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ABSTRACT 1 

This study evaluated whether recombinant human erythropoietin (rhEpo) treatment combined with 2 

chronic hypoxia provided an additive erythropoietic response and whether the Athlete Biological 3 

Passport (ABP) sensitivity improved with hypoxia. 4 

Two interventions were completed, each containing four weeks baseline, four weeks exposure at sea-5 

level or 2,320m of altitude and four weeks follow-up. Participants were randomly assigned to 20 6 

IU·kg bw-1 rhEpo or placebo injections every second day for three weeks during the exposure period 7 

at sea-level (rhEpo n=25, placebo n=9) or at altitude (rhEpo n=12, placebo n=27). Venous blood was 8 

analyzed weekly. 9 

Combining rhEpo and hypoxia induced larger changes compared with rhEpo or hypoxia alone for 10 

[Hb] (P<0.001, P>0.05, respectively), reticulocyte percentage (P<0.001) and OFF-hr score (P<0.01, 11 

P<0.001, respectively). The most pronounced effect was observed for reticulocyte percentage with 12 

up to ~35% (P<0.001) and ~45% (P<0.001) higher levels compared with rhEpo or hypoxia only, 13 

respectively. The ABP sensitivity for the combined treatment was 54 and 35 percentage points higher 14 

for [Hb] (P<0.05) and reticulocyte percentage (P<0.05), respectively, but similar for OFF-hr score, 15 

compared with rhEpo at sea-level. Across any time point, [Hb] and OFF-hr score combined identified 16 

14 unique true-positive participants (56%) at sea-level and 12 unique true-positive participants 17 

(100%) at altitude. However, a concurrent reduction in specificity existed at altitude. 18 

In conclusion, rhEpo treatment combined with hypoxic exposure provided an additive erythropoietic 19 

response compared to rhEpo or hypoxic exposure alone. Correspondingly, ABP was more sensitive 20 

to rhEpo at altitude than at sea-level, but a compromised specificity existed with hypoxic exposure.  21 



INTRODUCTION 22 

Many athletes sojourn at altitude to improve sea-level endurance exercise performance1 via hypoxia 23 

induced increases of hemoglobin concentration ([Hb]), reticulocyte percentage  and total hemoglobin 24 

mass.2,3 Like hypoxic exposure, injections of recombinant human erythropoietin (rhEpo) augments 25 

erythropoiesis which lead to increased reticulocyte percentage, [Hb] and total hemoglobin mass.4,5 26 

However, the hematological response to combined altitude exposure and rhEpo injections remain 27 

unknown. If hypoxic exposure and rhEpo injections are combined, a simple additive effect must be 28 

expected as a dose-dependent relationship exist between the increase in endogenous erythropoietin 29 

concentration and the erythropoietic response.6 Identifying the response to altitude and rhEpo 30 

injections is particularly important for anti-doping purposes, as reports indicate that altitude exposure 31 

is utilized as a masking technique for atypical hematological fluctuations,7 e.g. induced by rhEpo.  32 

The hematological module of the Athlete Biological Passport (ABP) is developed for indirect 33 

detection of rhEpo misuse. The ABP monitor athletes’ hematological fluctuations longitudinally in 34 

an adaptive model and calculates an upper and lower intra-individual threshold for [Hb], reticulocyte 35 

percentage, OFF-hr score ([Hb] – 60 × √reticulocyte percentage) and an Abnormal Blood Profile 36 

Score (ABPS).8 If a sample crosses a threshold it is considered an outlier, which initiate an expert 37 

panel blood profile review.9 The expert review is highly dependent on existing research illuminating 38 

likely and unlikely fluctuations. Indeed, the number of outliers has been investigated following 39 

different rhEpo treatment strategies with sensitivities ranging from 20-100% depending on the 40 

treatment dose10-13 and it is known that chronic altitude exposure constitute a confounding factor that 41 

may reduce the specificity of the passport.14-16 However, the impact of combined altitude exposure 42 

and rhEpo injections on the ABP parameters, number of outliers and the passport specificity is 43 

currently unknown. 44 



In the present study we hypothesized that (1) intravenous injections of 20 IU·kg bw-1 epoetin alpha 45 

every second day for three weeks with simultaneous exposure to 2,320 m of altitude induce an 46 

additive erythropoietic response compared to altitude exposure alone and compared to sea level 47 

treatment with similar doses epoetin alpha in both males and females and (2) the fraction of true 48 

positive outliers by the ABP in participants treated with intravenous injections of 20 IU·kg bw-1 49 

epoetin alpha every second day for three weeks is higher with simultaneous exposure to 2,320 m of 50 

altitude compared to sea level exposure, but a concurrent reduced specificity exist with altitude 51 

exposure.  52 



METHODS 53 

Thirty-nine regularly physical active, low-altitude residents and non-smoking healthy males (n=23, 54 

27±7 yrs, 76±9 kg, 183±8 cm and a VO2max of 60±8 ml·min·kg-1) and females (n=16, 26±4 yrs, 63±8 55 

kg, 171±8 cm and a VO2max of 47±5 ml·min·kg-1) gave written informed consent to participate in a 56 

randomized, single-blinded, placebo-controlled study approved by the ethics committee of 57 

Copenhagen, Denmark (H-17036662), registered on www.clinicaltrials.gov (NCT04227665) and 58 

performed in accordance with the Declaration of Helsinki. No participant had been exposed to altitude 59 

higher than 1000 m for >1 month or donated blood for >3 months before the study and were instructed 60 

to refrain from such during the study. 61 

Design 62 

The study included two interventions, each containing four weeks baseline, a four-week exposure at 63 

either sea level or 2,320m of altitude (Centro de Alto Rendimiento, Sierra Nevada) and four weeks 64 

of follow up (Figure 1). At least 2 months separated the interventions. Participants traveled to ~700 65 

m of altitude for 5-7 h twice during altitude exposure and biked occasionally to 1,800 m following 66 

immediate ascent to 2,320 m as well as biked or hiked to 3400m. Participants were randomly assigned 67 

to rhEpo (Epoetin alpha, Eprex, Janssen-Cilag, Birkerød, Denmark) injections of 20 IU·kg bw-1 (n=25 68 

at sea level, 13 males and 12 females; n=12 at altitude, 7 males and 5 females) or saline (n=9 at sea 69 

level, 6 males and 3 females; n=27 at altitude, 16 males and 11 females) given intravenously every 70 

second day for three weeks with a total of 11 injections. Treatment started at day 1 and day 3 of the 71 

sea level and altitude exposure period, respectively. Participants wore a blindfold during injections to 72 

maintain blinding. A small rhEpo treatment dose was applied to mimic a likely real-life treatment 73 

regime. 74 

http://www.clinicaltrials.gov/


Participants were instructed to ingest ~250 mg ferric sulfate (Tardyferon, Pierre Fabre Pharma GmbH, 75 

Freiburg, Germany) every second day from the third baseline week until completion of follow up 76 

measurements in both interventions.  77 

Sampling 78 

Blood was collected weekly from an antecubital vein in EDTA vacutainers (BD Vacutainer®: 79 

K2EDTA (K2) CE cat no 368856, Becton Dickinson, NJ, USA) according to the World Anti-Doping 80 

Agency (WADA) guidelines17 during both interventions and collections were separated by at least 5 81 

days. Briefly, ≥10 min of seated rest and <30 s of tourniquet application was applied before collection 82 

and ≥15 min of sample homogenization on a roller mixer preceded a duplicate complete blood count 83 

and reticulocyte analysis on a Sysmex XN-450 hematology analyzer (Sysmex, Kobe, Japan). The 84 

first result of the duplicate analysis was the primary outcome if the variance between the analyses 85 

were acceptable according to WADA guidelines.9 If not, the sample was reanalyzed according to 86 

WADA guidelines until acceptable.9 Physical activity was not allowed for 2 h prior to blood sampling. 87 

Instrument maintenance, including timely analysis of internal quality controls were performed 88 

according to WADA guidelines.9 89 

Athlete Biological Passport 90 

The Anti-Doping Administration & Management System (ADAMS) training platform developed by 91 

WADA was used to examine the sensitivity and specificity of the hematological module of the ABP 92 

by creating individual passport profiles. The adaptive model was applied on each exposure period 93 

(sea level or altitude) separately, i.e. one participants’ four baseline samples from the respective 94 

intervention was introduced along with one specific sample (e.g. the second week of altitude 95 

exposure) to evaluate whether the specific sample triggered an outlier, i.e. crossed a calculated 96 

threshold. Thresholds were calculated for [Hb], reticulocyte percentage, OFF-hr score and the ABPS 97 



18. Since the ABP guidelines does not define an outlier for the ABPS biomarker to trigger an atypical 98 

passport finding, the ABPS marker was only presented for potential future interest, but not discussed 99 

further within the present study. 100 

Sensitivity was calculated for each time point as the fraction of rhEpo treated participants exceeding 101 

the upper or lower calculated threshold for a passport biomarker with a specificity of 99% or 102 

exceeding a probability of 99.9% for an atypical longitudinal profile. Specificity was calculated as 103 

the fraction of outliers exceeding the upper or lower calculated threshold in samples collected at 104 

baselines for all participants in both interventions as well as during the sea level exposure and follow 105 

up period in placebo treated participants. Potential false-positive results within the baseline samples 106 

were investigated by introducing four baseline samples from one intervention and comparing each 107 

baseline value with the thresholds calculated at the fourth baseline sample to reduce the likelihood of 108 

false-positives caused by insufficient adaptation of the initial thresholds. To investigate the impact of 109 

altitude exposure on the specificity, specificity was also calculated for samples collected exclusively 110 

from placebo treated participants during altitude exposure and the follow up period.  111 

The sensitivity and specificity for [Hb], OFF-hr score, reticulocyte percentage and ABPS were 112 

investigated independently and in combination, including the combination of [Hb] and OFF-hr score 113 

as well as [Hb], OFF-hr score and reticulocyte percentage. The purpose was to determine whether the 114 

biomarkers have an additive effect, as some individuals may cross the thresholds for [Hb] while others 115 

cross for OFF-hr score. Furthermore, adding the reticulocyte percentage is previously demonstrated 116 

to improve sensitivity of the passport.13 117 

Statistics 118 

SPSS was used for statistical analyses (IBM SPSS Statistics, version 25.0.0). A mixed linear model 119 

for repeated measurements was used.19 To answer the hypotheses the following analyses were 120 



completed: (1) ‘rhEpo’ (n=12) vs. ‘placebo’ (n=27) during the 12-week altitude intervention to 121 

determine whether an additive erythropoietic response is induced by rhEpo injections at altitude; (2) 122 

‘altitude’ (n=12) vs ‘sea-level’ (n=25) during both 12-week interventions in the rhEpo group only to 123 

determine whether rhEpo injections and hypoxic exposure induce an additive erythropoietic response 124 

compared to rhEpo injections at sea level; (3) ‘rhEpo’ (n=25) vs. ‘placebo’ (n=9) during the 12-week 125 

sea-level intervention to determine the physiological response to rhEpo injections at sea level. Fixed 126 

factors were ‘time’, ‘treatment’ (rhEpo or placebo) and the interaction ‘time × treatment’ (analysis 1 127 

and 3) or time, intervention (altitude or sea level) and time × intervention (analysis 2). Participant ID 128 

was used to identify repeated measures and to define a random factor. 129 

In addition, a generalized linear mixed model using time and biomarker as fixed factors was used to 130 

investigate whether biomarkers of the ABP was more sensitive at altitude than at sea level while time 131 

× biomarker was added subsequently as fixed factor to determine any temporal effects. Finally, to 132 

investigate whether an effect of sex was present, all analyses were repeated with inclusion of sex as 133 

a fixed factor including incorporation of sex in the interactions (e.g. time × treat × sex). Significant 134 

main effects for any interaction was followed by a Sidak-adjusted pairwise comparison.  135 

Due to the unpaired group design, the relative differences of hematological variables between groups 136 

were calculated by the delta method, i.e. log transforming data followed by calculation of the mean 137 

within each group and then transforming the means back to a linear scale. The ratio between back 138 

transformed means provided the relative difference between groups. The 95% confidence intervals 139 

were calculated as the difference between means on the log scale ± 1.96 × the standard error of the 140 

difference followed by back transformation to a linear scale. Results are expressed as mean [lower 141 

limit; upper limit] with lower and upper limit being the 95% confidence interval. The level of 142 

significance was set at P<0.05.  143 



RESULTS 144 

Additive effect of rhEpo and hypoxia compared to hypoxia only (Fig. 2) 145 

During the 12-week altitude intervention a time × treatment interaction existed for [Hb] (P<0.05), 146 

reticulocyte percentage (P<0.001) and OFF-hr score (P<0.001). The pairwise analysis revealed no 147 

specific time points at which [Hb] was different between the rhEpo and placebo group. In contrast, 148 

the reticulocyte percentage was 46% [27;67], 39% [19;63] and 26% [8;46] higher (P < 0.001) in the 149 

rhEpo group in the second, third and fourth week of altitude exposure, respectively. Lastly, the OFF-150 

hr score was reduced (P<0.05) in the rhEpo group (-5% [-21;14]) in the second week of altitude 151 

exposure, compared with placebo. 152 

Additive effect of rhEpo and hypoxia compared to rhEpo only (Fig. 2) 153 

When the rhEpo groups in the altitude and sea level intervention were compared, a time × intervention 154 

interaction existed for [Hb] (P<0.001), reticulocyte percentage (P<0.001) and OFF-hr score (P<0.01).  155 

Specifically, the [Hb] was reduced (P<0.01) in the altitude group (-3.2% [-9.0;3.0]) at the second 156 

baseline but 3.7% [-3.4;11.3], 5.5% [-1.0;12.5] and 5.6% [0.1;11.5] higher at the first (P<0.01), third 157 

(P<0.001) and fourth (P<0.001) week of altitude exposure, respectively, compared with sea level. 158 

Likewise, [Hb] of the altitude group was 5.6% [0.1;11.5], 2.7% [-1.9;7.5] and 5.3% [0.6;10.3] higher 159 

in the first (P<0.05) and third (P<0.001) week of follow up, respectively. The reticulocyte percentage 160 

was 32% [14;53], 31% [13;51] and 36% [12;65] higher (P<0.001) in the altitude group at the second, 161 

third and fourth week of altitude exposure, respectively, compared to sea level. Finally, the OFF-hr 162 

score was reduced (P<0.05) in the altitude group (-12% [-29;8]) in the second exposure week and 8% 163 

[-2;18], 9% [-2;21] and 8% [-5;23] higher in the second (P<0.05), third (P<0.05) and fourth (P<0.05) 164 

week of follow up, respectively, compared with sea level. 165 

Erythropoietic effect of rhEpo treatment at sea level (Fig. 2) 166 



During the 12-week sea level intervention a time × treat interaction existed for [Hb] (P<0.05), 167 

reticulocyte percentage (P<0.001) and OFF-hr score (P<0.001). 168 

Following pairwise comparison, there were no specific time points at which [Hb] was different 169 

between the rhEpo and placebo group. However, the reticulocyte percentage was 29% [0;65], 69% 170 

[38;106], 46% [26;70] and 39% [10;74] higher in the rhEpo group at the first (P<0.05), second 171 

(P<0.001), third (P<0.001) and fourth (P<0.01) week of exposure, respectively, compared to placebo. 172 

In contrast, the reticulocyte percentage was reduced (P<0.05) in the rhEpo group (-23% [-38;-6]) at 173 

the second week of follow up compared with placebo. Lastly, the OFF-hr score was lower (P<0.01) 174 

at the second week of exposure in the rhEpo group (-20% [-30;-7]), but 18% [3;35] higher (P<0.05) 175 

in the first follow up week, compared with placebo. 176 

The individual response for [Hb], OFF-hr score and reticulocyte percentage during both interventions 177 

are available in the supplemental figure 1 and 2. 178 

Athlete Biological Passport 179 

A main effect of biomarker existed (P < 0.001) for the sensitivity of the ABP. Specifically, [Hb] (P < 180 

0.05), reticulocyte percentage (P < 0.05) and ABPS (P < 0.01) were more sensitive in the altitude 181 

intervention compared with sea level, whereas the OFF-hr score provided a similar sensitivity. 182 

Additionally, when [Hb] and OFF-hr score was combined, i.e. how many participants exceeded the 183 

thresholds for either biomarker, a higher (P < 0.01) sensitivity was evident in the altitude intervention 184 

compared with sea level. Finally, combining [Hb], OFF-hr and reticulocyte percentage also provided 185 

a higher (P < 0.001) sensitivity in the altitude intervention. However, no main effect of time × 186 

biomarker existed. 187 

Across any time point, the passport identified 3 (12%), 11 (44%), 14 (56%) and 6 (24%) of the 25 188 

participants treated with rhEpo at sea level with an outlier for [Hb], OFF-hr score, reticulocyte 189 



percentage and ABPS, respectively. At altitude, the passport identified 11 (92%), 10 (83%), 12 190 

(100%) and 9 (75%) of the 12 participants treated with rhEpo with an outlier for [Hb], OFF-hr score, 191 

reticulocyte percentage and ABPS, respectively. For [Hb] and OFF-hr score combined, the passport 192 

identified 14 unique participants (56%) at sea level and 12 unique participants (100%) at altitude 193 

across any time point. 194 

Investigating the specific time points revealed that during the sea level intervention, the highest 195 

sensitivity at a single time point was 4% (1/25 participants), 24% (6/25 participants), 40% (10/25 196 

participants) and 12% (3/25 participants) for [Hb], OFF-hr score, reticulocyte percentage and ABPS, 197 

respectively, while all markers had a nadir of 0%. When combining [Hb] and OFF-hr score, the 198 

sensitivity peaked at 28% (7/25 participants) for a single time point, which was 44% (11/25 199 

participants) when the reticulocyte percentage was added as well.  200 

During the altitude intervention, the highest sensitivity at a single time point was 58% (7/12 201 

participants), 50% (6/12 participants), 75% (9/12 participants) and 42% (5/12 participants) for [Hb], 202 

OFF-hr score, reticulocyte percentage and ABPS, respectively. All markers had a nadir of 0%, expect 203 

ABPS which detected at least 8% (1/12 participants) at any time point. Combining [Hb] and OFF-hr 204 

score elicited a peak sensitivity of 58% (7/12 participants) and adding the reticulocyte percentage 205 

provided a peak sensitivity of 83% (10/12 participants). The time at which each biomarker obtained 206 

the highest sensitivity alone or combined is illustrated in figure 3.  207 

Table 1 reports the number of false-positive outliers, number of participants with false-positive 208 

outliers and the calculated specificity of the ABP. There was no effect of sex for the changes in [Hb], 209 

reticulocyte percentage, OFF-hr score or for sensitivity of the ABP.  210 



DISCUSSION 211 

The main finding of the present study was that four weeks of chronic hypoxic exposure at 2,320m 212 

simultaneously with three weeks of 20 IU·kg bw-1 rhEpo injections provided an additive 213 

erythropoietic response compared to chronic hypoxia or rhEpo injections at sea level alone. 214 

Additionally, the fraction of true positive outliers by the ABP was higher in participants treated with 215 

rhEpo at altitude compared with rhEpo treatment at sea level, but the specificity was compromised 216 

with altitude exposure. 217 

Additive erythropoietic effect of hypoxia and rhEpo 218 

Altitude exposure16 and rhEpo treatment11,20 increase erythropoiesis independently. However, here 219 

we demonstrate that the two treatments provided an additive erythropoietic response when combined. 220 

The most pronounced effect was observed for reticulocyte percentage with ~30-45% higher levels in 221 

the combined treatment group during the final three weeks of the exposure period compared with 222 

only altitude exposure or rhEpo treatment. The additive erythropoietic effect of a combined treatment 223 

is further supported by studies demonstrating that injections of rhEpo 2-3 times per week in even 224 

higher doses (30-50 IU·kg bw-1) than the present study only increase reticulocyte percentage ~0.6-225 

0.8 percentage points,11,20 which appear inferior to the reticulocyte percentage peak within the 226 

combined treatment group of ~1.1 percentage points compared with baseline. Additionally, chronic 227 

hypoxic exposure at 1800-2760 m only increase reticulocyte percentage ~0.2-0.4 percentage points 228 

21-23. 229 

Following altitude exposure24 or rhEpo treatment,11,12 the reticulocyte percentage is expected to 230 

decrease below baseline levels. Indeed, a lower reticulocyte percentage was observed for the rhEpo 231 

group at sea level at the second follow up week compared to placebo (Figure 2). A recent meta-232 

analysis indicate that a higher amount of hypoxic exposure is associated with a larger decrease in 233 



reticulocyte percentage upon descent from altitude,25 which is likely a consequence of an increased 234 

red cell volume expansion with increasing hypoxic exposure. However, despite the higher red cell 235 

production as indicated by the higher reticulocyte percentage in the combined treatment group, the 236 

reticulocyte percentage decreased to a similar level as in the altitude placebo or sea level rhEpo groups 237 

with nadirs of 0.7 ± 0.2% (combined), 0.8 ± 0.3% (altitude only) and 0.8 ± 0.2% (rhEpo only).  The 238 

explanation for the similar nadirs remain unknown. 239 

The [Hb] was also different between the combined treatment and placebo at altitude, but the analysis 240 

did not reveal a specific time point for the difference. However, applying the simplest possible 241 

comparison, i.e. an unpaired t-test, on changes from the mean of all baselines to the final week of 242 

exposure, as this is where [Hb] is expected to peak with altitude exposure16,26 or rhEpo treatment,11,27 243 

indicated a higher (P<0.001) change in [Hb] by the combined treatment compared with altitude alone. 244 

The peak of [Hb] within the combined treatment group was approximately 1.6 g·dL-1 higher than 245 

baseline, which is comparable to increases of ~1.3-1.4 g·dL-1 when higher (30-50 IU·kg bw-1) rhEpo 246 

doses are injected 2-3 times per week.11,27-29 In addition, the applied altitude dose is expected to 247 

increase [Hb] by only ~1 g·dL-1,25 which is in accordance with the present study observing a 0.9 g·dL-248 

1 higher [Hb] during altitude compared with baseline in the altitude placebo group. These results 249 

further support that an additive response of the combined treatment exist. 250 

Changes in OFF-hr score is dependent on changes in [Hb] and reticulocyte percentage. Accordingly, 251 

the OFF-hr score decreased at the second exposure week in the combined treatment group compared 252 

with altitude or rhEpo alone due to a higher reticulocyte percentage and similar [Hb]. However, 253 

despite a higher reticulocyte percentage of the combined treatment group in the remaining exposure 254 

period, no difference in OFF-hr existed for any subsequent time point when compared to altitude 255 

only. These results indicate that a meaningful difference existed for [Hb] between the combined and 256 



altitude only group, as an increase in [Hb] will minimize the effect of an increased reticulocyte 257 

percentage on the OFF-hr score. 258 

Athlete Biological Passport 259 

The present study demonstrated that the ABP was more sensitive to rhEpo treatment at altitude than 260 

at sea level for all variables but the OFF-hr score. Albeit the analysis did not identify a specific time 261 

point for the differences in ABP biomarker sensitivity, a 54 and 35 percentage point numerically 262 

higher sensitivity was present for [Hb] and reticulocyte percentage (Figure 3), respectively, which is 263 

likely due to the confounding effect of hypoxic exposure on the hematological response. 264 

The peak in sensitivity occurred at the expected time points. For instance, [Hb] is expected to peak in 265 

the final week of altitude exposure16,26 and the first week after rhEpo treatment,11,27 which in the 266 

present study corresponds to a peak in sensitivity at 58% (7 out of 12 participants) at altitude. 267 

However, it is difficult to interpret the optimal timing at sea level as the sensitivity only reached 4% 268 

(1 out of 25 participants). In addition, the reticulocyte percentage is expected to peak 1-2 weeks into 269 

rhEpo treatment11,20 or altitude exposure,21 at which the highest sensitivities of 67-75% (8-9 out of 270 

12 participants) and 24-40% (6-10 out of 25 participants) were observed at altitude and sea level, 271 

respectively. Finally, the OFF-hr score is designed to be sensitive in periods with decelerated 272 

erythropoiesis,30 as evident by the highest sensitivity of 50% (6 out of 12 participants) observed in 273 

the third week after altitude. However, in accordance with previous findings,13 the OFF-hr score is 274 

also sensitive in early periods of accelerated erythropoiesis where the reticulocyte percentage is high 275 

but the effect has not translated into [Hb] changes yet, as indicated by the sensitivity of 50% (6 out 276 

of 12 participants) in the second exposure week at altitude. 277 

Notably, the peak sensitivity was numerically 16 and 25 percentage points higher when adding the 278 

reticulocyte percentage to the [Hb] and OFF-hr score at sea-level and altitude, respectively. Although 279 



the specificity was below 99% at altitude, all three variables maintained a specificity >99% at sea 280 

level, which provide further evidence that implementing the reticulocyte percentage as a stand-alone 281 

marker for detection may improve the passport.13 282 

Despite the higher sensitivity in the altitude intervention, a concurrent reduced specificity existed 283 

(Table 1), which is in line with previous studies.14,15,31 The reduced specificity appear to be related to 284 

expected physiological adaptations to hypoxia,21,25,26 i.e. an initial increase in reticulocyte percentage 285 

followed by an increased [Hb] in the final week of exposure, which is followed by a reduced 286 

reticulocyte percentage causing the OFF-hr to increase (Table 2). The current tool applied to avoid 287 

false-positive outcomes in anti-doping is the blood profile review by experts. The experts must 288 

determine whether the fluctuations are due to blood manipulation, which highlight the importance of 289 

knowing the natural fluctuations during hypoxic exposure with and without rhEpo treatment. The 290 

hematological response was augmented in the combined treatment group, but the direction of the 291 

changes appear similar to hypoxic exposure only. Thus, the experts will have to rely on the magnitude 292 

of the changes. Additionally, there does not appear to be a direct relationship between the decreased 293 

specificity and the increased sensitivity at altitude, as the sensitivity peaks numerically 2-3 weeks 294 

into the altitude exposure (Figure 3D), whereas 3-5 false-positive results exist at all time points during 295 

and following altitude exposure, expect for the first exposure week (Table 2). 296 

In an attempt to account for the confounding factor of altitude exposure and distinguish between the 297 

placebo and rhEpo group at altitude on an individual level with >99 % specificity, a pooled baseline 298 

was calculated for each individual in the altitude intervention (i.e. mean of all baseline sample 299 

collected for an individual). Differences from the pooled baseline to all samples collected during the 300 

exposure and follow period was calculated for each individual, and the mean ± 2.58 standard 301 

deviations (corresponding to >99% specificity) of the changes was calculated for all the placebo 302 

subjects. In total, 2 (17%), 4 (34%) and 7 (58%) of the 12 rhEpo treated subjects exceeded the 303 



calculated mean ± 2.58 standard deviations across all time points for [Hb], OFF-hr score and 304 

reticulocyte percentage, respectively. However, each variable was also exceeded by 2 (7%) of the 27 305 

subjects in the placebo group. In order to have no placebo subjects exceeding the calculated threshold, 306 

a mean ± 3.3 standard deviations was needed. This threshold was exceeded by 1 (8%), 1 (8%), and 4 307 

(33%) of the 12 rhEpo treated subjects across all time points for [Hb], OFF-hr score and reticulocyte 308 

percentage, respectively. 309 

Importantly, it must be emphasized that the present protocol provide a high probability of direct 310 

detection of rhEpo misuse. Even smaller doses are detectable for 18-24 h in >50% of the 311 

participants,32,33 albeit this has not been investigated with concurrent hypoxic exposure. 312 

Finally, it should be noted that the group sizes differed, with the smallest group of nine being the sea-313 

level placebo treatment group. However, as significant interactions of time × treatment was evident 314 

for all the hematological analyses, the required power was reached. In addition, we did not control 315 

for the menstrual cycle which may affect reticulocyte percentage,34 but as we did not observe any 316 

effect of sex on the hematological changes it does not appear to constitute a limitation. 317 

CONCLUSION 318 

The present study demonstrates that rhEpo treatment combined with hypoxic exposure provide an 319 

additive erythropoietic response compared to rhEpo treatment or hypoxic exposure alone. In addition, 320 

the Athlete Biological Passport is more sensitive to rhEpo treatment at altitude than at sea level, but 321 

a concurrent compromised specificity exist with altitude exposure. 322 

ACKNOWLEDGEMENTS 323 

The authors wish to thank all subjects for participating. We further wish to thank Alfonso Sanchez 324 

Bernard and Carmen Calderón from Centro de Alto Rendimiento (C.A.R.) in Sierra Nevada for 325 



excellent assistance during the studies carried out at altitude. The study was funded by the World 326 

Anti-Doping Agency. 327 

CONFLICTS OF INTEREST 328 

The authors declare no conflicts of interest.  329 



REFERENCES 330 
 331 

1. Alvarez-Herms J, Julia-Sanchez S, Hamlin MJ, et al. Popularity of hypoxic training methods for 332 
endurance-based professional and amateur athletes. Physiol Behav. 2015;143:35-38. 333 

2. Bonne TC, Lundby C, Jorgensen S, et al. "Live High-Train High" increases hemoglobin mass in 334 
Olympic swimmers. Eur J Appl Physiol. 2014;114(7):1439-1449. 335 

3. Gore CJ, Sharpe K, Garvican-Lewis LA, et al. Altitude training and haemoglobin mass from the 336 
optimised carbon monoxide rebreathing method determined by a meta-analysis. Br J Sports Med. 337 
2013;47 Suppl 1:i31-39. 338 

4. Parisotto R, Gore CJ, Emslie KR, et al. A novel method utilising markers of altered erythropoiesis for 339 
the detection of recombinant human erythropoietin abuse in athletes. Haematologica. 2000;85(6):564-340 
572. 341 

5. Durussel J, Daskalaki E, Anderson M, et al. Haemoglobin mass and running time trial performance 342 
after recombinant human erythropoietin administration in trained men. PLoS One. 2013;8(2):e56151. 343 

6. Pérez-Ruixo JJ, Krzyzanski W, Hing J. Pharmacodynamic analysis of recombinant human 344 
erythropoietin effect on reticulocyte production rate and age distribution in healthy subjects. Clin 345 
Pharmacokinet. 2008;47(6):399-415. 346 

7. Marty D, Nicholson P, Haas U. Report to the President of the Union Cycliste Internationale. Cycling 347 
Independent Reform Comission, Lausanne, Schwitzerland. 2015. 348 

8. Sottas PE, Robinson N, Rabin O, Saugy M. The athlete biological passport. Clin Chem. 349 
2011;57(7):969-976. 350 

9. WADA. Athlete Biological Passport Operating Guidelines. World Anti-Doping Agency (WADA), 351 
Montreal, Quebec. 2019;Version 7.1. 352 

10. Ashenden M, Gough CE, Garnham A, Gore CJ, Sharpe K. Current markers of the Athlete Blood 353 
Passport do not flag microdose EPO doping. Eur J Appl Physiol. 2011;111(9):2307-2314. 354 

11. Bejder J, Hoffmann MF, Ashenden M, et al. Acute hyperhydration reduces athlete biological passport 355 
OFF-hr score. Scand J Med Sci Sports. 2016;26(3):338-347. 356 

12. Clark B, Woolford SM, Eastwood A, et al. Temporal changes in physiology and haematology in 357 
response to high- and micro-doses of recombinant human erythropoietin. Drug Test Anal. 358 
2017;9(10):1561-1571. 359 

13. Bejder J, Aachmann-Andersen NJ, Bonne TC, Olsen NV, Nordsborg NB. Detection of erythropoietin 360 
misuse by the Athlete Biological Passport combined with reticulocyte percentage. Drug Test Anal. 361 
2016;8(10):1049-1055. 362 

14. Bonne TC, Lundby C, Lundby AK, et al. Altitude training causes haematological fluctuations with 363 
relevance for the Athlete Biological Passport. Drug Test Anal. 2015;7(8):655-662. 364 

15. Schumacher YO, Garvican LA, Christian R, et al. High altitude, prolonged exercise, and the athlete 365 
biological passport. Drug Test Anal. 2015;7(1):48-55. 366 

16. Siebenmann C, Cathomen A, Hug M, et al. Hemoglobin mass and intravascular volume kinetics during 367 
and after exposure to 3,454-m altitude. J Appl Physiol (1985). 2015;119(10):1194-1201. 368 

17. WADA. Blood Sample Collection Guidelines. World Anti-Doping Agency (WADA), Montreal, 369 
Quebec. 2016;Version 5.0. 370 

18. Sottas P, Robinson N, Giraud S, et al. Statistical Classification of Abnormal Blood Profiles in Athletes. 371 
The Internatinal Journal of Biostatistics. 2006;2(1):1-23. 372 

19. Cnaan A, Laird NM, Slasor P. Using the general linear mixed model to analyse unbalanced repeated 373 
measures and longitudinal data. Stat Med. 1997;16(20):2349-2380. 374 

20. Mørkeberg J, Sharpe K, Karstoft K, Ashenden MJ. Detection of microdoses of rhEPO with the MAIIA 375 
test. Scand J Med Sci Sports. 2014;24(4):634-641. 376 

21. Garvican L, Martin D, Quod M, et al. Time course of the hemoglobin mass response to natural altitude 377 
training in elite endurance cyclists. Scand J Med Sci Sports. 2012;22(1):95-103. 378 

22. Garvican-Lewis LA, Halliday I, Abbiss CR, Saunders PU, Gore CJ. Altitude Exposure at 1800 m 379 
Increases Haemoglobin Mass in Distance Runners. J Sports Sci Med. 2015;14(2):413-417. 380 



23. McLean BD, Buttifant D, Gore CJ, White K, Kemp J. Year-to-year variability in haemoglobin mass 381 
response to two altitude training camps. Br J Sports Med. 2013;47 Suppl 1(Suppl 1):i51-58. 382 

24. Pottgiesser T, Garvican LA, Martin DT, et al. Short-term hematological effects upon completion of a 383 
four-week simulated altitude camp. Int J Sports Physiol Perform. 2012;7(1):79-83. 384 

25. Lobigs LM, Sharpe K, Garvican-Lewis LA, et al. The athlete's hematological response to hypoxia: A 385 
meta-analysis on the influence of altitude exposure on key biomarkers of erythropoiesis. Am J 386 
Hematol. 2018;93(1):74-83. 387 

26. Schuler B, Thomsen JJ, Gassmann M, Lundby C. Timing the arrival at 2340 m altitude for aerobic 388 
performance. Scand J Med Sci Sports. 2007;17(5):588-594. 389 

27. Audran M, Gareau R, Matecki S, et al. Effects of erythropoietin administration in training athletes and 390 
possible indirect detection in doping control. Med Sci Sports Exerc. 1999;31(5):639-645. 391 

28. Caillaud C, Connes P, Ben Saad H, Mercier J. Erythropoietin enhances whole body lipid oxidation 392 
during prolonged exercise in humans. J Physiol Biochem. 2015;71(1):9-16. 393 

29. Connes P, Perrey S, Varray A, Prefaut C, Caillaud C. Faster oxygen uptake kinetics at the onset of 394 
submaximal cycling exercise following 4 weeks recombinant human erythropoietin (r-HuEPO) 395 
treatment. Pflugers Arch. 2003;447(2):231-238. 396 

30. Gore CJ, Parisotto R, Ashenden MJ, et al. Second-generation blood tests to detect erythropoietin abuse 397 
by athletes. Haematologica. 2003;88(3):333-344. 398 

31. Garvican-Lewis LA, Vuong VL, Govus AD, et al. Influence of combined iron supplementation and 399 
simulated hypoxia on the haematological module of the athlete biological passport. Drug Test Anal. 400 
2018;10(4):731-741. 401 

32. Dehnes Y, Shalina A, Myrvold L. Detection of recombinant EPO in blood and urine samples with 402 
EPO WGA MAIIA, IEF and SAR-PAGE after microdose injections. Drug Test Anal. 2013;5(11-403 
12):861-869. 404 

33. Martin L, Ashenden M, Bejder J, et al. New insights for identification of doping with recombinant 405 
human erythropoietin micro-doses after high hydration. Drug Test Anal. 2016;8(11-12):1119-1130. 406 

34. Mullen J, Baekken L, Bergström H, et al. Fluctuations in hematological athlete biological passport 407 
biomarkers in relation to the menstrual cycle. Drug Test Anal. 2020. 408 

  409 



Table 1.  Obtained specificity for hemoglobin concentration ([Hb]), OFF-hr score, reticulocyte percentage and Abnormal Blood Profile Score 

(ABPS) as well as [Hb] and OFF-hr score combined and [Hb], OFF-hr score and reticulocyte percentage combined (i.e. how many false-

positive existed for at least one biomarker threshold). Specificity was calculated as the number of outliers in “no altitude exposure” samples, 

which include samples collected from all participants in the two baseline periods and from the placebo treated participants during the sea 

level exposure and follow up period. Specificity was also calculated for "altitude exposure” samples, which include samples collected from 

participants treated with placebo during altitude exposure and the follow up period. 

 

Participants Marker 

No altitude exposure Altitude exposure 

Outliers 
Participants 
with outliers 

Specificity 
(%) 

Outliers 
Participants 
with outliers 

Specificity 
(%) 

Men and women  
 n = 39  

no exposure: 356 samples  
altitude exposure: 212 samples 

[Hb] 2 2 99.4 14 9 93.4 

OFF-hr 2 1 99.4 19 9 91.0 

Reticulocyte percentage 2 3 99.4 17 9 92.0 

ABPS 4 3 98.9 14 7 93.4 

[Hb]+OFF-hr 4 3 98.9 28 12 86.8 

[Hb]+OFF-hr+reticulocyte percentage 5 5 98.6 34 12 84.0 

Men 
n = 23 

no exposure = 211 samples 
altitude exposure = 125 

samples 

[Hb] 1 0 99.5 6 4 95.2 

OFF-hr 2 1 99.1 6 2 95.2 

Reticulocyte percentage 0 0 100 8 4 93.6 

ABPS 4 3 98.1 6 2 95.2 

[Hb]+OFF-hr 3 1 98.6 11 3 91.2 

[Hb]+OFF-hr+reticulocyte percentage 3 1 98.6 14 7 88.8 

Women 
n = 16 

no exposure = 145 samples 
altitude exposure = 87 samples 

[Hb] 1 2 99.3 8 5 90.8 

OFF-hr 0 0 100 13 7 85.1 

Reticulocyte percentage 2 2 98.6 9 5 89.7 

ABPS 0 0 100 8 5 90.8 

[Hb]+OFF-hr 1 2 99.3 17 9 80.5 

[Hb]+OFF-hr+reticulocyte percentage 3 4 97.9 20 5 77.0 



Table 2.  Description of the time points and the direction for crossing of the calculated threshold in the Athlete Biological Passport for 

[Hb], reticulocyte percentage and OFF-hr score in samples collected from participants treated with placebo during altitude exposure and the 

follow up period. 

 

  

  

 

week High [Hb] Low [Hb] 
High 

reticulocyte 
percentage 

Low 
reticulocyte 
percentage 

High OFF-hr Low OFF-hr 

Ex
p

o
su

re
 5 1 0 0 0 0 0 

6 1 0 3 0 0 1 

7 3 0 3 0 0 0 

8 4 0 1 0 1 0 

Fo
llo

w
 u

p
 9 3 0 0 0 3 0 

10 0 0 0 4 5 0 

11 1 0 0 4 4 0 

12 0 0 0 3 5 0 



FIGURE LEGENDS 

Figure 1. Illustration of the study design. Arrows indicate the weekly venous blood collection and 

the hatched area indicate the treatment period with intravenous injections of 20 IU·kg bw-1 epoetin 

alpha or placebo every second day for three weeks.  

  



Figure 2. Changes in hemoglobin concentration ([Hb]), reticulocyte percentage and OFF-hr score 

before, during and after treatment with recombinant human erythropoietin (rhEpo) or placebo in the 

sea level (SL) and altitude (AL) intervention. The hatched bar indicate the rhEpo or placebo treatment 

period. Values are means and errors bare indicate one standard deviation. Symbols at the dotted line 

indicate the statistical main effects. Statistical significant differences: *, **, *** P < 0.05, 0.01 and 

0.001, respectively, for comparison between AL rhEpo and AL placebo. #, ##, ### P < 0.05, 0.01 and 

0.001, respectively, for comparison between AL rhEpo and SL rhEpo. §, §§, §§§ P < 0.05, 0.01, 

0.001, respectively, for comparison between SL rhEpo and SL placebo. 



Figure 3. Obtained number of outliers by the Athlete Biological Passport for hemoglobin 

concentration ([Hb]), OFF-hr score, reticulocyte percentage and Abnormal Blood Profile Score 

(ABPS) in the sea level (panel A) and altitude (panel C) intervention for participants treated with 

recombinant human erythropoietin. In addition, the number of outliers for [Hb] and OFF-hr score 

combined as well as [Hb], OFF-hr score and reticulocyte percentage combined, i.e. how many 

participants exceeded at least one biomarker threshold, is presented for the sea level (panel B) and 

altitude (panel D) intervention. The dotted line indicate the number of participants included and the 

hatched bar indicate the treatment period. Statistical significant differences: #, ##, ### P < 0.05, 0.01 

and 0.001, respectively, for comparison between altitude and sea level. 

  



SUPPLEMENTAL MATERIAL 

Supplemental figure 1. Individual changes in hemoglobin concentration ([Hb]), reticulocyte 

percentage and OFF-hr score before, during and after treatment with recombinant human 

erythropoietin (rhEpo) or placebo in the sea level intervention. 



Supplemental figure 2. Individual changes in hemoglobin concentration ([Hb]), reticulocyte 

percentage and OFF-hr score before, during and after treatment with recombinant human 

erythropoietin (rhEpo) or placebo in the altitude intervention.   

 


