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ABSTRACT 1 

PURPOSE: This study tested the hypothesis that autologous blood transfusion (ABT) of ~50% of 2 

the red blood cells (RBCs) from a standard 450 ml phlebotomy would increase mean power in a 3 

cycling time trial. Additionally, the study investigated whether further ABT of RBCs obtained from 4 

another 450 ml phlebotomy would increase repeated cycling sprint ability. 5 

METHODS: In a randomized, double-blind, placebo-controlled crossover design (3-month wash-6 

out), nine highly trained male subjects donated two 450 ml blood bags each (BT-trial) or were sham 7 

phlebotomized (PLA-trial). Four weeks later, a 650 kcal time trial (n=7) was performed three days 8 

before and 2 h after receiving either ~50% (135 ml) of the RBCs or a sham transfusion. On the 9 

following day, transfusion of RBCs (235 ml) from the second donation or sham transfusion was 10 

completed. A 4×30 s all-out cycling sprint interspersed by 4 min of recovery was performed six days 11 

before and three days after the second ABT (n=9). 12 

RESULTS: The mean power was increased in time trials from before to after transfusion (P<0.05) 13 

in BT (213±35 vs. 223±38 W; mean±SD) but not in PLA (223±42 vs. 224±46 W). In contrast, the 14 

mean power output across the four 30 s sprint bouts remained similar in BT (639±35 vs. 644±26 W) 15 

and PLA (638±43 vs. 639±25 W). 16 

CONCLUSION: ABT of only ~135 ml of RBCs is sufficient to increase mean power in a 650 kcal 17 

cycling time trial by ~5% in highly trained men. In contrast, a combined high-volume transfusion of 18 

~135 and ~235 ml of RBCs does not alter 4×30 s all-out cycling performance interspersed with 4 min 19 

of recovery. 20 

Keywords: small-volume transfusion; large-volume transfusion; cycling; endurance; intermittent 21 

exercise; doping  22 



INTRODUCTION 23 

The effect of autologous blood transfusion (ABT) on exercise performance has been studied for more 24 

than a half century (1, 2). It is evident that >800 ml ABT of whole blood or a corresponding volume 25 

of red blood cells (RBCs) improves aerobic exercise performance (1, 3-7). However, when the ABT 26 

volume is smaller, the result is less clear. Only few studies are available, and the lowest transfusion 27 

volumes currently studied are 450-500 ml, corresponding to one bag of whole blood, which improves 28 

3 km treadmill time trial performance (8) and time to exhaustion at peak aerobic workload (9). 29 

However, others report unaffected time to exhaustion (10, 11). Furthermore, a ‘one-bag’ study (8) 30 

has reported increased whole-body peak oxygen uptake (VO2peak), but other studies (9, 12) reported 31 

no difference. One possible explanation for the unclear result from the available low-volume ABT 32 

studies may be lack of well-controlled designs, including blinded randomized crossover trials. 33 

Whether a low-volume ABT systematically improves exercise performance is highly relevant in an 34 

anti-doping context, since dishonest athletes are suspected to utilize low (≤150-200 ml) ABT volumes 35 

(13). Therefore, the present study aimed to evaluate whether an ABT corresponding to ~50 % of the 36 

packed RBCs obtained from a standard 450 ml phlebotomy affects aerobic power during an 37 

endurance time trial.  38 

The effect of ABT on performance has been addressed exclusively in terms of changes in continuous 39 

aerobic performance, measured by, e.g. time trials or time-to-exhaustion. However, many athletes 40 

compete in intermittent sports. Thus, it was considered whether ABT misuse should also be suspected 41 

in competitions other than continuous endurance sports. Aerobic energy provision is of limited 42 

importance for a single 30 s all-out cycling effort (14), but its importance increases when 30 s sprints 43 

are repeated (15). Furthermore, ABT is expected to increase aerobic capacity, which may reduce 44 

fatigue during repeated sprints (16) and improve recovery due to increased oxygen availability (17). 45 

Thus, it was hypothesized that ABT corresponding to 100 % of the packed RBCs obtained from one 46 



standard 450 ml phlebotomies in addition to the ABT of ~50 % of the packed RBCs obtained from 47 

another 450 ml phlebotomy improves repeated cycling sprint ability, which is of relevance for anti-48 

doping testing aimed to reveal ABT. 49 

Here the following hypotheses were formed: 1) ABT of ~50 % of the RBCs obtained from a 450 ml 50 

phlebotomy increases mean power in a cycling time trial, and 2) additional ABT of RBCs obtained 51 

from another 450 ml phlebotomy increases repeated sprint performance.  52 



METHODS 53 

Nine nonsmoking Caucasian male cyclists and triathletes with more than 3 years of endurance 54 

training participated in the study. The mean ± standard deviation (SD) age, height, weight and whole-55 

body peak oxygen uptake of the participants were 29 ± 5 years, 182 ± 6 cm, 73.5 ± 5.1 kg and 60 ± 5 56 

ml O2/min/kg, respectively. All subjects were low-altitude residents, had not been exposed to altitudes 57 

higher than 1,000 m for at least one month prior to the study and had not donated blood for at least 58 

three months prior to the study. The subjects were instructed not to travel to high altitudes or to donate 59 

blood for other purposes during the study period.  60 

The study was approved by the local ethics committee of Copenhagen, Denmark (H-2-2014-109) and 61 

performed in accordance with the Declaration of Helsinki. All subjects were informed both orally and 62 

in writing of potential risks and discomforts associated with participation before a written consent 63 

was obtained. 64 

 65 

Design 66 

The study used a randomized double-blinded placebo-controlled crossover design as depicted in 67 

Figure 1. Following recruitment, the subjects were assigned randomly to either an autologous blood 68 

transfusion group (BT) or a placebo group (PLA). Subjects in the BT group donated two units of 69 

whole blood, corresponding to 900 ml, while subjects in the PLA group were subjected to a sham 70 

phlebotomy. A needle was inserted into an antecubital vein during both interventions, and subjects 71 

were blinded to whether blood was flowing to the blood bag. Collection and processing were 72 

conducted by not blinded blood bank personnel, who, however, were not involved in the exercise 73 

protocols. In brief, whole blood was collected in bags containing a citrate phosphate dextrose solution 74 

(Baxter Healthcare, Deerfield, IL, USA). The whole-blood unit was immediately placed on 75 



CompoCool butane-1,4-diol plates (Fresenius-Kabi, Bad-Homburg, Germany) for a minimum of 90 76 

min until processing within 6 h. The whole-blood units were separated into a buffy coat, plasma and 77 

RBCs by hard-spin centrifugation (RCF 4700 g, 9 min.  22°C, Hettich Roto Silenta 630, Hettich 78 

GmbH, Tuttlingen, Germany)  followed by separation on a CompoMat G5 (Fresenius-Kabi, Bad-79 

Homburg, Germany). RBCs were leukoreduced by leukofiltration and stored at 4°C in saline-adenine-80 

glucose-mannitol (SAG-M) solution. Leukodepletion is universally practiced in many European 81 

countries and justified by contributions to blood safety, blood efficacy and improved RBC recovery. 82 

Immediately following both the actual and sham phlebotomies, the subjects received ~1,000 ml of 83 

saline as a substitute for the lost blood volume to reduce the risk of acute hypotension and to increase 84 

the possibility of a blinded phlebotomy. RBCs were stored for the longest approved period of four 85 

weeks to allow maximal recovery of the lost blood volume. During the storage period, each subject 86 

received 100 mg/day of oral iron supplementation (Ferro Duretter, Recipharm AB, Årsta, Sweden) 87 

to ensure sufficient iron stores for the expected increase in erythropoiesis. 88 

 89 

Autologous blood transfusion 90 

The ABT was performed four weeks following phlebotomy and on two consecutive days. The 91 

subjects rested in a semirecumbent position, and an 18 G catheter was inserted into an antecubital 92 

vein. On the first day of transfusion, a low-volume transfusion of ~50 % of the packed RBCs obtained 93 

from one of the 450 ml whole-blood donations were transfused. Twenty-four hours after the first 94 

transfusion, a standard volume transfusion of all of the packed RBCs from the second 450 ml whole 95 

blood donation were transfused. The combined transfusion volume on the first and second day is 96 

referred to as a combined high-volume transfusion. The PLA group received <100 ml of saline on 97 

both days. The subjects were blinded to the transfusion treatment by a blanket hanging between the 98 



subject and the arm used for obtaining blood and re-transfusion. The weight of the blood bag was 99 

measured before and after each transfusion, and RBC infusion volume was determined as the weight 100 

of the transfusion volume divided by a 1.06 g/ml density of RBCs in SAG-M. In the low-volume 101 

transfusion, a volume of 136 ± 6 ml of packed RBCs was delivered, while a volume of 233 ± 15 ml 102 

of packed RBCs was transfused during the standard volume transfusion. In total, the two transfusions 103 

were equivalent to a transfusion of ~370 ml of packed RBCs. A blood sample (<2 ml) was collected 104 

from the blood bag and analyzed for hemoglobin concentration (ABL 800 blood gas analyzer; 105 

Radiometer, Brønshøj, Denmark). The total amount of transfused hemoglobin was determined by 106 

multiplying the infused volume by the hemoglobin concentration in the blood bag. 107 

 108 

Exercise protocol 109 

The exercise protocol is illustrated in figure 1. One week prior to phlebotomy, the subjects were 110 

familiarized with a time trial, VO2peak and repeated sprint test. All exercise evaluations were 111 

repeated the week prior to ABT. The repeated sprint was 5 days before the low-volume transfusion, 112 

whereas the time trial and VO2peak evaluation were determined 3 days before the low-volume 113 

transfusion. Two hours after the low-volume transfusion, the subjects completed the time trial. 114 

Twenty-four hours after the combined high-volume transfusion, time trial performance and VO2peak 115 

were determined, separated by 2 h of recovery. Finally, three days after the combined high-volume 116 

transfusion, the repeated sprint test was performed. The time trial and determination of VO2peak 117 

following the combined high-volume transfusion were performed to confirm the sensitivity of the test 118 

and the validity of the transfusion procedure, as well as to reproduce findings from high-volume 119 

transfusion studies (1, 3, 5, 7, 18). To mimic a real-life situation, exercise and diet/nutrition were not 120 



explicitly controlled for prior to the time trials. However, the subjects were instructed to prepare 121 

themselves for what they know as maximal performance. 122 

The time trial and determination of VO2peak were on the same day, but in reverse order for two 123 

subjects, but the order was consistent within subjects throughout the study. One subject did not 124 

complete the post-transfusion time trial and his VO2peak was not determined during the placebo trial, 125 

and another subject completed only the placebo trial. 126 

Following a wash-out period of >3 months, which is considered sufficient for the infused RBCs to 127 

disappear with a RBC lifetime of approximately 120 days (19), the subjects crossed over and the 128 

procedures were repeated. 129 

To evaluate whether the blinding procedure was successful, the subjects indicated whether they 130 

believed to be in the BT or the PLA group after the phlebotomy, before the reinfusion and after the 131 

final performance test. 132 

 133 

Measurements 134 

All performance measurements were carried out by blinded personnel. Each exercise began with a 135 

warm-up, including 6 min at 90 W followed by another 6 min at 150 W, on an electronically braked 136 

cycle ergometer (Monark, Varberg, Sweden). Three minutes separated the warm-up and the test. 137 

 138 

Time trial performance 139 

Endurance performance was determined by a 650 kcal time trial on an electronically braked bike 140 

(Monark, Varberg, Sweden) using commercially available software (Monark Testing Software 141 



version 1.0.15.0, Monark, Varberg, Sweden). The 650 kcal trial was chosen as it was expected to last 142 

~40 min and would thus require high aerobic energy turnover. Initially, a random load of 10 to 20 N 143 

was applied by the blinded personnel, and the subjects were able to adjust the workload through 144 

verbal communication with the personnel. The primary outcome measures were mean power and time 145 

to completion. Additionally, heart rate was measured throughout the test (Polar M400, Polar Electro 146 

Oy, Kempele, Finland). The subjects were blinded to the completed work, elapsed time and heart rate 147 

but received verbal feedback on the total energy production at every 50 kcal completion point and at 148 

each 1 kcal during the last 20 kcal. Furthermore, the subjects were verbally encouraged during the 149 

trial and allowed to drink water ad libitum as well as to freely select their pedaling cadence. Once the 150 

subject reached 650 kcal, the trial was terminated. 151 

 152 

Aerobic exercise capacity 153 

The maximal aerobic power and VO2peak were determined using a graded exercise test to exhaustion 154 

on an electronically braked bike (Monark, Varberg, Sweden) with inspired and expired O2 and CO2 155 

fractions measured breath-by-breath (Quark, Cosmed, Rome, Italy). The graded exercise protocol 156 

was initiated at 150 W and increased by 25 W/min until voluntary exhaustion or a pedaling frequency 157 

<75 RPM. The subjects were blinded to power output, time elapsed and pulmonary measurements 158 

and were verbally encouraged during the exhausting test. VO2peak was defined as the highest 30 s 159 

average recorded. Peak workload (Wpeak) was calculated as Wpeak = Wcompl + 25 × (t/60); with Wcompl 160 

being the last completed workload and t the seconds at the final workload. 161 

 162 

Repeated sprint ability 163 



Repeated sprint ability was evaluated on a Monark cycle ergometer (Peak Bike, Ergomedic 894 E, 164 

Monark, Varberg, Sweden). The test was initiated by subjects reaching >100 rpm during unloaded 165 

pedaling and subsequent instant application of a braking resistance of 0.1 kg per kg body mass. The 166 

subjects were encouraged to pedal as fast as possible for the following 30 s and explicitly told to go 167 

all-out from the beginning of the test and not to pace themselves for a high average power output. 168 

Subsequently, the subjects actively recovered for 4 min at ~60 RPM at ~60 W. In the final seconds 169 

of the recovery, the participants were instructed to reach >100 rpm, and the 30 s all-out exercise was 170 

repeated, i.e. they performed 4 × 30 s all-out exercise separated by 4 min. Mean power was the 171 

primary outcome with power variables blinded for all subjects. 172 

 173 

Hemoglobin mass 174 

Total hemoglobin mass (Hbmass) was measured in duplicates, separated by at least 6 hours, by carbon 175 

monoxide (CO) rebreathing (20) the week before phlebotomy, four days prior to the low-volume 176 

transfusion and two days following the combined high-volume transfusion. The subjects had not 177 

exercised in at least two hours prior to CO rebreathing and had at least 1 day left until the next 178 

performance test. Briefly, in order to stabilize blood volume, the subjects were seated for at least 10 179 

min (21) before five baseline capillary blood samples were collected from a fingertip in 35 180 

preheparinized tubes (Clinitubes; Radiometer, Brønshøj, Denmark). The subjects then inhaled 1.0 ml 181 

per kg body mass chemically pure (99.997 %) CO (CO N47, Air Liquide, Paris, France) delivered 182 

via a 100 ml plastic syringe (Omnifix, Braun, Melsungen, Germany) to a custom-designed spirometer 183 

(Blood tec GbR, Bayreuth, Germany) creating a closed system. The system encompassed three liters 184 

of 100 % oxygen, which was rebreathed for two minutes. Five blood samples were collected 9 min 185 

following the inhalation of CO using the same technique employed during baseline sampling. Blood 186 

samples were immediately analyzed for percent carboxyhemoglobin (%COHb) and hemoglobin 187 



concentration ([Hb]) on an ABL 800 blood gas analyzer (Radiometer, Brønshøj, Denmark). A CO 188 

analyzer (Draeger, Luebeck, Germany) was used to evaluate whether a leak in the closed system 189 

occurred during the rebreathing period and to measure any leftover CO in the spirometer and lungs 190 

following the rebreathing period. The difference in %COHb was used to calculate Hbmass (20). 191 

 192 

Blood sampling 193 

Venous blood samples were collected according to World Anti-Doping Agency guidelines (22) from 194 

an antecubital vein following at least 10 min of rest in a seated position, and with less than 30 sec use 195 

of a tourniquet, into 2 ml EDTA- and 4 mL lithium heparin-containing vacutainers (Greiner Bio-One 196 

GmbH, Kremsmünster, Austria) for assessment of hematological variables and ferritin concentration, 197 

respectively. Blood was collected for hematological variables the week before phlebotomy, 3 days 198 

before and 2 h after the low-volume transfusion, with the latter sampling time being immediately 199 

before the exercise test. Furthermore, blood was collected 3 days following the combined high-200 

volume transfusion, which also was immediately prior to the exercise tests. Blood was collected for 201 

ferritin concentration the week before phlebotomy and 3 days before the low-volume transfusion. 202 

The filled vacutainers were stored at 4°C and delivered for analysis within 2 h of collection at 203 

Rigshospitalet, which follows the European standard quality control in medical laboratories (DS/EN 204 

ISO 15189). The EDTA samples were analyzed for [Hb], hematocrit (Hct), RBC count and 205 

reticulocyte percentage within 2 h of delivery using a Sysmex XE-2100 (Sysmex, Norderstedt, 206 

Germany). Ferritin was analyzed via sandwich electrochemiluminescence immunoassay on a Cobas 207 

8000, according to the manufactures guidelines (Roche Diagnostics, Rotkreuz, Schwitzerland). 208 

 209 

Statistics 210 



SPSS was used for statistical analyses (IBM SPSS Statistics, version 23.0.0). A linear mixed model 211 

for repeated measures assessed the effect of the blood transfusion treatment (23). The fixed factors 212 

were time, treatment, period, time × treatment, and period × treatment. For the repeated sprint test 213 

analysis, sprint number and time × treatment × sprint number were added as fixed factors as well. 214 

Subject was used to identify repeated measures and to define a random factor.  215 

The hematological data were analyzed in two runs: (1) inclusion of ‘pre-transfusion’ and ‘2 h post 216 

low-volume transfusion’ measurements to determine the effect of ABT of ~135 ml of RBCs on time 217 

trial performance and hematological values; and (2) inclusion of ‘pre-transfusion’ and ‘3 days after 218 

combined high-volume transfusion’ time points to determine whether a combined transfusion of ~135 219 

and ~235 ml of RBC impacts repeated sprint ability and hematological values. Significant main 220 

effects for time × treatment or time × treatment × sprint number were further evaluated by a Sidak-221 

adjusted pairwise comparison. Finally, a paired t-test determined whether there were differences 222 

between the two trials in the parameters obtained at baseline and prior to transfusion. The results are 223 

presented as the means ± SD, and the level of statistical significance was set at p < 0.05.  224 

The coefficient of variation of the performance tests was calculated by dividing the SD of the 225 

differences between pre-transfusion and post-transfusion results () from the placebo trial by the 226 

grand mean ( ) and dividing the quotient by √2: Coefficient of variance = ( / ) / √2 227 

The effectiveness of blinding in each treatment group was evaluated by the Bang blinding index (BI) 228 

(24) using the questionnaire results. The Bang BI was calculated for each time point of questionnaire 229 

completion (after phlebotomy, before reinfusion and following the final performance test) as BI1 = 230 

P1|1 – P2|1 and BI2 = P2|2 – P1|2 for the BT and PLA groups, respectively, where the conditional 231 

probability Pj|i = P(guess j|assigned treatment i) for i = 1 (BT), 2 (PLA) and j = 1 (BT), 2 (PLA), resulting in 232 

BIBT = PBT|BT – PPLA|BT and BIPLA = PPLA|PLA – PBT|PLA for the BT and PLA groups, respectively. The 233 

average Bang BI and average conditional probability of the three questionnaires were used to 234 



calculate the variance and 95 % confidence interval (CI). The variance was calculated as var(BIi) = 235 

{(P1|i (1-P1|i) + P2|i (1-P2|i) + 2P1|iP2|i)}/ni, while the 95 % CI was calculated as BIi ± 1.96 × √var(BIi). 236 

The Bang BI ranges from -1 to 1, where -1 indicates that all subjects guessed the incorrect treatment, 237 

0 indicates that all subjects randomly guessed, and 1 indicates that all subjects guessed the correct 238 

treatment. If CI included the null value, treatment-arm blinding was interpreted as having been 239 

maintained. 240 

  241 



RESULTS 242 

All performance measures were similar between the BT and PLA trials the week prior to transfusion. 243 

Moreover, the hematological values were similar between trials at baseline and Hct and reticulocyte 244 

percentage were similar between trials the week prior to transfusion. The [Hb], RBC count and 245 

hemoglobin mass, respectively, were 6.5 ± 4.1 % (P < 0.01), 6.8 ± 4.9 % (P < 0.05), and 3.9 ± 2.5 % 246 

(P < 0.01) lower in the BT trial than in the PLA trial the week prior to transfusion. The ferritin 247 

concentration was >30 ug/L for all subjects at any time point during the entire study, which is 248 

commonly used as a cut-off for iron deficiency (25). The average ferritin concentration was 136 ± 249 

104 and 81 ± 77 ug/L in the BT trial and 139 ± 95 and 127 ± 89 ug/L in the PLA trial the week prior 250 

to phlebotomy and transfusion, respectively. 251 

The Bang BI was 0.25 (95 % CI: [-0.42; 0.92]) for the BT trial and -0.25 (95 % CI: [-0.92; 0.42]) for 252 

the PLA trial, demonstrating that the blinding was maintained. 253 

 254 

Low-volume transfusion 255 

For time trial performance, there was a time × treatment interaction for both mean power (P < 0.05) 256 

(Fig. 2) and time to completion (P < 0.05). The post hoc analysis revealed that following a low-257 

volume transfusion, time trial mean power increased (P < 0.05) by 4.7 ± 1.6 %, while the mean power 258 

in the PLA trial was unaffected (0.3 ± 4.5 %). Time to completion became 4.4 ± 1.5 % faster after 259 

transfusion (P < 0.05) but was constant (-0.3 ± 4.5 %) in PLA. 260 

Additionally, there was a time × treatment interaction for [Hb] (P < 0.05), Hct (P < 0.01) and RBC 261 

count (P < 0.05), but not for reticulocyte percentage (Table 1), when the effect of transfusion was 262 

evaluated. The post hoc analysis demonstrated an increased [Hb] (P < 0.05) by 2.9 ± 3.0 %, Hct (P < 263 



0.05) by 3.0 ± 2.4 % and RBC count (P < 0.05) by 3.3 ± 2.5 % in the BT trial. In the PLA trial [Hb] 264 

(-1.9 ± 3.7 %), Hct (-1.8 ± 2.9 %) and RBC count (-1.0 ± 3.7 %) remained similar. 265 

 266 

Combined high-volume transfusion – repeated sprint ability 267 

No main effect of time, treatment, time × treatment or time × treatment × sprint number for repeated 268 

sprint ability existed, but a main effect (P < 0.001) existed for sprint number. The average power 269 

within each sprint number remained similar in each treatment from before to after transfusion (Fig. 270 

3). The non-significant average power change in each sprint from before to after transfusions was -271 

1.4 ± 3.8 %, 0.3 ± 4.8 %, 1.0 ± 4.2 % and 4.1 ± 2.7 % in the BT trial and -0.4 ± 4.6 %, 0.3 ± 4.1 %, 272 

1.4 ± 6.1 % and 0.9 ± 6.1 % in the PLA trial in the first, second, third and fourth sprints, respectively. 273 

Furthermore, the average power output of all four sprints combined remained similar within each 274 

group (Fig. 3) before and after transfusion (0.8 ± 2.4 % vs. 0.4 ± 3.4 % in the BT and PLA trial, 275 

respectively). Finally, no main effect of time, treatment or time × treatment existed for the change in 276 

average power output between successive sprints. A significant (P < 0.01) period effect was present 277 

for the repeated sprint ability, revealing a 4.0 % reduction of mean power during the second 278 

experimental period. 279 

There was a time × treatment interaction for [Hb] (P < 0.001), Hct (P < 0.001), RBC count (P < 0.001) 280 

and reticulocyte percentage (P < 0.05) when the effect of a combined high-volume transfusion was 281 

investigated (Table 1). The post hoc analysis demonstrated that [Hb] increased (P < 0.001) by 9.5 ± 282 

2.7 %, Hct (P < 0.001) by 8.9 ± 3.4 % and RBC count (P < 0.001) by 9.8 ± 3.7 % while reticulocyte 283 

percentage decreased (P < 0.001) by 23.2 ± 14.4 % in the BT trial. No significant changes were 284 

observed in [Hb] (-1.9 ± 2.8 %), Hct (-1.9 ± 3.6 %), RBC count (-0.9 ± 3.0) or reticulocyte percentage 285 

(2.8 ± 14.8 %) in the PLA trial. A significant period effect was present for Hct (P < 0.05) and 286 



reticulocyte percentage (P < 0.01), revealing changes of 1.2 and -0.24 % in Hct and reticulocyte 287 

percentage, respectively, during the second experimental period. 288 

 289 

Combined high-volume transfusion – time trial and maximal aerobic exercise 290 

There was also a time × treatment interaction for time trial mean power (P < 0.05) (Fig. 2) and time 291 

to completion (P < 0.05). Post hoc analysis demonstrated that, following the combined high-volume 292 

transfusion, the time trial mean power increased (P < 0.01) by 5.6 ± 2.7 % but remained similar in 293 

PLA (0.0 ± 7.0 %). Time to completion became 5.1 ± 2.6 % faster (P < 0.05) in the BT group but 294 

remained similar in PLA (0.4 ± 7.5 %). Additionally, the changes in time trial mean power and time 295 

to completion following the combined transfusions were not different from those obtained following 296 

the low-volume transfusion. 297 

No significant main effects existed for VO2peak, which remained similar before and after the 298 

combined high-volume transfusion (5.4 ± 8.8 % and -0.9 ± 6.0 % in BT and PLA, respectively). One 299 

subject had an apparent increase by 26 % following BT, and excluding that subject reduced the 300 

average change to 2.6 ± 2.9 % without changing the outcome of the statistical analysis. For peak 301 

power during the graded exercise test there was a time × treatment interaction (P < 0.05). The post 302 

hoc analysis revealed that, following the combined transfusion, the peak power increased (P < 0.05) 303 

by 3.7 ± 3.4 % but remained similar in PLA (-0.4 ± 4.3 %). 304 

 305 

Hemoglobin mass 306 

A time × treatment interaction was demonstrated for total hemoglobin mass (P < 0.001). The post hoc 307 

analysis revealed an increase (P < 0.001) by 8.9 ± 2.8 % following the combined high-volume 308 



transfusion, while hemoglobin mass remained similar in PLA (0.9 ± 1.8 %) (Table 2). In addition, 309 

the hemoglobin mass was 3.7 ± 2.2 % higher (P < 0.01) in BT than in PLA after transfusion. The 310 

calculated amount of transfused hemoglobin was 26 ± 4 g and 42 ± 5 g in the ~135 ml and ~235 ml 311 

transfusions, respectively, giving a total of 68 g transfused hemoglobin. The calculated typical error 312 

(26) for the hemoglobin mass measurement was 1.0 %. 313 

 314 

Coefficient of variance 315 

The coefficient of variance was 2.8 % and 3.6 % for mean power and time trial performance, 316 

respectively; 4.5 % for VO2peak; and 3.0 % for peak power during the graded exercise test. In the 317 

repeated sprint test, the coefficient of variance was 3.5 %, 2.9 %, 4.0 % and 4.2 % for the mean power 318 

during the first, second, third and fourth sprints, respectively, while it was 2.2 % for the average 319 

power during all four sprints.  320 



DISCUSSION 321 

The major finding in this study was that a low-volume ABT of ~135 ml of RBCs improved 650 kcal 322 

cycling time trial mean power output by ~5 %, while repeated sprint ability, measured as 4 × 30 s of 323 

all-out cycling separated by 4 min of recovery, remained similar following a combined high-volume 324 

ABT of ~135 and ~235 ml RBCs.  325 

 326 

Low-volume transfusion 327 

Previous studies have established that ABT of >800 ml of whole blood or a corresponding volume of 328 

RBCs improves aerobic exercise performance (1, 3-7). However, only one other study has evaluated 329 

the effect of an ABT of <800 ml on time trial performance (8). In accordance with the present results, 330 

3 km self-paced treadmill time trial performance improved by ~5 % following transfusion of 245 ml 331 

of RBCs. However, it is important to note that the transfused RBC volume was almost two-fold higher 332 

in the study by Ziegler et al. (8) than in the present study, which is reflected in the approximately 333 

two-fold higher increase in [Hb], Hct and RBC count in the former study. Thus, an important finding 334 

in the present study is that even a low transfusion volume with limited, but significant, effect on [Hb], 335 

Hct and RBC count can elicit a similar effect as an almost two-fold higher transfusion volume on 336 

endurance time trial performance. Thus, no clear dose-response relationship between transfusion 337 

volume and aerobic exercise performance appears to exist, which is counterintuitive. One important 338 

difference between the two studies is the timing of testing, which may impact the effect on 339 

performance because up to ~25 % of transfused RBCs are removed from the circulation within 24 h 340 

(27). The present study evaluated time trial performance 2 h following transfusion compared to 18-341 

24 h in the study by Ziegler et al. (8), which may explain the similar performance-enhancing effect 342 

despite a two-fold difference in transfusion volume. In addition, Ziegler et al. (8) did not blind the 343 



transfusion procedure or include a control group; therefore, a potential placebo effect or normal 344 

performance variation cannot be accounted for. 345 

Notably, the observed 5 % improvement in time trial mean power in the present study is similar to 346 

the 3-5 % improvement in time trials lasting ~30 min following transfusion of 900 ml of freeze-347 

preserved blood (3, 6, 7). Although freeze-preserved blood may cause Hbmass to increase 25 % less 348 

compared to refrigerated blood (28) and ~25 % of the transfused Hbmass is removed from the 349 

circulation in the first 24 h, this explanation seems insufficient for the similar improvement in time 350 

trial performance following transfusion of 125 ml of refrigerated RBCs or 900 ml of freeze-preserved 351 

blood. Thus, without neglecting differences in study methodologies, it appears that there is no obvious 352 

dose-response relationship between transfusion volume and the magnitude of the effect on time trial 353 

performance. 354 

 355 

High-volume transfusion 356 

The present study is the first to investigate the effect of an ABT on repeated cycling sprint ability. In 357 

contrast to the initial hypothesis, a combined high-volume ABT of ~135 and ~235 ml of packed 358 

RBCs, which caused an acute increase of ~9 % in Hbmass, did not affect repeated cycling sprint ability 359 

compared to placebo. It is well known that aerobic energy delivery is of little importance for one 30 360 

s all-out exercise bout (14), but when the 30 s all-out exercise bout is repeated, the importance of 361 

aerobic energy delivery is clearly increased (15). Moreover, increased oxygen availability may also 362 

be important for recovery between exercise bouts (17). Nevertheless, there was no transfer of the 363 

substantial increase in Hbmass and the 10 % increased oxygen carrying capacity of the blood to 364 

repeated sprint ability in the present study. 365 



Notably, there was a significant ~4 % reduction in average power output, an ~1.2-percentage-point 366 

increase in Hct and a 0.12-percentage-point decrease in reticulocyte percentage from the first to the 367 

second experimental period. This effect of period was independent of treatment group. Moreover, the 368 

average power output, Hct and reticulocyte percentage determined one week before phlebotomy (i.e., 369 

‘baseline’) did not differ between the two periods (data not shown). Thus, the periodic effect cannot 370 

be explained by a shift in baseline values, and no clear explanation for the observed effect can be 371 

provided. It may be speculated that the subjects slightly reduced their effort during the second trial 372 

despite explicit instructions and encouragement to perform maximally. However, the observed effect 373 

of period does not affect the conclusion, which is supported by the fact that no difference in average 374 

power output from pre- to post-transfusion within BT or PLA could be detected by paired t-tests (data 375 

not shown). 376 

Furthermore, time trial performance and VO2peak were evaluated following the combined high-377 

volume transfusion of ~135 and ~235 ml to confirm the validity and sensitivity of the applied storage, 378 

transfusion and exercise protocol. The combined transfusion volume improved performance on a 650 379 

kcal, ~40 min cycling time trial performance by 5.6 %. This is in accordance to previous research 380 

with similar transfusion volumes demonstrating a 3-5 % improvement in running time trial 381 

performances lasting ~30 min (3, 6, 7). However, the VO2peak remained at a similar level compared 382 

to pre-transfusion values, which is in contrast to previous studies demonstrating a 5-10 % increase 383 

(1, 5, 18, 29, 30). The discrepancy could be explained by an insufficient sensitivity of the VO2peak 384 

measurement in the present study, as the more sensitive peak power during the graded exercise test 385 

improved.  386 

It is evident from the hemoglobin mass measurements that the subjects had not fully recovered from 387 

the phlebotomy during the four week storage period. Thus, the transfusion was a mix of replacing the 388 

lost cells and adding additional as evident by the increase in hemoglobin mass following the combined 389 



high-volume transfusion of ~135 and ~235 ml RBCs. It may be speculated that the initial 390 

normalization of the blood volume is contributing the most to the performance enhancing effect while 391 

the additional increase in blood volume contributes less. However, this remains unknown. 392 

 393 

Anti-doping perspectives 394 

Autologous blood transfusion is prohibited by The World Anti-Doping Agency. Currently, the only 395 

method capable of detecting ABT is the Athlete Biological Passport, and studies have demonstrated 396 

that the sensitivity of the passport may be as low as 20 % when transfusion of 1-3 bags of RBCs are 397 

performed (31). However, when intelligent testing is applied for detection of transfusion of one or 398 

two bags of RBCs at two to four occasions during a season, the sensitivity of the passport may be up 399 

to 80 % (32). Thus, it appears likely that the combined high-volume transfusion of ~135 and ~235 ml 400 

RBCs in the present study would have a high chance of detection. For the low-volume transfusion 401 

alone, it must be acknowledged that the expected sensitivity of the passport is lower. However, many 402 

factors may influence the sensitivity of the passport. For instance, the timing of the sample collection 403 

is of high importance, as the transfusion causes an acute increase in [Hb], while the reticulocyte 404 

percentage is expected to decrease 3-7 days later (33). This response is likely due to a negative 405 

feedback mechanism caused by the increased hemoglobin mass, and a decreased reticulocyte 406 

percentage was indeed present 3 days following the combined transfusions in the present study. 407 

Furthermore, the intelligent testing of the Athlete Biological Passport may have a substantial impact 408 

on the sensitivity, as evident by the increase from a 20 % detection rate of Mørkeberg et al. (31) 409 

compared to 80 % of Pottgiesser. et al. (32). However, intelligent testing has only been investigated 410 

once, and more studies are needed to reveal the true sensitivity of the Athlete Biological Passport for 411 

detection of autologous blood transfusion. 412 



The current findings clearly demonstrate the need for methods able to detect even minor 413 

manipulations of athletes’ blood volumes, as these may be of significant impact in several sport 414 

disciplines (e.g. track cyling, middle distance athletics etc.). As the changes in hematological values 415 

following a low-volume transfusion is limited, but significant, investigations into the recently 416 

proposed monitoring of athlete performance data (34, 35) may prove valuable. Importantly, we 417 

demonstrate that determination of hemoglobin mass is sensible enough to reveal the induced changes 418 

by a combined high-volume transfusion, but the inherent problems of the required athlete 419 

collaboration in measuring hemoglobin mass is a limitation. Indirect markers of manipulation 420 

resulting from –omics based analyses of urine or blood are other promising future possibilities. 421 

 422 

CONCLUSION 423 

ABT of ~135 ml of packed RBCs increased mean power on a 650 kcal cycling time trial by ~5 %. 424 

Furthermore, a combined transfusion of ~135 and ~235 ml of packed RBCs does not affect repeated 425 

sprint ability as measured by 4 × 30 s of all-out cycling interspersed with 4 min of recovery. 426 

 427 
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FIGURE CAPTIONS 524 

Figure 1.  Timeline illustrating the procedure of the study. The two units (900 ml) of phlebotomized 525 

blood were stored for four weeks as packed red blood cells (RBCs) before transfusion. Approximately 526 

135 ml of packed RBCs was transfused during first transfusion while approximately 235 ml of packed 527 

RBCs was transfused during the second transfusion, providing a total volume of 370 ml packed RBCs.  528 

VO2peak: peak oxygen uptake.  529 

  530 



Figure 2. Illustration of individual values of mean power during a 650 kcal time trial performance 531 

before (pre) and after (post): (A) a low-volume autologous blood transfusion of ~135 ml packed red 532 

blood cells or placebo, (B) a combined high-volume autologous blood transfusion of ~135 ml and 533 

~235 ml of packed red blood cells or placebo in the blood transfusion (BT) or placebo (PLA) trial. 534 

Histograms indicate means with error bars indicating one standard deviation of the mean. * 535 

Significant (P < 0.05) interaction of time and treatment, # Significant (P < 0.05) difference from pre 536 

to post within treatment, ## Significant (P < 0.01) difference from pre to post within treatment. N.S. 537 

= not significant.   538 



Figure 3.  Illustration of the mean power of each consecutive sprint during the repeated sprint test as 539 

well as the average during all four sprints before (pre) and after (post) a combined-high volume 540 

autologous blood transfusions of ~135 and ~235 ml packed red blood cells (BT) or placebo (PLA). 541 

Only main effects for time, treatment, time × treatment and time × treatment × sprint number are 542 

indicated and all are non-significant. N.S. = not significant.  543 
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TABLES 545 

Table 1. Hematological values 546 

Variable Treatment 
Week before 
phlebotomy 

3 days before 
transfusion 

2 h post 135 ml 
transfusion 

3 days post 
135+235 ml 
transfusion 

[Hb] (g/dL) 

PLA 14.9 ± 0.8 15.0 ± 0.8 14.8 ± 0.6 14.8 ± 0.8 

BT 15.0 ± 0.9 14.1 ± 0.7 † 14.6 ± 0.8 # 15.5 ± 0.9 # # # 

Hct (%) 

PLA 43.4 ± 2.6 43.4 ± 2.9 43.1 ± 1.1 43.0 ± 2.2 

BT 43.8 ± 1.9 41.6 ± 2.0 42.9 ± 2.1 # 45.4 ± 3.1 # # # 

RBC (1012/L) 

PLA 4.92 ± 0.23 4.91 ± 0.30 4.88 ± 0.22 4.86 ± 0.30 

BT 4.93 ± 0.21 4.58 ± 0.17 † 4.73 ± 0.21 # 5.03 ± 0.28 # # # 

Ret% (%) 

PLA 1.07 ± 0.27 1.14 ± 0.33 1.10 ± 0.33 1.20 ± 0.28 

BT 1.18 ± 0.31 1.62 ± 0.49 1.45 ± 0.42 1.21 ± 0.32 # # # 

 547 

Hematological values (mean ± SD) during the placebo (PLA) and blood transfusion (BT) treatment. 548 

[Hb]: hemoglobin concentration, Hct: hematocrit, RBC: red blood cell count, Ret%: reticulocyte 549 

percentage. Statistical significant differences are: # P < 0.05, # # # P < 0.001 compared to 3 before 550 

transfusion. † P < 0.05, †† P < 0.01 compared to PLA.  551 



Table 2. Hemoglobin mass 552 

Variable Treatment 
Week before 
phlebotomy 

4 days before 
transfusion 

2 days post 135+235 
ml transfusion 

Hemoglobin 
mass (g) 

PLA 

BT 

877 ± 73 868 ± 83 875 ± 75 

878 ± 100 # # # 833 ± 77 †† 906 ± 71 †† # # # 

 553 

Hemoglobin mass (mean ± SD) during the placebo (PLA) and blood transfusion (BT) treatment. 554 

Statistical significant differences are: # # # P < 0.001 compared to 4 days before transfusion. †† P < 555 

0.01 compared to PLA. 556 
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