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Abstract 49 
Gross efficiency (GE) declines during high-intensity exercise. Increasing the extracellular 50 
buffer capacity might diminish the decline in GE, and thereby improve performance. Purpose 51 
To examine if sodium bicarbonate (NaHCO3) supplementation diminishes the decline in GE 52 
experienced during a 2000-m cycling time trial. Methods Sixteen male cyclists and sixteen 53 
female cyclists completed four testing sessions, including a maximal incremental test, a 54 
familiarization trial and two 2000-m GE tests. The 2000-m GE tests were performed after 55 
ingestion of either NaHCO3 supplements (0.3 g/kg body mass) or placebo supplements 56 
(amylum solani, magnesium stearate, and sunflower oil capsules). The GE tests were 57 
conducted using a double-blind, randomized, crossover design. Power output, gas exchange 58 
and time to complete the 2000-m time trials were recorded. Capillary blood samples were 59 
analyzed for blood HCO3

-
, pH, and lactate concentration ([La-]). Data were analyzed using the 60 

magnitude-based inference approach. Results The decrement in GE found after the 2000-m 61 
time trial was possibly smaller within the male and female groups following NaHCO3 62 
compared to placebo ingestion, with the effect in both groups combined being unclear. The 63 
effect on performance was likely trivial for males (placebo 164.2±5.0 s, NaHCO3

 164.3±5.0 s, 64 
Δ0.1; 0.6%) and unclear for females (placebo 178.6±4.8 s, NaHCO3

 178.0±4.3 s, Δ-0.3; 65 
±0.5%), and very likely trivial when effects were combined. Blood HCO3

-, pH, and [La-] were 66 
substantially elevated from rest to pretest following NaHCO3 ingestion. Conclusions NaHCO3 67 
supplementation results in an unclear effect on the decrease in GE during high-intensity 68 
exercise and in a very likely trivial effect on performance.   69 
 70 
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Introduction 73 
The performance oxygen uptake (V̇O2), determined by the maximal oxygen uptake (V̇O2max) 74 
and V̇O2 at the lactate threshold, the performance O2 deficit (i.e. anaerobic capacity) and gross 75 
mechanical efficiency are the main physiological performance-determining variables.1 As it 76 
has been shown that V̇O2max, remains relatively stable during an athletic career in elite 77 
endurance athletes, but that exercise economy or efficiency improved substantially during the 78 
same time frame,2 it seems that reducing submaximal oxygen consumption is necessary to 79 
achieve performance improvements. Therefore, it would be desirable to know which variables 80 
positively influence exercise economy and/or efficiency.  81 
 One of the variables that seems to negatively influence exercise efficiency is fatigue.3 82 
Gross efficiency (GE), the most valid definition of exercise efficiency,4 has been shown to 83 
decline during prolonged submaximal and (supra)maximal exercise.5–9 If GE declines, more 84 
metabolic energy is required to maintain a certain mechanical power output (PO). As it has 85 
been stated by Grassi et al.3 that “the energy yield of the muscle system is by definition limited, 86 
the rate of progression of this inefficiency is a major determinant of task failure”, it is of interest 87 
to know the underlying cause of fatigue and the reduced GE after prolonged submaximal or 88 
(supra)maximal exercise.  89 
 The underlying cause of the reduced GE after prolonged submaximal or 90 
(supra)maximal exercise seems to be related to the intensity at which the exercise bout is 91 
performed, as Noordhof et al.5 showed that the decrement in GE was largest after relatively 92 
shorter time trials. During shorter time trials the mechanical PO is higher, resulting in greater 93 
homeostatic disturbances, which could be the cause of the larger decrement in GE after the 94 
shorter time trials. The lower running economy found by Hoff et al.10 when blood lactate 95 
concentration ([La-]) increased from 3 to 5 mmol/L, supports this notion.  96 
 During high-intensity exercise there is a significant energy contribution from anaerobic 97 
glycolysis.11 Anaerobic energy production results in the accumulation of several metabolic by 98 
products, such as hydrogen cations (H+) and lactate anions (La-).11,12 La- can either be removed 99 
by oxidation within the muscle fiber, which increases V̇O2, or it can be released to the blood 100 
and removed by other cells.12 Although the role of acidification in muscle fatigue is still not 101 
completely unraveled,12 it seems quite clear that a high demand on the anaerobic glycolytic 102 
energy system is associated with fatigue3 and a reduction in economy/efficiency.10 However, 103 
it remains to be elucidated if the two (i.e., acidification and inefficiency) are causally related.  104 

The ability of the body to prevent or delay the onset of muscle fatigue due to 105 
acidification depends, among others, on the capacity of its buffering systems. During exercise, 106 
the acid-base balance (pH) in the working muscles is regulated by intracellular, extracellular 107 
and dynamic buffering systems.13 Bicarbonate (HCO3

-) is an extracellular buffer that plays an 108 
important role in maintaining extracellular and intracellular pH. The blood [HCO3

-], and thus 109 
the extracellular buffering capacity, can be increased by ingesting sodium bicarbonate 110 
(NaHCO3).

13 Due to the extracellular buffering of H+ the H+/La- efflux from exercising muscle 111 
fibers is stimulated.14 Ingestion of NaHCO3 increases the rate at which H+ and La- can be 112 
removed from working muscles during high-intensity exercise, contributing to intramuscular 113 
pH maintenance. A meta-analysis from Carr et al.15 revealed an acute performance 114 
enhancement of 1.7% (± 95% confidence limit (CL), 2.0%) in male athletes during a single 1-115 
min sprint, when NaHCO3 was ingested in a dose of 0.3 g/kg body mass prior to exercise. Also, 116 
in slightly longer events, such as a 4000-m cycling time trial ergogenic effects of NaHCO3 117 
have been found.16,17 So, although it seems clear that a moderate performance benefit of 118 
NaHCO3 ingestion can be expected, it is unclear if NaHCO3 supplementation diminishes the 119 
decrement in GE during time-trial exercise. Therefore, the current study was designed to 120 
examine if NaHCO3

 supplementation diminishes the decline in GE experienced during a 2000-121 
m cycling time trial. A 2000-m time trial was chosen, as previous research showed that GE 122 



substantially declines during this event,5,18 and because it is expected that the effect of NaHCO3
 123 

supplementation will be larger on a 2000-m time trial, compared to a 4000-m time trial,15 which 124 
is an official event in track cycling. We expected NaHCO3 ingestion would increase blood 125 
[HCO3

-] and blood pH and thereby reduces the decrement in GE attained during time-trial 126 
exercise. The meta-analysis of Carr et al.15 also showed that the effect of NaHCO3 ingestion 127 
on mean power was smaller for females than for males, although the difference in the effect 128 
between males and females was found to be unclear. As there are currently no studies that 129 
investigated possible differences in the effect of NaHCO3

 supplementation between sexes, it is 130 
of interest to study the effect of NaHCO3

 supplementation on the decline in GE between male 131 
and female cyclists. Therefore, the secondary aim of the current study was to investigate if the 132 
effect NaHCO3 supplementation on the decline in GE differs between male and female cyclists. 133 
 134 
Methods 135 
Subjects  136 
Sixteen trained19 male competitive cyclists (mean  standard deviation (SD): age 27.6  6.9 y, 137 
training volume 7.0  2.7 h/wk, V̇O2max 61.8  4.3 ml·kg-1·min-1), and sixteen trained20 female 138 
competitive cyclists (age 26.3  6.0 y, training volume 5.5  3.2 h/wk, V̇O2max 52.3  2.4 139 
ml·kg-1·min-1) participated in this study. Inclusion criteria were: 1) age between 18 and 45 140 
years, 2) experience with cycling time trials, and 3) a low risk profile based on a health-history 141 
form. Subjects were excluded if they used intra- or extracellular buffers in the form of 142 
supplements (creatine monohydrate, β-alanine or sodium bicarbonate) during the three months 143 
preceding the study. Subjects were instructed to avoid strenuous exercise and alcohol 144 
consumption during the 24 h before each test and were asked to consume their last meal at least 145 
3 h prior to each test. Subjects were fully informed about the nature and potential discomforts 146 
associated with the study, before providing written informed consent. The study was approved 147 
by the local ethics committee.  148 
 149 
Experimental design  150 
Subjects visited the laboratory on four separate occasions. During the first occasion subjects 151 
completed a maximal incremental exercise test. After at least 24 h, subjects completed a 152 
familiarization trial to become acquainted with the experimental protocol of the GE test, and 153 
to minimize the learning effect on pacing strategy.21 In addition, the familiarization trial gave 154 
the subjects the opportunity to select the best gear ratio. Instructions on nutritional intake and 155 
exercise the day before the test also applied to the familiarization trial. The remaining two visits 156 
to the laboratory consisted of completing a GE test after either NaHCO3 supplementation (0.3 157 
g/kg body mass (BM), Virtuoos Com B.V., Amsterdam, Netherlands, packed into HPMC 158 
capsules) or ingestion of placebo supplements (amylum solani, magnesium stearate, sunflower 159 
oil, Virtuoos Com B.V., Amsterdam, Netherlands, packed into HPMC capsules) 150 min prior 160 
to the start of the time trial. Based on their results, Carr et al.22 concluded that the ingestion of 161 
NaHCO3, in a dose of 0.3 g/kg BM, should commence 120-150 min before the start of exercise, 162 
which is why the above described dose and timing were chosen. In addition, it has been shown 163 
that the delivery method HPMC (i.e. delayed-release) capsules vs. an aqueous solution also 164 
elongated the time to peak pH and peak HCO3 to about 120-130 min after ingestion.23 The GE 165 
tests were conducted using a double-blind, randomized, crossover design. Previous research 166 
reported that large variations in dietary intake prior to a test can influence acid-base status, pre-167 
exercise muscle buffering capacity, and consequently subsequent exercise performance.24 168 
Therefore, subjects were instructed to report their dietary intake in the 24-h preceding the first 169 
GE test, and to repeat this before the subsequent test. The minimal time required between the 170 
two tests was 48 h, in order to ensure adequate NaHCO3 washout and to prevent fatigue from 171 
the previous GE test.25 Both time trials were performed at the same time of the day ( 1 h).  172 



All testing sessions were performed in a climate-controlled room (18.0  1.2C, relative 173 
humidity 44.9  7.2%), on a custom-made, electronically braked cycle ergometer (VU-MTO, 174 
Amsterdam, Netherlands). The optimal saddle and handle-bar height were determined before 175 
the first test and were replicated during subsequent tests. Torque, pedaling frequency, and PO 176 
data of the cycle ergometer were sampled at 100 Hz. During the maximal incremental exercise 177 
test and the submaximal exercise bouts performed before and after the 2000-m time trial, 178 
subjects received visual feedback about their pedaling frequency and elapsed time. During the 179 
time trial, subjects only received feedback about the distance covered.  180 
 181 
Maximal incremental exercise test 182 
The maximal incremental exercise test was conducted to determine the PO at which subjects 183 
reached their maximal oxygen uptake (V̇O2max , PV̇O2max). The same protocol was used as in 184 
previous research.5 The test was ended when pedaling frequency dropped below 80 revolutions 185 
per minute (rpm), despite strong verbal encouragement. 186 
 187 
Gross efficiency tests  188 
The same protocol is used as in previous research (see Figure 1).5 Subjects had to maintain a 189 
pedaling frequency of 90 rpm during the submaximal bouts of the test. During the time trial 190 
subjects were instructed to complete the TT as quickly as possible. Subjects ingested either 191 
NaHCO3 capsules or color-matched placebo capsules 150 min before the start of the time-trial 192 
part of the GE tests. The supplements were co-ingested with a meal containing 1.5 g 193 
carbohydrate/kg BM and 7 ml/kg BM of fluid, which optimizes blood alkalosis and diminishes 194 
the incidence of gastrointestinal (GI) symptoms.22 Before ingestion of the meal and the 195 
supplements, subjects completed a validated GI-distress questionnaire.26 The same 196 
questionnaire was completed 60 min post ingestion, 5 min prior to the start of the GE test, and 197 
5 min after completion of the test. Capillary blood samples were collected before ingestion of 198 
the meal and the supplement (150 min before the start of the time trial, rest), before the start of 199 
the GE test (pre-test), before the start of the time trial (pre-TT), and immediately after 200 
completion of the time trial (post-TT; see Figure 1).  201 
 202 
Data collection and analysis 203 
During all tests, gas exchange data were collected breath-by-breath using open-circuit 204 
spirometry (Quark CPET, Cosmed S.R.L., Rome, Italy). Prior to each test the gas analyzer was 205 
calibrated according to the manufacturer’s instructions. Heart rate was measured during the 206 
entire test using a Garmin heart rate monitor (Soft Strap Premium Heart Rate Monitor, Garmin, 207 
Eemnes, The Netherlands).  208 
 Breath-by-breath respiratory data were converted to second-by-second data using 209 
interpolation. Subsequently, the second-by-second respiratory data was smoothed with a 6-s 210 
moving average filter. Values deviating more than two standard deviations from the local 211 
mean, were replaced by the local mean. V̇O2max and maximal heart rate (HRmax) were defined 212 
as the highest V̇O2 and heart rate over a 30-s moving average. Mean V̇O2 and RER values were 213 
determined over the dark shaded areas in Figure 1 in order to calculate GE (GEpre, GEpost1, and 214 
GEpost2, respectively).27 In order to calculate GE, the mean RER had to be ≤ 1.0 and V̇O2 needed 215 
to be in steady state.5 When these two criteria were not met, corresponding GE values were 216 
removed from further analysis. Back-extrapolation was used to determine GE at the end of the 217 
2000-m time trial (GEextrap).

5 218 
 During both GE tests capillary blood samples were collected to measure blood pH, 219 
[HCO3

-] and [La-]. After cleaning the fingertip with alcohol, the fingertip was pierced with a 220 
sterile 2.25 mm retractable lancet (Hemocue Safety Lancets, Ängelholm, Sweden). After 221 
removing the first drop of blood, 100 µL of blood was collected in a lithium heparine coated 222 



minivette (Minivette POCT, Sarstedt, Numbrecht, Germany). Blood samples were 223 
immediately analyzed after collection using a blood gas analyzer (i-STAT portable analyzer, 224 
Abbott Point of Care, Illinios, USA). Previous measurements with the i-STAT analyzer were 225 
found to be reliable and accurate.28 To analyze blood pH and [HCO3

-] EC8+ cartridges (Abbot 226 
Point of Care, Hoofddorp, The Netherlands) were used. [La-] was analyzed using the Lactate 227 
Pro 2 (Arkray, Kyoto, Japan). 228 
 229 
Statistical analysis 230 
Data were analyzed using the magnitude-based inference approach. Before analysis, data were 231 
log-transformed. Data are therefore reported as back-transformed means and the standard 232 
deviation (SD) is therefore expressed as a coefficient of variation (%).29 The effect of high-233 
intensity exercise on GE was tested using a post-only spreadsheet.30 The effect of NaHCO3 234 
supplementation on the decrement in GE during time-trial exercise, performance, and blood 235 
variables was assessed using a pre-post crossover spreadsheet.30 The difference in effect 236 
between male and female cyclists was assessed using the combined groups spreadsheet.31 The 237 
magnitude of the difference in 2000-m performance time was assessed using the smallest 238 
worthwhile change obtained from Flyger32 (0.5%). Magnitude of differences in GE and blood 239 
variables were determined by standardization with the SD of the placebo trial. Magnitudes of 240 
differences were interpreted based on the following scale: 0.20, small effect; 0.60, moderate 241 
effect; 1.20, large effect; 2.0, very large effect; 4.0, extremely large effect.29 Data that represent 242 
the differences between conditions are reported as mean effect 90% confidence limit (CL). 243 
Probabilities that an effect is negative, trivial, or positive was based on the following scale: 244 
<0,5%, most unlikely; 0,5% to 5%, very unlikely; 5% to 25%, unlikely; 25% to 75%, possibly; 245 
75% to 95%, likely; 95% to 99.5%, very likely; >99,5%, most likely. When the chance of being 246 
both beneficial and harmful was >5%, the effect was considered unclear. The clinical inference 247 
was reported, except for the difference in effect between male and female cyclists, in that case 248 
the non-clinical inference was reported. 249 
 250 
Results 251 
Gross efficiency 252 
Mean GE data of the NaHCO3 trial and the placebo trial (men and women combined) are shown 253 
in Figure 2. Due to missing GEpre values of two males and four females, GE data of 27 subjects 254 
were analyzed. The effect of NaHCO3 supplementation on the change in GE during the time 255 
trial (GEextrap – GEpre) was considered possibly beneficial in both males and females (males 256 
0.7; ±1.8%; females 0.6; ±2.1%; i.e. a possibly smaller decline in GE). The difference in the 257 
effect of NaHCO3 between males and females was unclear.  258 
 259 
2000-m performance 260 
Data of 32 subjects, 16 males and 16 females, were used for analysis. The effect of NaHCO3 261 
supplementation on performance times was likely trivial for males (placebo trial 164.2 ± 5.0 s, 262 
NaHCO3 164.3 ± 5.0 s, NaHCO3 – placebo 0.1; 0.6%) and unclear for females (placebo trial 263 
178.6 ± 4.8 s, NaHCO3 178.0 ± 4.3 s, difference -0.3; ±0.5%). The difference in the effect 264 
between males and females was considered possibly trivial. When the effect of NaHCO3

- 265 
supplementation on performance times for males and females were combined a very likely 266 
trivial effect of NaHCO3

- supplementation was found. 267 
 268 
Blood analysis 269 
Mean [HCO3

-], blood pH, and [La-] during each treatment condition are shown in Figure 3. 270 
The effect of NaHCO3 supplementation compared to placebo supplementation on the 271 
difference in blood [HCO3

-] between rest and pre-test differed between men and women, with 272 



men showing a likely larger increase compared to women during the NaHCO3 trial compared 273 
to the placebo trail. However, the effect of NaHCO3 supplementation on the difference in blood 274 
[HCO3

-] between rest and pre-test was most likely beneficial in both groups. There were no 275 
other substantial differences between male and female cyclists in blood concentrations, and 276 
therefore the effect of NaHCO3 supplementation compared to placebo supplementation of both 277 
groups were combined and summarized in Figure 3.  278 
 279 
Discussion 280 
The purpose of the current study was to examine if NaHCO3

 supplementation diminishes the 281 
decline in GE experienced during a 2000-m cycling time trial. The main finding of this study 282 
was that ingestion of NaHCO3 resulted in a small but possible beneficial effect on the 283 
decrement in GE found after a 2000-m time trial in males and females. However, when the 284 
effects of males and females were combined an unclear effect was found. The effect of 285 
NaHCO3 on performance time was likely trivial for males and unclear for females, with the 286 
difference in effect between males and females being considered possibly trivial and the 287 
combined effect being very likely trivial. 288 
 GE declined substantially during both the NaHCO3 and the placebo trial. The 289 
substantial decline in GE during the placebo trial is supported by the findings of Noordhof et 290 
al.5 and Groot et al.18 The present study revealed that the decline in GE found after a 2000-m 291 
time trial was possibly diminished after NaHCO3 ingestion, which might be explained by the 292 
increased pH and [HCO3

-]. Several studies have reported that acidosis reduces the efficiency 293 
of oxidative phosphorylation.33,34 Walsh et al.35 showed that a lower oxidative flux was 294 
produced with a muscle pH of 6.6 compared to a muscle pH of 7.0, which might explain the 295 
smaller reduction in GE at the end of the 2000-m time trial in the NaHCO3 condition when 296 
average blood pH values were 7.28 compared to the placebo condition when average blood pH 297 
values were 7.20. However, when the effects of NaHCO3 supplementation on the decline in 298 
GE for males and females were combined, an unclear effect was found, suggesting that more 299 
data is needed to come to a final conclusion. It is clear that ingestion of NaHCO3

 prior to time-300 
trial exercise could not prevent the decrement in GE, even though, NaHCO3

 ingestion resulted 301 
in a very likely larger decline in blood [HCO3

-] during the time trial, suggesting that more H+ 302 
was buffered, and therefore the H+/La- efflux from the exercising muscles was stimulated more 303 
than during the placebo trial. So, it seems that other factors besides muscle acidosis might play 304 
a role in the decrement in GE during high-intensity exercise. Hoff et al.10 concluded that 305 
increased [La-] deteriorates running economy, but increased La- levels and decreased pH are 306 
not per se the cause of this decrement. On top of that, muscle acidification is being questioned 307 
as the major reason of muscle fatigue.12  308 
 A meta-analysis from Carr et al.15 revealed that the effect of NaHCO3 ingestion on mean 309 
power was smaller for females than for males, although the difference in the effect between 310 
males and females was found to be unclear. As to date there were no studies in which the effect 311 
of NaHCO3 supplementation on performance was compared between males and females, the 312 
current study included both male and female subjects to analyze the differences in the response 313 
to NaHCO3 supplementation. NaHCO3 ingestion before the 2000-m time trial resulted in an 314 
unclear effect on performance in females, with a 1% chance on a harmful effect, a 72% chance 315 
on a trivial effect, and a 27% chance on a beneficial effect. The effect of NaHCO3 ingestion on 316 
2000-m time trial performance in males was likely trivial and when the effects for males and 317 
females were combined a very likely trivial effect was found. The lack of a substantial 318 
performance benefit in both males and females (and combined) is in agreement with previous 319 
studies using exercise protocols of similar or longer duration, but is in contrast with others 320 
using exercise protocols of shorter duration,15 suggesting that NaHCO3 ingestion might be 321 
effective in time trials shorter than 2000 m, such as the 1000-m individual time trial for male 322 



track cyclists and the 500-m time trial for female track cyclists, in which a similar decline in 323 
GE can be expected as in the current study.6 However, recent studies also found a performance 324 
benefit of NaHCO3 ingestion during 4000-m cycling time trials performed by trained male 325 
cyclists.16,17 The cause of the difference in effect might be due to the individual variation in 326 
time to peak alkalosis.16 Gough et al.16,17 used an individualized supplementation strategy, in 327 
which NaHCO3 supplements are ingested at a time point which results in peak pH and/or HCO3

- 328 
concentrations at the start of the time trial for each individual. In the current study an 329 
individualized supplementation strategy was not used, which possibly limited the ergogenic 330 
effect on cycling performance in the current study. An increase in HCO3

- of +6 mmol/L from 331 
rest to pretest was obtained in thirteen of the sixteen males and twelve of the 15 females (of 332 
one female blood data was missing), which has been suggested to be a threshold elevation that 333 
is necessary before ergogenic effects will be found.36 However, it has also been shown that an 334 
almost identical increase in HCO3

- did not necessarily result in the same effect on 335 
performance.37 So, an individualized supplementation strategy instead of standardized 336 
supplementation could have resulted in a substantial performance effect, although this remains 337 
to be investigated, as to date no study directly compared the effect on performance of both 338 
supplementation strategies.36  339 

NaHCO3
 ingestion can cause GI discomfort which could interfere with performance.13 340 

To minimize the chance on GI discomfort, we chose to co-ingest the supplements with a meal 341 
containing 1.5 g carbohydrate/kg BM and 7 ml/kg BM of fluid, as previous research showed 342 
that this optimizes blood alkalosis and diminishes the incidence of gastrointestinal (GI) 343 
symptoms.22 Two of the subjects in this study reported one of the GI symptoms to be ≥ 5, 344 
however they were able to complete the time-trial. One subject needed to be excluded from the 345 
study because of GI side-effects. It is therefore expected that GI discomfort had a minimal 346 
effect on the results of the current study. 347 
 348 
Practical applications 349 
The current study showed that NaHCO3 ingestion prior to high-intensity exercise has an 350 
unclear effect on the decrement in GE and a very likely trivial effect on performance. Based 351 
on the current results, we would therefore not recommend trained male and female cyclists to 352 
use NaHCO3 supplementation during time trial competitions of around 2000 m (~164 s). 353 
 354 
Conclusions 355 
NaHCO3

 ingestion (dose 0.3 g/kg BM) 150 minutes before a 2000-m time trial results in an 356 
unclear effect on the decline in GE, when the effects of NaHCO3

 ingestion on GE for male and 357 
female cyclists are combined. The difference in effects between male and female cyclists was 358 
also considered unclear. Moreover, the effect of NaHCO3

 supplementation on 2000-m time 359 
trial performance was very likely trivial. It seems that other factors besides muscle acidosis are 360 
involved in the decrement in GE during high-intensity exercise.   361 



References  362 
 363 

1.  Joyner MJ, Coyle EF. Endurance exercise performance: the physiology of champions. J 364 
Physiol. 2008;586(Pt 1):35-44. 365 

2.  Jones AM. The physiology of the world record holder for the women’s marathon. Int J Sports 366 
Sci Coach. 2006;1(2):101-116. 367 

3.  Grassi B, Rossiter HB, Zoladz JA. Skeletal muscle fatigue and decreased efficiency: two sides 368 
of the same coin? Exerc Sport Sci Rev. 2015;43(2):75-83. 369 

4.  Ettema G, Lorås HW. Efficiency in cycling: a review. Eur J Appl Physiol. 2009;106(1):1-14. 370 
5.  Noordhof DA, Mulder RCM, Malterer KR, Foster C, de Koning JJ. The decline in gross 371 

efficiency in relation to cycling time-trial length. Int J Sports Physiol Perform. 2015;10(1):64-372 
70. 373 

6.  de Koning JJ, Noordhof DA, Lucia A, Foster C. Factors affecting gross efficiency in cycling. 374 
Int J Sports Med. 2012;33(11):880-885. 375 

7.  Åsan Grasaas C, Ettema G, Hegge AM, Skovereng K, Sandbakk Ø. Changes in technique and 376 
efficiency after high-intensity exercise in cross-country skiers. Int J Sports Physiol Perform. 377 
2014;9(1):19-24. 378 

8.  Passfield L, Doust JH. Changes in cycling efficiency and performance after endurance 379 
exercise. Med Sci Sports Exerc. 2000;32(11):1935-1941. 380 

9.  Sahlin K, Sørensen J, Gladden L, Rossiter H, Pedersen P. Prior heavy exercise eliminates V̇o2 381 
slow component and reduces efficiency during submaximal exercise in humans. J Physiol. 382 
2005;564(Pt 3):765-773. 383 

10.  Hoff J, Støren Ø, Finstad A, Wang E, Helgerud J. Increased blood lactate level deteriorates 384 
running economy in world class endurance athletes. J Strength Cond Res. 2016;30(5):1373-385 
1378. 386 

11.  Stellingwerff T, Maughan RJ, Burke LM. Nutrition for power sports: middle-distance running, 387 
track cycling, rowing, canoeing/kayaking, and swimming. J Sports Sci. 2011;29 Suppl 1:S79-388 
89. 389 

12.  Ferguson BS, Rogatzki MJ, Goodwin ML, Kane DA, Rightmire Z, Gladden LB. Lactate 390 
metabolism: historical context, prior misinterpretations, and current understanding. Eur J Appl 391 
Physiol. 2018;118(4):691-728. 392 

13.  Lancha Junior AH, Painelli V de S, Saunders B, Artioli GG. Nutritional strategies to modulate 393 
intracellular and extracellular buffering capacity during high-intensity exercise. Sports Med 394 
Auckl NZ. 2015;45 Suppl 1:S71-81. 395 

14.  Da R. The sarcolemmal lactate transporter: transmembrane determinants of lactate flux. Med 396 
Sci Sports Exerc. 1991;23(8):925-934. 397 

15.  Carr AJ, Hopkins WG, Gore CJ. Effects of acute alkalosis and acidosis on performance. Sports 398 
Med. 2011;41(10):801-814. 399 

16.  Gough LA, Deb SK, Sparks A, McNaughton LR. The reproducibility of 4-km time trial (TT) 400 
performance following individualised sodium bicarbonate supplementation: a randomised 401 
controlled trial in trained cyclists. Sports Med - Open. 2017;3(1):34. 402 

17.  Gough LA, Deb SK, Sparks SA, McNaughton LR. Sodium bicarbonate improves 4 km time 403 
trial cycling performance when individualised to time to peak blood bicarbonate in trained male 404 
cyclists. J Sports Sci. 2018;36(15):1705-1712. 405 

18.  Groot S, van de Westelaken LH, Noordhof DA, Levels K, de Koning JJ. Recovery of cycling 406 
gross efficiency after time-trial exercise. Int J Sports Physiol Perform. February 2018:1-21. 407 

19.  Pauw KD, Roelands B, Cheung SS, de Geus B, Rietjens G, Meeusen R. Guidelines to classify 408 
subject groups in sport-science research. Int J Sports Physiol Perform. 2013;8(2):111-122. 409 

20.  Decroix L, De Pauw K, Foster C, Meeusen R. Guidelines to classify female subject groups in 410 
sport-science research. Int J Sports Physiol Perform. 2016;11(2):204-213. 411 



21.  Foster C, Hendrickson KJ, Peyer K, et al. Pattern of developing the performance template. Br 412 
J Sports Med. 2009;43(10):765-769. 413 

22.  Carr AJ, Slater GJ, Gore CJ, Dawson B, Burke LM. Effect of sodium bicarbonate on [HCO3-414 
], pH, and gastrointestinal symptoms. Int J Sport Nutr Exerc Metab. 2011;21(3):189-194. 415 

23.  Hilton NP, Leach NK, Sparks SA, et al. A novel ingestion strategy for sodium bicarbonate 416 
supplementation in a delayed-release form: a randomised crossover study in trained males. 417 
Sports Med - Open. 2019;5(1):4. 418 

24.  Greenhaff PL, Gleeson M, Maughan RJ. The effects of diet on muscle pH and metabolism 419 
during high intensity exercise. Eur J Appl Physiol. 1988;57(5):531-539. 420 

25.  Mc Naughton L, Thompson D. Acute versus chronic sodium bicarbonate ingestion and 421 
anaerobic work and power output. J Sports Med Phys Fitness. 2001;41(4):456-462. 422 

26.  Jeukendrup AE, Vet-Joop K, Sturk A, et al. Relationship between gastro-intestinal complaints 423 
and endotoxaemia, cytokine release and the acute-phase reaction during and after a long-424 
distance triathlon in highly trained men. Clin Sci Lond Engl 1979. 2000;98(1):47-55. 425 

27.  Noordhof DA, Koning JJ de, Erp T van, et al. The between and within day variation in gross 426 
efficiency. Eur J Appl Physiol. 2010;109(6):1209-1218. 427 

28.  Dascombe BJ, Reaburn PRJ, Sirotic AC, Coutts AJ. The reliability of the i-STAT clinical 428 
portable analyser. J Sci Med Sport. 2007;10(3):135-140. 429 

29.  Hopkins WG, Marshall SW, Batterham AM, Hanin J. Progressive statistics for studies in sports 430 
medicine and exercise science. Med Sci Sports Exerc. 2009;41(1):3-13. 431 

30.  Hopkins WG. Spreadsheets for analysis of controlled trials, with adjustment for a subject 432 
characteristic. Sportscience. 2006;10:46-50. 433 

31.  Hopkins WG. A spreadsheet for combining outcomes from several subject groups. 434 
Sportscience. 2006;10:51-53. 435 

32.  Flyger N. Variability in competitive performance of elite track cyclists. ISBS - Conf Proc Arch. 436 
2009;1(1). 437 

33.  Bishop DJ, Thomas C, Moore-Morris T, Tonkonogi M, Sahlin K, Mercier J. Sodium 438 
bicarbonate ingestion prior to training improves mitochondrial adaptations in rats. Am J Physiol 439 
- Endocrinol Metab. 2010;299(2):E225-E233. 440 

34.  Fry DE, Ratcliffe DJ, Yates JR. The effects of acidosis on canine hepatic and renal oxidative 441 
phosphorylation. Surgery. 1980;88(2):269-273. 442 

35.  Walsh B, Tiivel T, Tonkonogi M, Sahlin K. Increased concentrations of P(i) and lactic acid 443 
reduce creatine-stimulated respiration in muscle fibers. J Appl Physiol Bethesda Md 1985. 444 
2002;92(6):2273-2276. 445 

36.  Heibel AB, Perim PHL, Oliveira LF, McNaughton LR, Saunders B. Time to optimize 446 
supplementation: modifying factors influencing the individual responses to extracellular 447 
buffering agents. Front Nutr. 2018;5. 448 

37.  Froio de Araujo Dias G, da Eira Silva V, de Salles Painelli V, et al. (In)consistencies in 449 
responses to sodium bicarbonate supplementation: a randomised, repeated measures, 450 
counterbalanced and double-blind study. PloS One. 2015;10(11):e0143086. 451 

452 



Figures  453 
 454 
Figure 1 ⎯ Experimental protocol of the gross efficiency tests. GE was determined during the 455 
dark shaded areas. The light shaded area represents the time trial of 2000 m. Capillary blood 456 
samples were collected before ingestion [rest], before the start of the test [pre-test], before the 457 
start of the time trial [pre-TT], and directly following the time trial [post-TT]. The figure is 458 
adapted from Noordhof et al.5 Abbreviations: PV̇O2max, PO at which V̇O2max was attained; ft, 459 
finish time; TT, time trial.  460 
 461 
Figure 2 ⎯ Means of raw data ± SD of gross efficiency (GE) before and after the 2000-m time 462 
trial during the NaHCO3

 trial (solid line) and the placebo trial (dotted line).  463 
The magnitude of the effects shown, are the combined effects (males and females combined) 464 
of NaHCO3 supplementation compared to placebo supplementation on GE and are displayed 465 
using the following signs: Δunclear; *possibly trivial, **likely trivial. Pre, before the time trial; 466 
extrap, immediately after the time trial; post1, 4-7 minutes after the time trial; post 2, 7:30-467 
10:30 after the time trial (see Figure 1).  468 
 469 
Figure 3 ⎯ Means of raw data ± SD of blood [HCO3

-] (A), pH (B), and [La-] (C) measured 470 
after ingestion of either NaHCO3 supplements (solid line) or placebo supplements (dotted line).  471 
The magnitude of the effects shown, are the combined effects (males and females combined) 472 
of NaHCO3 supplementation on blood [HCO3

-] (A), pH (B), and [La-] (C), and are displayed 473 
using the following signs: Δunclear; *possibly trivial, ++++most likely beneficial; †possibly 474 
harmful, ††likely harmful, †††very likely harmful. 475 
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