE found at altitude, when exercise is performed at the same relative
exercise intensity, is mainly caused by the lower PO at which cyclists exercise.

Keywords: exercise performance, hypoxia, economy, aerobic capacity



62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105

Introduction

To find the optimal altitude for each sporting event, it is important to know the effect of altitude
on the main performance-determining variables. The main performance-determining variables,
according to the model of Joyner and Coyle,' are performance oxygen uptake (VO2) (determined
by the maximal oxygen uptake (VO2max) and VO at the lactate threshold), performance O: deficit,
and gross mechanical efficiency (GE). GE, defined as the percentage of metabolic power input
(PI) that is converted into mechanical power output (PO), is considered the most valid definition
of whole-body efficiency.> Under hypoxic circumstances the respiratory exchange ratio (RER)
increases,>* while PO attained at VO2max (PVO2max) declines.’® The increased RER combined with
the declined PVOamax will likely affect the balance between PO and PI, leading to a change in GE.
However, the effect of altitude on GE remains inconclusive.

Previous studies on the effect of simulated altitude on GE showed inconsistent results. Clark et al.’
found a significant decrease in GE at a simulated altitude of 3200 m (16.8 £+ 2.2%) compared to
200 m (17.3 +2.4%) and 1200 m (17.3 + 2.4%), when GE was determined during a five minute
exercise bout at similar absolute PO between 50 and 250 W. Clark et al.” however, discussed that
the difference in GE was caused by the higher pedaling frequency at altitude, which is supported
by the data summarized by Ettema and Lor4s,” indicating that pedaling frequency influences GE
measurements. Clark et al.” also investigated GE during a five minute time trial, but no significant
differences in GE were found between trials performed at 200 m, 1200 m, 2200 m and 3200 m
altitude. Schuler et al.! also found no significant effect of 2340 m altitude on GE compared to sea
level (25.2 £ 1.0% and 25.3 + 0.9%, respectively). Although unreported, it seems that in both
studies two criteria for robust and reliable GE measurements were violated.>!"!> The RER was
probably higher than 1.0 (not reported) and subjects probably did not attain steady state in both
studies, since subjects had to cycle at 80% of sea level PVOamax until exhaustion in the study of
Schuler et al.!” and participants had to perform a time trial in the study of Clark et al.’ Niu et al.'?
found a negative effect of altitude on GE at 3680 m (13.2%) compared to 500 m (17.5%) during
an exercise bout of three minutes performed at 90 W. So, currently it remains unclear if GE is
negatively influenced by altitude or not.

A study that took the criteria of robust GE measurement into account was the study of Noordhof
et al.® GE was determined during the final three minute of a six minute steady state exercise bout
performed at 45%, 55%, and 65% PVOazmax. Cycling tests were conducted at sea level and at a
simulated altitude of 1500 m (hypobaric hypoxia). The conclusion of this study was that GE is
lower at an altitude of 1500 m (20.7 + 1.1%) with respect to sea level (21.4 £ 0.8%). The interesting
difference between the study of Noordhof et al.° and the previous mentioned studies is that
Noordhof et al.’ determined GE at the same relative exercise intensity at sea level and altitude.
The other studies determined GE at the same absolute PO at sea level and altitude. Since the study
of Noordhof et al.® only took the relative exercise intensity into account, the change in GE could
be a result of the lower absolute work load® and it is difficult to compare their results to the
remaining body of literature.

Currently, no study has investigated the effect of altitude on GE both at the same relative exercise
intensity and at the same absolute PO. Therefore, the main purpose of the present study was to
investigate the effect of altitude on GE both at the same relative exercise intensity and the same
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absolute PO. Furthermore, multiple studies have shown a decrease in GE during a high-intensity
exercise bout performed at sea level.'*"!” Thus far, it is unknown if the decrease in GE, observed
during a high-intensity exercise bout,!* is the same at acute altitude compared to sea level.
Therefore, the second purpose of the study was to investigate the effect of altitude on the decrease
in GE during a high-intensity exercise bout.
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Methods

Subjects

Twenty-one trained,'® non-acclimatized, male cyclists participated in this study. The three
inclusion criteria were: 1) VOzmax at sea level above 55 mL-kg'-min’', 2) train at least twice a
week, 3) previous experience with cycling time trials. Before the first test, participants received
detailed information about the experimental protocol. In addition, each participant completed a
health history form and provided written informed consent. Participants were also asked to avoid
heavy exercise in the 24 h before the tests and not to use caffeine three hours before the tests. The
characteristics of the participants are summarized in Table 1. The local ethics committee approved
the study.

[Insert Table 1 about here]

Experimental protocol

Participants performed exercise tests at three different simulated altitudes: sea level (FiO2=0.21),
1500 m (FiO2=0.17) and 2500 m (FiO2= 0.15 ). During the first visit, all participants performed
a maximal incremental exercise test to determine if inclusion criteria regarding fitness were met.
When participants met the inclusion criteria the GE test (see below) was practiced to diminish the
effect of learning on subsequent tests.'® GE tests were performed twice at each altitude: at sea level
a familiarization trial and the actual GE test, and at 1500 m and 2500 m a GE test at the same
relative exercise intensity as at sea level and at the same absolute PO as at sea level. All tests except
the maximal incremental exercise test performed at sea level were performed in pseudo-random
order. The only restriction was that the maximal incremental exercise test at a certain altitude had
to be completed before the GE test at the same relative exercise intensity.

Maximal incremental exercise test

A maximal incremental test was performed to determine VO2max and PVO2max. After one minute of
rest participants started a three minute warm-up bout at 100 W. After the warm-up resistance
increased stepwise by 25 W-min'!. Participants were instructed to maintain a constant pedaling
frequency of 90 revolutions per minute (rpm). The test ended if the pedaling frequency dropped
below 80 rpm for more than five seconds.

Gross efficiency test

The protocol of the GE test is based on the protocol used by de Koning et al.!* and Noordhof et
al.'* and is shown in Figure 1. The tests at the same absolute PO were performed at 55% PV O2max
obtained at sea level, while the tests at the same relative exercise intensity were performed at 55%
PV O:max determined at that particular altitude. During the submaximal exercise bouts participants
received feedback on rpm on a screen in front of the bike. Participants were instructed to adjust
their cadence if it deviated by more five rpm above or below 90. During the time trial participants
were able to choose their own pedaling frequency and were instructed to finish the 4000 m as fast
as possible. The resistance of the computer-controlled ergometer was corrected for the air-
resistance at each altitude such that the power-speed relationship reflected natural altitude settings.
During the entire time trial the gear ratio was set at 52/12 and participants received feedback on
distance.



154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181

182

183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198

[Insert Figure 1 about here]

Data collection

All nine tests were performed on a custom-made electronically braked cycle ergometer (VU-MTO,
Amsterdam, the Netherlands). Respiratory data were collected breath-by-breadth using open-
circuit spirometry (Cosmed CPET, COSMED S.R.L., Rome, Italy), which was calibrated before
each test, corresponding to the manufacturer’s instructions. The mask, used to collect respiratory
data, was also used to supply air to the participants. The mask was connected to a bag of air
(hypoxic or normoxic), which contained air produced by the b-CAT High-Altitude (b-CAT BV,
Tiel, the Netherlands). The inspired oxygen fraction was measured (Cosmed CPET, COSMED
S.R.L., Rome, Italy) and checked throughout each test to make sure participants received the
correct air mixture for each simulated altitude. Participants were blinded to the simulated altitude
during the tests. Saddle height and handlebar height were set by participants’ preference during
their first visit and replicated during subsequent tests.

Data analysis

Breath-by-breath respiratory data were converted into second-by-second data using interpolation.
The second-by-second data was filtered using a 30 s moving average filter to reduce breath-by-
breath noise. GE was calculated using equation 1 and 2. The mean VO., RER and PO of
predetermined three minute blocks, pre, postl and post2 (see Figure 1) were used to calculate GE.
GE could not be determined when the criteria of robust GE measurement were violated.>!!:!2

GE directly after the time trial was determined using the back-extrapolation method as described
by Noordhof et al.!* First, a linear regression line was fitted to the second-by-second GE data of
the last nine minutes of the test. The linear regression line was determined using the least-squares
method and was back-extrapolated to the end of the time trial (GE-extrap).

Gross Efficiency = % 100 (1)
Power Input = VO, * (4940 * RER + 16040) (2)

With VO2 expressed in L's".

Statistics

Data were log transformed before analyses. Data are presented as means + standard deviations
(SD). The mean shown in this study is the back-transformed mean and the SD is a coefficient of
variation expressed as a percentage.

The pre-post crossover spreadsheet?® which also can be used for non-crossover studies, was used
to determine the effect of altitude on GE, VO2, RER. The effect of altitude on PO during the time
trial, PVO2max and VOamax was determined with the post-only spreadsheet,”’ which can be used
for repeated measurements. With the pre-post crossover spreadsheet and post-only spreadsheet
the probability that an intervention has a positive, negative or trivial effect can be determined.?!
The magnitude of the effect was determined using standardized Cohen units (0.2 times the



199
200
201
202
203
204
205
206

between-subject SD), except for the average PO data of the time trial, for which we used 0.3
times the CV. A CV of 1.53%, reported by Hickey et al.?> was used for this purpose . To
interpret magnitudes of differences as small, moderate, large, very large, and extremely large, the
following thresholds for standardized changes were reported: 0.20 (small), 0.60 (moderate), 1.2
(large), 2.0 (very large) and 4.0 (extremely large).>* The uncertainty in the estimates is reported
as 90% confidence limits (CL). The following scale is used to quantify how positive, negative or
trivial the intervention is: < 0.5%: most unlikely, 0.5-5%: very unlikely, 5-25%: unlikely, 25-
75%: possibly, 75-95%: likely, 95-99.5%: very likely, > 99.5%: most likely.?
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Results

Gross efficiency test

GE values of the five GE tests are shown in Figure 2 and 3. To determine if GE was different
between altitude and sea level all GE values (pre, extrap, postl, post2) at altitude were compared
to sea level, at the corresponding time points, see Table 2. There are some missing values (for the
corresponding n see Table 2 and Table 3) in the dataset due to violation of robust GE testing and
errors of the equipment. Apart from two missing values at postl during the absolute PO test at
2500 m that were caused by violation of robust GE testing or errors of the equipment, the other
missing values were the result of participants that were unable to finish the post time trial exercise
bout due to the high exercise intensity.

[Insert Table 2 about here]

To determine if the decline in GE during a high-intensity exercise bout was influenced by altitude,
the difference between post1-GE and pre-GE was examined. Altitude resulted in an unclear effect
on the change in GE during a high-intensity exercise bout of -0.4% (£90% CL 2.8%) at 1500 m
and -0.7% (£1.9%) at 2500 m compared to sea level, when GE was determined at the same relative
intensity (see Figure 2). Altitude resulted in a likely positive effect on the change in GE during a
high-intensity exercise bout of 2.8% (£2.4%) at 1500 m and a very likely positive effect of 5.5%
(£2.9%) at 2500 m with respect to sea level, when GE was determined at the same absolute PO
(see Figure 3).

[Insert Figure 2 and Figure 3 about here]

To determine the underlying cause of the effect of altitude on GE, mean VO2 and RER values at
altitude were compared to sea level values (see Table 3).

[Table 3 about here]

The mean PO during the 4000-m time trial was 317 +£26 W at sea level, 286 + 32 W at 1500 m
and 255 + 23 W at 2500 m, which corresponds to change scores of -11.5 £2.4% at 1500 m and -
19.9 £1.9% at 2500 m compared to sea level. Both altitudes resulted in a most likely negative
effect. Mean PO expressed relative to PVOamax from the incremental test at equivalent altitude
was 77 + 7% at sea-level, 75 + 8% at 1500 m, and 72 + 7% at 2500 m. The corresponding
change scores at 1500 m and 2500 m were -2.3 £3.5, considered unclear (3% chance on a higher
%PVO2max, 38% chance on an insubstantial/trivial effect, and a 60% chance on a lower
%PVO2max), and -5.9 £4.0%, considered likely negative.

Maximal incremental exercise test

Mean VOamax decreased by 4.8% (£1.5%) at 1500 m and -12.9% (£2.0%) at 2500 m compared to
sea level. The corresponding mean PVO2max was 418 = 37 W at sea level, 380 + 44 W at 1500 m
and 356 =29 W at 2500 m, which corresponds to change scores of -9.4% (£2.4%) at 1500m and -
14.9% (£2.2%) at 2500 m. All effects were considered most likely negative.
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Discussion

The main purpose of the present study was to investigate the effect of altitude on GE both at the
same relative exercise intensity and the same absolute PO. The secondary purpose of the study
was to investigate the effect of altitude on the decrease in GE during a high-intensity exercise
bout. The main findings were: 1) The effect of altitude on pre-GE was unclear at 1500 m (1%
chance on a higher GE, 10% chance on an insubstantial/trivial effect, and 90% chance of a lower
GE), but GE was substantially lower at 2500 m when cyclists were cycling at the same relative
exercise intensity as at sea level; 2) The effect of altitude on pre-GE was unclear (5%/33%/61%
at 1500 m and 3%/33%/64% at 2500 m) when cyclists were cycling at the same PO; 3) altitude
(1500 m and 2500 m) resulted in an unclear effect on the decline in GE during time trial
exercise, when GE is determined at the same relative intensity; 4) GE decreases less at altitude
(1500 m and 2500 m) during high-intensity exercise compared to sea level when GE was
determined at the same PO.

The present study showed a 90% chance of a lower GE at 1500 m when cyclists were cycling at
the same relative intensity as at sea level. The absolute decrease in GE found in the present study
at 1500 m is of a comparable magnitude (-0.71 + 0.6%) to the decrease in GE found by Noordhof
et al.% (0.77 £ 1.1%). Multiple studies>!"'??* have shown that the PO at which GE is determined
influences GE. PO influences GE, because the relative contribution of the baseline energy
expenditure becomes smaller as PO increases.” Ettema and Lords? combined the data of several
studies and concluded that 90% of the change in GE can be explained by PO. The data of the
present study fits on this relationship between PO and GE. Participants performed submaximal
exercise at 230 +£20 W at sea level, 209 =24 W at 1500 m and 196 += 16 W at 2500 m. According
to the review of Ettema and Loras? the decline in GE is ~0.7%, when PO drops from 230 W to 209
W and ~0.9% when PO drops from 230 W to 196 W, which corresponds to the decrease in GE
found in the present study (-0.71 + 0.6% at 1500 m and -1.2 £ 0.3% at 2500 m). Despite the fact
that the effect of PO on GE diminishes above 150 W, it seems that the decrease in GE can be
explained by the lower PO during exercise performed at the same relative exercise intensity.*!!
The decreased PO as an explanation for the lower GE at altitude, is also supported by the GE data
of the PO trials (see Figure 4). At the same PO no clear difference was found in GE between sea
level and altitude, which suggests that altitude alone does not affect GE substantially. Comparable
results were found in the study of Clark et al.’

[Insert Figure 4 about here]

The decrease in GE during a high-intensity exercise bout found in the present study is comparable
to the findings from earlier studies. Noordhof et al.!* also determined the difference in GE before
and after a 4000-m time trial and found at sea level a decrease in GE of 1.7% when pre-GE and
postl-GE were compared. The same magnitude decrease in GE was found in the current study
during the trials performed at the same relative intensity (-2.0 + 0.7%, -2.1 = 1.0% and -2.0 + 0.8%
for sea level, 1500 m and 2500 m). the decrease in GE was smaller when exercise was performed
at the same PO at altitude (-1.5 = 0.6% and -1.1 = 1.1% for 1500 m and 2500 m). Since PO
remained constant between trials, it is unclear what caused these differences in the magnitude of
decrease in GE. Several studies concluded that VO is similar at different altitudes when exercise
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is performed at the same PO.>*° A similar result was found in the present study; VO2 before the
time trial (pre) was not different at altitude compared to sea level, when exercising at 2500 m .
However, after the time trial there was a meaningful difference in VO at the same PO. At 1500 m
and 2500 m VO increased between pre and post] by 0.34 £ 0.13 L'min™' and 0.21 + 0.19 L'min’’,
while at sea level there was a substantially larger increase in VO2 of 0.45 + 0.13 L'min™! between
pre and postl. So, it seems that high-intensity exercise results in a difference in VO2 between sea
level and altitude. A difference in VO2 during high-intensity exercise at altitude has been found in
previous studies.”* In Peltonen et al.” participants performed an exercise bout until exhaustion,
which started at a submaximal exercise intensity and increased every five minutes by 100 W. At
the lower submaximal exercise intensities there was no difference in VO2 between altitude and sea
level, but at the higher exercise intensities, close to VO2max, there was a significant difference. The
lower VO at altitude during a performance test at the same absolute PO is supported by the study
of Romer et al.,> who found a decrease in VO during exercise performed at 92% PVOzmax until
exhaustion. Especially at the end of the trial when participants were fatigued, the lower oxygen
uptake at altitude became apparent. In the present study, cyclists were probably unable to increase
VO after the time trial, because to increase VO in a similar degree between altitude and sea level
some participants had to perform above 100% VO2max when 0.45 L-min™' was added to the VO of
the pre-exercise bout. At 2500 m, 36% of the participants who met all the criteria of robust GE
measurement and finished the final submaximal exercise bout this was the case. The number of
participants (29%) who had to quit during the exercise bout after the time trial also supports the
theory that participants performed at or close to their maximum capacity. In conclusion, the
difference in relative intensity makes it hard to compare GE determined at the same absolute PO
between sea level and 2500 m. In addition, multiple subjects were unable to finish this trial, which
also complicated the data analysis.

Practical applications

PO delivered during cycling time trials at altitude is closer when considered at the same relative
exercise intensity than the same absolute PO as at sea level. When a sport scientist or a coach
wants to make a pacing plan or estimate the end time of a time trial at altitude, the lower GE at
altitude needs to be taken into account. The lower GE for example affects the calculations to
estimate the optimal altitude to perform the world hour record in track-cycling or speed skating.
The lower GE during high-intensity exercise performed at altitude results in a lower optimal
altitude for record performance.

Conclusions

The present study showed that GE was lower at altitude when cyclists were cycling at the same
relative exercise intensity as at sea level. However, GE was not affected by altitude when the same
absolute PO was produced. During a time trial athletes do not deliver the same absolute PO as at
sea level, but perform closer to the same relative exercise intensity, which implies that GE is lower
during time trials at altitude. In addition, it was shown that altitude resulted in an unclear effect on
the decline in GE during time trial exercise when GE was determined at the same relative intensity.
Finally, the effect of altitude on the decline in GE during time trial exercise, when GE is
determined at the same power output, was considered substantially positive. However, this finding
is most likely caused by the lower VOx.
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Figure captions

Figure 1. Experimental protocol of the GE test. The dark grey shaded area represents the 4000-m
time trial, the light gray shaded areas represent the three minute blocks over which data was
averaged to calculate GE (pre, postl, post2, respectively). ft, finish time.

Figure 2. Gross efficiency values before and after the 4000-m time trial, determined at the same
relative exercise intensity at sea level and altitude. Black squares, sea level; dark grey triangles,
1500 m; light grey diamonds, 2500 m.

Figure 3. Gross efficiency values before and after the 4000-m time trial, determined at the same
absolute power output at sea level and altitude. Black squares, sea level; dark grey triangles, 1500
m; light grey diamonds, 2500 m.

Figure 4. Gross efficiency (pre) determined at the same absolute power output and the same
relative exercise intensity. Black square, sea level; dark grey triangles, 1500 m; light grey
diamonds, 2500 m.



