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ABSTRACT 1 

We investigated whether immature reticulocyte fraction (IRF) and immature reticulocytes to red blood 2 

cells ratio (IR/RBC) are sensitive biomarkers for low-dose recombinant human erythropoietin (rhEpo) 3 

treatment at sea-level (SL) and moderate altitude (AL) and whether multi (FACS) or single (Sysmex-4 

XN) fluorescence flow cytometry is superior for IRF and IR/RBC determination.  5 

Thirty-nine participants completed two interventions, each containing a four-week baseline, a four-6 

week SL or AL (2,230m) exposure and a four-week follow-up. During exposure, rhEpo (20 IU·kg-1) or 7 

placebo (PLA) was injected at SL (SLrhEpo n=25, SLPLA n=9) and AL (ALrhEpo n=12, ALPLA n=27) every 8 

second day for three weeks. Venous blood was collected weekly. 9 

Sysmex measurements revealed that IRF and IR/RBC was up to ~70% (P<0.01) and ~190% (P<0.001) 10 

higher in SLrhEpo than SLPLA during treatment and up to ~45% (P<0.001) and ~55% (P<0.01) lower post-11 

treatment, respectively. Compared with ALPLA, IRF and IR/RBC was up to ~20% (P<0.05) and ~45% 12 

(P<0.001) lower post-treatment in SLrhEpo, respectively. In ALrhEpo, IRF and IR/RBC was up to ~40% 13 

(P<0.05) and ~110% (P<0.001) higher during treatment and up to ~25% (P<0.05) and ~40% (P<0.05) 14 

lower post-treatment, respectively, compared with ALPLA. Calculated thresholds provided ~90% 15 

sensitivity for both biomarkers at SL and 33% (IRF) and 66% (IR/RBC) at AL. Specificity was >99%. 16 

Single-fluorescence flow cytometry coefficient of variation was >2-fold higher at baseline (P<0.001), 17 

and provided larger or similar changes compared to multi-fluorescence, albeit with smaller precision. 18 

In conclusion, IRF and IR/RBC were sensitive and specific biomarkers for low-dose rhEpo misuse at 19 

SL and AL.  20 



INTRODUCTION 21 

Recombinant human erythropoietin (rhEpo) stimulate erythropoietic activity1,2 and has been misused in 22 

sports 3 to expand red blood cell (RBC) volume4 and thereby improve performance5-7. Even a small 23 

increase in RBC volume of ~135 mL improves endurance performance8, suggesting that micro-dosing 24 

strategies should be of concern9 and that methodological advancements improving sensitivity and 25 

specificity for detection of rhEpo misuse are valuable. 26 

Immature reticulocytes (IR) increase within 36 h upon accelerated erythropoiesis10, and is often reported 27 

as the immature reticulocyte fraction (IRF), defined as IR relative to the total number of reticulocytes. 28 

Erythropoietic stress cause an earlier release of IR from the bone marrow11 and a slower maturation12, 29 

and is therefore likely to increase the IRF13. Indeed, stress erythropoiesis increases IRF, e.g. during 30 

anemic conditions14 or rhEpo treatment10,15 whereas it decreases during lowered erythropoietic activity 31 

following autologous blood transfusion16,17. This suggest that IRF is a sensitive biomarker for rhEpo 32 

misuse. In support, a single rhEpo injection of 150-300 IU/kg body weight (bw) increases IRF 33 

dramatically10, but lower doses are expected to be utilized by rhEpo misusers9. Another potential 34 

biomarker is the IR and RBC count (IR/RBC) ratio, which was proposed as a biomarker for autologous 35 

blood transfusion in dried blood spots measured by the CD71/Band-3 ratio16. Changes in IRF risk being 36 

blunted by a simultaneous change in the total reticulocyte count, which may increase by >100 % during 37 

stress erythropoiesis18,19. In contrast, the RBC count changes expectedly <10 %18, why we hypothesize 38 

that the IR/RBC fraction is a sensitive biomarker to changes in erythropoiesis. Thus, one aim of the 39 

present study was to evaluate the specificity and sensitivity of IRF and IR/RBC in response to a low-40 

dose rhEpo treatment. 41 

Importantly, as many athletes sojourn to altitudes of >2000 m above sea level for >3 weeks20, it must 42 

be investigated whether hypoxic exposure confound the proposed variables, since hypoxic exposure is 43 

known to affect erythropoietic activity21. Accordingly, another aim of the present study was to 44 

investigate whether the sensitivity and specificity of IRF and IR/RBC are affected by hypoxic exposure 45 

during rhEpo misuse. 46 



World Anti-Doping Agency accredited laboratories measure IRF using the Sysmex XN-series, which 47 

has a precision of ~8-10%22. The applied methodology is single-fluorescence flow cytometry, i.e. the 48 

cells are stained for RNA by a fluorescence marker, and the cell fraction with a high and medium 49 

fluorescent intensity in relation to all stained cells represents IRF. However, the IR also express the 50 

transferrin receptor (CD71)23. CD71 expression progressively decreases during maturation in the blood 51 

and is undetectable in mature reticulocytes. Since measurement precision is paramount in anti-doping 52 

to avoid false-positive results, we investigated whether identification of RNA and CD71 positive cells 53 

(i.e. immature reticulocytes) by multi-fluorescence flow cytometry on the FACS Fortessa 3 laser 54 

platform could improve the precision (i.e. lower coefficient of variation). Identification of immature 55 

reticulocytes by RNA and CD71 staining is previously demonstrated to be effective in determining 56 

accelerated and suppressed erythropoiesis13,24-27.  57 

In summary, we hypothesized that IRF and IR/RBC are specific and sensitive biomarkers for injections 58 

of 20 IU/kg bw rhEpo every second day for three weeks at sea level but that specificity is reduced at 59 

2320 m of altitude. We also hypothesized that measurement of IRF by RNA and CD71 via multi-60 

fluorescence flow cytometry is more precise and sensitive than only RNA staining by the Sysmex XN 61 

automated hematology system.   62 



METHODS 63 

Study participants 64 

Thirty-nine non-smoking, normotensive, and recreationally active males (n=23) and females (n=16) 65 

who had not been donating blood or exposed to high altitude for at least three and one month, 66 

respectively, participated in the study. The participant’s age, height and weight were (meanSD) 266 67 

years, 17810 cm and 7010 kg. The participants were asked to maintain their normal level of physical 68 

activity throughout the study. The ethics committee of Copenhagen, Denmark (H-17036662) approved 69 

the study conducted in accordance with the Declaration of Helsinki. All participants received oral and 70 

written information about potential risk and discomfort associated with participation before written 71 

consent was obtained.  72 

Study design 73 

The study was carried out as a randomized, double-blinded, placebo-controlled design as described in 74 

details elsewhere28. Briefly, each participant completed two interventions containing a four-week 75 

baseline, a four-week exposure at sea level (SL) or 2,320 m of altitude (AL) and a four-week follow up 76 

period. All participants were exposed to both SL and AL. At least two months separated the 77 

interventions. Twenty-five participants received intravenous injections of 20 IU·kg bw-1 rhEpo (Epoetin 78 

alpha, Eprex, Janssen-Cilag, Birkerød, Denmark) every second day for three weeks during the exposure 79 

period at sea level (SLrhEpo), while twelve participants received rhEpo at altitude (ALrhEpo). The 80 

remaining participants were treated with intravenous injections of saline as placebo (PLA) at sea level 81 

(SLPLA, n=9) and altitude (ALPLA, n=27). Five participants did not complete the SL intervention. Blood 82 

samples were collected weekly and analyzed according to WADA operation guidelines29. Briefly, 83 

following ten minutes of rest in a seated position, 2 mL blood was collected from an antecubital vein in 84 

an EDTA containing vacutainer.  85 

Single-fluorescence flow cytometry analysis 86 

Following blood collection, the vacutainer was homogenized for ≥15 min on a roller mixer and analyzed 87 

in duplicate within 2 h of collection for IRF and reticulocyte percentage (Sysmex XN-450, Sysmex, 88 



Kobe, Japan). Specifically, a lysis reagent perforates the cell membranes, allowing a fluorescent marker 89 

to stain intracellular RNA and the resulting intensity measured by single-fluorescence flow cytometry 90 

corresponds directly to the proportional RNA content of the cell. The forward scattered light and 91 

fluorescent intensity is used to identify low, medium and high fluorescent reticulocytes determined by 92 

objective software thresholds, where the IRF is calculated as the fraction of cells with a high and 93 

medium fluorescent intensity in relation to all RNA positive erythroid cells. Immediately after, 100 L 94 

of whole blood was transferred to a 0.5 mL Eppendorf tube and stored at 4o C until analyzed by multi-95 

fluorescence flow cytometry. Other hematological biomarkers were analyzed within the same 96 

vacutainer and published elsewhere28. 97 

Multi-fluorescence flow cytometry sample preparation 98 

For logistical reasons, multi-fluorescence flow cytometry analysis was only applied on samples from 99 

twenty-two participants (rhEpo n=16, placebo n=6) during the sea-level intervention starting from the 100 

third week of baseline samples. Multi-fluorescence flow cytometry samples were analyzed within 3-72 101 

hours after blood collection to secure a blood stability score <85 as required by WADA30. Importantly, 102 

measurement of IRF is proven to be stable within 72 h at 4°C31. Whole blood (1 L) was mixed with 103 

100 L staining buffer (PBS with 1% FBS, 0.09% sodium azide), and 20 L of diluted mixed antibody 104 

(Table 1) was added followed by 30 min of incubation in the dark at room temperature on a roller-105 

mixer. Samples were washed three times at 200 g for 5 min at 4 °C. Subsequently, 250 L of 1-methyl-106 

4[(3-methyl-2(3H)-benzothiazolyli-dine) methyl]-quinolinium 4-methyl benzene sulfonate (Thiazole 107 

Orange, TO) was transferred into the tubes for RNA determination and samples were incubated in the 108 

dark at room temperature for >30 min and analyzed within three hours. Compensation and fluorescence 109 

minus one control samples of CD235, TO and, CD71 were prepared as recommended by the 110 

literature32,33. 111 

Multi-fluorescence flow cytometry setup and sample analysis 112 

Multi-fluorescence flow cytometry analyses were carried out on a FACS Fortessa 3 laser Flow 113 

Cytometer (BD-Biosciences, Franklin Lakes, NJ, USA) with a blue/red/violet configuration using 114 



FACS Diva software (BD-Biosciences, Franklin Lakes, NJ, USA). Prior to every analysis, BD™ CS&T 115 

Beads (BD Bioscience, catalog nr: 656505) were used to perform quality control of the instrument and 116 

the same application settings for photomultiplier tube (PMT) voltage were applied every time. Every 117 

sample was set to obtain as many cells as possible (maximum of 1,200,000 cells), within 220 seconds.  118 

Briefly, erythroid cells were gated based on the forward-side-scatter, duplicates were removed and the 119 

data was examined for air bubbles. Since CD4 does not appear on erythroid cells, CD4- cells were gated 120 

to exclude cells with high auto-fluorescence. Samples were then gated to obtain CD235+ (i.e. peripheral 121 

erythroid cells) and RNA+ (i.e. reticulocytes) cells,  A gate was created to determine the proportion of 122 

the CD71 positive reticulocytes of all the reticulocytes, i.e. the IRF (RNA+/CD71+ cells)34. Obtained 123 

multi-fluorescence flow cytometry data was exported and analyzed in FlowJo version 10.1 (Tree Star, 124 

Inc, Ashland, OR, USA).  125 

Data analysis and statistics 126 

The ratio of immature reticulocytes per 1000 red blood cells, i.e. the IR/RBC ratio was calculated as 127 

IR/RBC = ((RET% / 100) × (IRF% / 100)) × 1000. SPSS (IBM SPSS Statistics Corp, New York, USA, 128 

version 20) and R version 3.6.335 was used for statistical analysis, and differences were considered 129 

significant if P<0.05.  130 

To assess the effect of rhEpo treatment and altitude exposure, a mixed linear model for repeated 131 

measurements was used 36. Three separate analyses were conducted for each biomarker (1) SLrhEpo group 132 

vs SLPLA group (2) SLrhEpo group vs. ALPLA group and (3) ALrhEpo group vs ALPLA group. Fixed factors 133 

were time, treatment and time × treatment and repeated measures over time were taken into account by 134 

including a random effect of participant. If a fixed main effect or interaction was significant, a post-hoc 135 

analysis was performed using a Sidak adjusted pairwise comparisons. The IRF and IR/RBC data were 136 

log-transformed before analysis in order to obtain variance homogeneity and residuals with a normal 137 

distribution. The results are expressed as mean [lower limit; upper limit] with lower and upper limit 138 

being the limits in 95 % confidence interval. 139 



To determine whether the biomarkers are sensitive to rhEpo at an individual level, a pooled baseline 140 

was calculated for each individual for each intervention (i.e. mean of four baseline samples collected 141 

for an individual in the respective intervention). Next, differences from the pooled baseline to each 142 

sample collected during the exposure and follow up period of the respective intervention was calculated 143 

for each individual, and the mean ± 2.58 standard deviations (expected to correspond >99% specificity) 144 

of the changes was calculated for all participants in the SLPLA and for all participants in the ALPLA group. 145 

If a sample exceeded the mean ± 2.58 standard deviations, it was considered positive for rhEpo misuse. 146 

The applied data was not log-transformed for any of the biomarkers, as the calculated differences to the 147 

pooled baseline was normally distributed within the placebo group. 148 

To compare the variability between multi-fluorescence flow cytometry and single-fluorescence flow 149 

cytometry by Sysmex, a linear mixed model was applied on the log-transformed baseline measurements 150 

with method and baseline number as fixed factors and participants and participant × method as random 151 

effects. Residual standard deviations were allowed to differ between methods. The standard deviation 152 

on the log-scale represents the coefficient of variation (CV) on the original scale, and is reported in 153 

fold-differences [lower limit; upper limit], with lower and upper limit being the limits in 95 % 154 

confidence interval.  155 

Furthermore, to investigate whether multi-fluorescence flow cytometry was more sensitive to changes 156 

compared with the single-fluorescence approach of Sysmex, the change to the expected most sensitive 157 

time points (i.e. second week of exposure and first week after exposure) was investigated. An additional 158 

linear mixed model was applied on the log-transformed data with time, treatment, method and their 159 

interactions as fixed effects and participant and participant × time as random effects. Residual standard 160 

deviations were allowed to differ between methods. If a fixed main effect or interaction was significant, 161 

a post-hoc analysis was performed using a Tukey adjusted pairwise comparison. For this analysis, 162 

samples collected at baseline were averaged into one value denoted baseline. The results are expressed 163 

as mean fold changes [lower limit; upper limit] with lower and upper limit being the limits in 95 % 164 

confidence interval.  165 



RESULTS 166 

Sysmex derived IRF and IR/RBC (Fig. 1) 167 

The time × treatment interaction was significant for both IRF (P<0.001) and IR/RBC (P<0.001) when 168 

comparing SLrhEpo and SLPLA. As expected, IRF increased in SLrhEpo at the second and third exposure 169 

week by 72% [21; 144] (P<0.01) and 68% [18; 140] (P<0.01), respectively, compared with SLPLA. 170 

Moreover, the expected IRF reduction upon treatment cessation manifested in the first week after 171 

exposure in SLrhEpo (-46% [-62; -24], P<0.001). Similarly, the IR/RBC of SLrhEpo was also increased by 172 

treatment, with significant increases reached in the second (190% [78; 374], P<0.001) and third (146% 173 

[51; 302], P<0.001) exposure week. Additionally, the expected reduction after treatment was detectable 174 

in the first and second week after exposure (-56% [-73; -28], P<0.01; -41% [-64; -4], P<0.05, 175 

respectively) when compared with SLPLA.  176 

The time × treatment interaction was also significant for both IRF (P<0.001) and IR/RBC (P<0.001) 177 

when comparing SLrhEpo and ALPLA. The pairwise analysis revealed that IRF and IR/RBC was lower at 178 

the first baseline week in SLrhEpo (-31% [-44; -16], P<0.001 and -43% [-57; -25], P<0.001, respectively). 179 

During the exposure, IRF and IR/RBC were lower at the fourth week of exposure (-21% [-35; -3], 180 

P<0.05 and -30% [-47; -8], P<0.01, respectively) as well as the first week after exposure (-19% [-34; -181 

2], P<0.05 and -45% [-58; -28], P<0.001, respectively), compared with ALPLA. 182 

Finally, the time × treatment interaction was significant for IRF (P<0.001) and IR/RBC (P<0.001) when 183 

ALrhEpo was compared with ALPLA. As expected, the IRF was 41% [7; 85] (P<0.05) and 40% [6; 84] 184 

(P<0.05) higher in ALrhEpo during the second and third exposure week, respectively, but reduced (-26% 185 

[-44; -2], P < 0.05) at the first week after exposure. Similarly, IR/RBC was 112% [40; 220] (P<0.001), 186 

96% [30; 195] (P<0.01) and 71% [13; 158] (P<0.05) higher at the second, third and fourth exposure 187 

week, but reduced (-39% [-60; -8], P<0.05) at the first week after exposure. 188 

Individual response of Sysmex derived variables (Fig. 2) 189 

The total number of samples considered positive for rhEpo misuse during each intervention is presented 190 

in Table 2.  191 



In the SLPLA group, the calculated mean ± 2.58 standard deviations (expected to correspond >99 % 192 

specificity) for IRF was 0.6 ± 4.5 percentage points. Hence, any sample increasing more than 5.1 193 

percentage points or decreasing more than 3.9 percentage points was considered positive for rhEpo 194 

misuse. For IR/RBC, the corresponding values were 0.11 ± 0.67, providing an upper and lower 195 

threshold of 0.77 and -0.56. For the ALPLA group, the mean ± 2.58 standard deviations was 0.10 ± 8.27 196 

percentage points and 0.10 ± 1.48 for IRF and the IR/RBC ratio, respectively. The calculated upper and 197 

lower thresholds for IRF were 8.37 and -8.17, respectively, and 1.58 and -1.38 for IR/RBC. 198 

The specificity for IR/RBC at sea level and IRF at altitude did not reach 99% using thresholds calculated 199 

by the mean ± 2.58 standard deviations (Table 2). In order to obtain a specificity >99% as required by 200 

the Athlete Biological Passport, a calculated threshold of the mean ± 2.8 standard deviations was 201 

required for sea level IR/RBC and altitude IRF, which provided a specificity >99% and reduced 202 

sensitivity 0-4 percentage points (Table 2).  203 

Multi-fluorescence vs single-fluorescence flow cytometry (Fig. 3) 204 

The CV% of the IRF derived by the single-fluorescence Sysmex approach (IRFsingle) was 2.76 fold 205 

[1.75; 4.35] larger (P<0.001) at baseline than the multi-fluorescence flow cytometry derived IRF 206 

(IRFmulti). Similarly, the CV% for IR/RBC measured by single-fluorescence flow cytometry 207 

(IR/RBCsingle) was 2.20 fold [1.48; 3.29] larger (P<0.001) at baseline than the IR/RBC measured by 208 

multi-fluorescence flow cytometry (IR/RBCmulti). 209 

In addition, a similar increase in IRFsingle (1.89 [1.49; 2.39] fold change, T-value 6.36) and IRFmulti (1.65 210 

[1.44; 1.88] fold change, T-value 9.01) from baseline to the second exposure week was shown. From 211 

baseline to the first week after exposure, the relative decrease was larger (P<0.05) for IRFsingle (0.60 212 

[0.48; 0.77] fold change, T-value 5.06) than for IRFmulti (0.76 [0.66; 0.88] fold change, T-value 4.67). 213 

For IR/RBC, the 2.96 [2.10; 4.16] fold change (T-value 7.62) in IR/RBCsingle from baseline to the second 214 

exposure week was larger (P<0.05) than the 2.09 [1.64; 2.65] fold change (T-value 7.34) in IR/RBCmulti. 215 

Similarly, the 0.43 [0.30; 0.62] fold change (T-value 5.67) of IR/RBCsingle was larger (P<0.05) than the 216 



0.62 [0.48; 0.80] fold change (T-value 4.47) of IR/RBCmulti from baseline to the first week after 217 

exposure. 218 

Individually calculated thresholds for IRF and IR/RBC determined by multi-fluorescence flow 219 

cytometry provided a sensitivity of 50% and 19% for IRF and 38 and 31% for IR/RBC at the second 220 

exposure week and the first week after treatment, respectively, with a specificity of 100%. The 221 

calculated mean ± 2.58 standard deviations was 1.1 ± 9.3 for IRF and 0.4 ± 2.0 for IR/RBC. 222 

DISCUSSION 223 

We demonstrated that a low-dose rhEpo treatment altered IRF and IR/RBC compared with placebo, 224 

and that a difference remained in the post-treatment period despite altitude exposure in the placebo 225 

group. Similarly, changes in IRF and IR/RBC during rhEpo treatment at altitude exceeded the changes 226 

observed during placebo treatment at altitude. While maintaining a specificity >99%, the calculated 227 

thresholds for IRF and IR/RBC based on normal sea level variation each identified 88% of the rhEpo 228 

treated participants across all time points at sea level. When the thresholds were based on normal 229 

variation at altitude, a total of 33 and 66% of the rhEpo treated participants were identified at altitude 230 

by IRF and IR/RBC across all time points, respectively. Finally, it remains difficult to conclude whether 231 

multi-fluorescence flow cytometry is superior for measurement of IRF or IR/RBC compared with the 232 

single-parametric fluorescence of Sysmex equipment. 233 

Variations of IRF and IR/RBC with rhEpo treatment and altitude exposure 234 

Injection of large doses (125-500 IU/kg bw) rhEpo accelerates erythropoiesis and increases IRF by 2-235 

300%10,15. Here, we demonstrated that even as little as 20 IU/kg bw rhEpo was sufficient to increase 236 

IRF by up to ~70% following 2-3 weeks of treatment and that a reduction of ~45% was evident 2-3 237 

weeks after the treatment. Additionally, an increased IR/RBC of up to ~190% and a decreased IR/RBC 238 

of ~55% was evident 2-3 weeks into or after the treatment, respectively. To our knowledge, fluctuations 239 

in IR/RBC with rhEpo treatment were hitherto unknown, and based on the magnitude of change it 240 

appears that IR/RBC is the more sensitive biomarker for detection of blood volume manipulations when 241 



compared to IRF on a group-level. Accordingly, IR/RBC measured as the CD71/band-3 ratio in dried 242 

blood spots decrease ~30% following an autologous blood transfusion of ~275 mL RBCs, whereas IRF 243 

only decrease ~15%16. IRF is a fraction of the total reticulocyte count whereas IR/RBC is a fraction of 244 

the RBC count, and as inferior changes of the RBC count are expected with rhEpo treatment compared 245 

with the reticulocyte count18,19, this likely explains the different fluctuations of the investigated 246 

biomarkers. However, it must also be noted that the variation appear greater for IR/RBC, and 247 

collectively it seems that both IRF and IR/RBC are sensitive biomarkers during and for 2-3 weeks after 248 

rhEpo treatment at sea level. 249 

Altitude exposure is a frequently applied training strategy for athletes20, but also a known confounder 250 

for indirect detection of blood volume manipulation due to increased erythropoietic activity and plasma 251 

volume fluctuations21,37,38. Although IRF and IR/RBC are independent of plasma volume changes, an 252 

altered erythropoietic activity is expected to alter both biomarkers. Indeed, altitude exposure altered 253 

both biomarkers compared with sea level (Supporting Information 1), and were similar during the rhEpo 254 

treatment at sea level and altitude (Fig. 1). However, 1-2 weeks after the rhEpo treatment IRF and 255 

IR/RBC were ~20% and ~30-45% lower, respectively, in SLrhEpo compared to ALPLA. Thus, it is clear 256 

that altitude exposure affected IRF and IR/RBC, but also that a difference remained in the post-257 

treatment period between SLrhEpo and ALPLA. 258 

Expectedly, when administering rhEpo at altitude, the differences to the ALPLA group was clear during 259 

the treatment and remained evident in the post-treatment period, which confirms the additive effect on 260 

erythropoiesis of simultaneous altitude exposure and rhEpo injections28 and indicates that both IRF and 261 

IR/RBC are useful biomarkers for identifying rhEpo injections at altitude. Furthermore, the larger 262 

decrease in IRF and IR/RBC during the post-treatment period, when comparing ALPLA and ALrhEpo (Fig. 263 

1), is in contrast to the similar reduction in reticulocyte percentage observed between groups as reported 264 



elsewhere28. This indicate that these biomarkers are more sensitive to decelerated erythropoiesis than 265 

already established biomarkers applied in the Athlete Biological Passport. 266 

Sensitivity and specificity at sea level 267 

It is paramount that variables applied for detection of doping are sensitive at an individual level. When 268 

analyzed for each individual, both IRF and IR/RBC demonstrated high sensitivities for rhEpo treatment 269 

at sea level with 88% true positive participants across all time points. Importantly, the sensitivities were 270 

obtained with a specificity >99 %. The sensitivity appear superior to current biomarkers of the Athlete 271 

Biological Passport, which identified 12-56 % of the participants28. Similarly, the peak sensitivity 272 

occurring at the second week of treatment of 56% and 72% for IRF and IR/RBC (Table 2), respectively, 273 

appear superior to the peak sensitivity of [Hb] (4%), OFF-hr score (24%), reticulocyte percentage (40%) 274 

and the abnormal blood profile score (12%)28, which are currently included in the Athlete Biological 275 

Passport calculation. However, it must be acknowledged that differences in the calculation of the upper 276 

and lower threshold exist, which complicates a direct comparison.  277 

Although the highest relative change of IR/RBC was almost 3-fold higher than IRF, the biomarkers 278 

displayed a similar sensitivity. In addition, despite reductions of more than 50% in both biomarkers 279 

during the post-treatment period, the calculated thresholds only detected 4-24% of the participants 280 

during this period. Collectively, the present results indicate that utilizing IRF and IR/RBC as biomarkers 281 

could improve indirect detection during low-dose rhEpo misuse at sea level. 282 

Sensitivity and specificity at altitude 283 

As expected, altitude exposure confounded both biomarkers, as evident by a reduced sensitivity at 33% 284 

and 66% for IRF and IR/RBC, respectively, across all time points. However, the sensitivities were 285 

obtained with a specificity of >99% during the altitude exposure for both biomarkers. Existing 286 

biomarkers of the Athlete Biological Passport identified 42-75 % (5-8/12 participants) as reported 287 

elsewhere28, but a concurrent and substantial reduction in specificity to ~91-93 % was evident. Applying 288 

the similar calculations as in the present study, current markers of the Athlete Biological Passport 289 

yielded a sensitivity of 17%, 34% and 58% for [Hb], OFF-hr score and reticulocyte percentage, 290 



respectively, but false positive results were evident in two subjects for each variable28. Thus, it appears 291 

that IR/RBC is superior for detection of rhEpo misuse at altitude with a sufficient specificity compared 292 

with existing biomarkers.  293 

Two samples from one placebo-treated subject exceeded the lower calculated threshold for IRF at the 294 

second and third week after altitude exposure, which was induced by a decrease in IRF of ~10 295 

percentage points. A reduced erythropoietic activity is in line with the expected physiological response 296 

following prolonged moderate altitude exposure37. Accordingly, false outliers have also been observed 297 

for reticulocyte percentage within the Athlete Biological Passport following altitude exposure37. 298 

However, identification of true positive samples at altitude only occurred during the second, third and 299 

fourth week of altitude exposure, which correspond to the time points with the highest sensitivity at sea 300 

level (Table 2). This further amplifies the indications that IRF and IR/RBC are sensitive biomarkers 301 

during low-dose rhEpo misuse, but that the decelerated erythropoiesis upon treatment cessation is 302 

difficult to detect. 303 

Multi- versus single-fluorescence flow cytometry 304 

Instrument sensitivity is important for detection of small changes. Here, we investigated whether 305 

measurement of IRF and IR/RBC by multi-fluorescence flow cytometry is superior to single-306 

fluorescence flow cytometry by the Sysmex XN system. We demonstrated that the CV for single-307 

fluorescence flow cytometry was >2 fold higher at baseline compared with multi-fluorescence flow 308 

cytometry for measurement of IRF and IR/RBC. A comparison of the changes from baseline to the most 309 

sensitive time points (i.e. second week of treatment and first week of follow up) between methods 310 

revealed that the single-fluorescence method provided either similar or larger changes. However, since 311 

the larger changes come with less precision (or higher variation), a comparison of sensitivity in a group-312 

level is not unambiguous. When the biomarkers were analyzed at an individual level, the highest 313 

sensitivity for IR/RBC of 38% obtained by the multi-fluorescence approach appear inferior to the 314 

sensitivity of 72% obtained by the single-fluorescence analyses. However, the highest sensitivity of IRF 315 

was comparable at 50% and 56% for the multi- and single-fluorescence approach, respectively. 316 



Consequently, it remains difficult to conclude whether multi-fluorescence flow cytometry is superior 317 

compared with single-fluorescence flow cytometry for detection of altered erythropoiesis. Nevertheless, 318 

given the simplicity of applying the automated hematology analyzer with the single-fluorescence 319 

approach, it currently appears the optimal choice for the investigated biomarkers.  320 

It should be noted that both methods were capable of identifying altered erythropoiesis at numerous 321 

time points as indicated by an increased IRF, and as numerous cellular characteristics are altered with 322 

e.g. cell age39,40 or increased erythropoiesis41, future studies should investigate the potential of 323 

measuring multiple cellular characteristics to determine changes in erythropoietic activity. 324 

LIMITATIONS AND PERSPECTIVES 325 

In the present study, the calculated thresholds of the detection models were based on natural variation 326 

of placebo treated subjects at sea level or at altitude. However, to validate the specificity and sensitivity 327 

of IRF and IR/RBC as biomarkers for blood volume manipulation, the natural variation should be 328 

established in a larger cohort to represent the population and preferably for a longer period of time to 329 

account for seasonal fluctuations.  330 

Furthermore, establishing the population average as well as within- and between-individual variance 331 

would enable a comparison to and an evaluation of the Athlete Biological Passport model. One obvious 332 

difference between the present model and the Athlete Biological Passport is the calculation of fixed and 333 

adaptive thresholds, respectively. The adaptive thresholds are superior for detection of blood volume 334 

manipulation compared with fixed cutoffs based on the absolute levels42,43. However, in the present 335 

study the thresholds are fixed cutoffs based on relative changes, and whether this provides inferior, 336 

similar or superior sensitivity and specificity compared to the passport approach is unknown.  337 

Another potential concern is the precision of 8-10% for IRF determination22. However, we obtained a 338 

sensitivity of ~90% with a specificity of 100% at sea level, indicating that the precision is sufficient for 339 



identifying low-dose rhEpo treatments. Whether the precision is sufficient for identifying smaller 340 

fluctuations remains unknown. 341 

CONCLUSION 342 

In the present study, we demonstrated that a low-dose rhEpo treatment alters IRF and IR/RBC compared 343 

with placebo, which also exceeds the fluctuations induced by altitude exposure in the post-treatment 344 

period. Similarly, during rhEpo treatment at altitude both biomarkers exceeded the fluctuations induced 345 

by placebo injections at altitude. Calculated thresholds for IRF and IR/RBC based on normal sea level 346 

variation were able to identify ~90% of the rhEpo treated participants at sea level, whereas the 347 

calculated thresholds based on normal variation at altitude were able to identify ~30% and ~65% of the 348 

rhEpo treated participants at altitude for IRF and IR/RBC, respectively. Importantly, the sensitivities 349 

were obtained with a specificity >99% at both sea level and altitude. Finally, it remains difficult to 350 

conclude whether multi-fluorescence flow cytometry is superior for measurement of IRF or IR/RBC 351 

compared with the single-fluorescence approach of Sysmex equipment. 352 
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TABLES 448 

Table 1. Applied antibodies with target, fluorophore, antibody concentration, manufacture, catalog 449 

number, and clone. 450 

  

Target  Antibody  Concentration  Fluorochrome  Manufacture  Catalog #  Clone  

CD71 BV480 Mouse Anti-Human CD71 1:100 BV480 BD Bioscience 746661 M-A712 

CD235 PE-Cy™7 Mouse Anti-Human CD235a 1:100 PE-Cy7 BD Bioscience 563666 GA-R2 (HIR2) 

CD4 BV605 Mouse Anti-Human CD4 1:100 BV605 BD Bioscience 562658 RPA-T4 

RNA/DNA  FITC - Thiazole Orange (TO) 250 L FITC BD Bioscience 349204   

       



Table 2. Rate of participants considered true positive and false positive by the calculated threshold (mean ± 2.58 SD) for immature reticulocyte fraction (IRF) 451 

and the ratio of immature reticulocyte and red blood cell count (IR/RBC). The threshold calculated for the sea level (SL) samples were based on placebo samples 452 

from the SL intervention, whereas the threshold calculated for the altitude (AL) samples was based on placebo samples from the AL intervention. The numbers 453 

are reported as the percent of positive participants with the no. of positive participants / total no. of participants in parenthesis. As IRF at altitude and IR/RBC 454 

at sea level required the thresholds calculated as mean ± 2.8 SD to obtain a specificity >99%, the true positive and false positive rates for these thresholds are 455 

also provided across all times. 456 

Week 
SL IRF SL IR/RBC AL IRF AL IR/RBC 

True positive False positive True positive False positive True positive False positive True positive False positive 

5 28% (7/25) 0% (0/9) 32% (8/25) 0% (0/9) 0% (0/12) 4% (1/27) 0% (0/12) 0% (0/27) 

6 56% (14/25) 0% (0/9) 72% (18/25) 0% (0/9) 33% (4/12) 4% (1/27) 58% (7/12) 4% (1/27) 

7 36% (9/25) 0% (0/9) 44% (11/25) 0% (0/9) 0% (0/12) 0% (0/27) 50% (6/12) 4% (1/27) 

8 12% (3/25) 0% (0/9) 24% (6/25) 0% (0/9) 0% (0/12) 0% (0/27) 17% (2/12) 0% (0/27) 

9 24% (6/25) 0% (0/9) 24% (6/25) 11% (1/9) 0% (0/12) 0% (0/27) 0% (0/12) 0% (0/27) 

10 4% (1/25) 0% (0/9) 12% (3/25) 0% (0/9) 0% (0/12) 4% (1/27) 0% (0/12) 0% (0/27) 

11 4% (1/25) 0% (0/9) 16% (4/25) 0% (0/9) 0% (0/12) 4% (1/27) 0% (0/12) 0% (0/27) 

12 16% (4/25) 0% (0/9) 12% (3/25) 0% (0/9) 0% (0/12) 4% (1/27) 0% (0/12) 0% (0/27) 

across all times 88% (22/25) 
0/9 participants 
0/72 samples 
100% specificity 

92% (23/25) 
1/9 participants 
1/72 samples 
98.6% specificity 

33% (4/12) 
3/27 participants 
5/216 samples 
97.7% specificity 

66% (8/12) 
2/27 participants 
2/216 samples 
99.1% specificity 

across all times 
(mean ± 2.8 SD) 

84% (21/25) 
0/9 participants 
0/72 samples 
100% specificity 

88% (22/25) 
0/9 participants 
0/72 samples 
100% specificity 

33% (4/12) 
1/27 participants 
2/216 samples 
99.1% specificity 

58% (7/12) 
1/27 participants 
1/216 samples 
99.5% specificity 

457 



FIGURE LEGENDS 458 

Figure 1. Log-transformed immature reticulocyte fraction (IRF) and log-transformed ratio of immature 459 

reticulocytes and red blood cell count (IR/RBC) before, during and after treatment with recombinant 460 

human erythropoietin (rhEpo) or placebo (PLA) at sea level (SL) or altitude (AL). The grey areas 461 

indicate the exposure period to SL or AL. Statistical significant differences are: *, **, *** P < 0.05, 462 

0.01 and 0.001, respectively, when comparing SLrhEpo and SLPLA. #, ##, ### P < 0.05, 0.01, 0.001, 463 

respectively, when comparing SLrhEpo and ALPLA. +, ++, +++ P < 0.05, 0.01, 0.001, respectively, when 464 

comparing ALrhEpo and ALPLA. Values are mean ± standard deviation.  465 



 Figure 2. Individual changes for immature reticulocyte fraction (IRF) and the ratio of immature 466 

reticulocyte and red blood cell count (IR/RBC) for participants treated with placebo or recombinant 467 

human erythropoietin (rhEpo) at sea level and at altitude. Baseline denotes a pooled baseline of all 468 

baseline samples within the respective intervention. The black lines indicate ±2.58 standard deviations 469 

(i.e. >99 % specificity) of the placebo group mean during the 12-week sea level intervention. The grey 470 

lines indicate ±2.58 standard deviations of the placebo group mean during the 12-week altitude 471 

intervention.  472 



 Figure 3 A comparison between changes from baseline to the 2nd exposure week (A and B) and from 473 

baseline to the 1st follow up week (C and D) of log-transformed immature reticulocyte fraction (IRF) 474 

and the log-transformed ratio between immature reticulocyte and red blood cell count (IR/RBC), as 475 

measured by multi-fluorescence flow cytometry (multi) or single-fluorescence flow cytometry 476 

(single) in the rhEpo treated group at sea level (n=16). Statistical significant differences are: * P < 477 

0.05 when comparing ‘single’ and ‘multi’. Values are mean ± standard deviation.  478 



Supporting Information 1 479 

A mixed linear model for repeated measurements as described in the ‘Data analysis and statistics’ 480 
section was performed for a comparison between ALPLA vs SLPLA and ALEPO vs SLEPO for both immature 481 
reticulocyte fraction (IRF) and the IRF to red blood cell count (RBC) ratio (IR/RBC). The fixed factor 482 
‘treatment’ was replaced by ‘trial’ (i.e. AL or SL). All the p-values are Sidak-adjusted. 483 
 484 
Table 1. Difference between ALPLA and SLPLA (i.e. positive numbers equals a higher value in ALPLA) during 485 
the 12-week intervention for IRF. The time × treat effect was significant (P<0.001). 486 

 487 
 488 
Table 2. Difference between ALPLA and SLPLA (i.e. positive numbers equals a higher value in ALPLA) during 489 
the 12-week intervention for IR/RBC. The time × trial effect was significant (P<0.001). 490 

Week Difference (%) Lower 95% CI limit Upper 95% CI limit P-value 

1 29 -8 82 0.139 

2 6 -24 46 0.734 

3 -5 -31 31 0.750 

4 22 -12 70 0.230 

5 52 10 110 0.011 

6 88 36 160 0.000 

7 62 18 124 0.003 

8 59 15 120 0.005 

9 -38 -55 -15 0.004 

10 -51 -65 -33 0.000 

11 -29 -49 -2 0.039 

12 -42 -58 -20 0.001 

 491 
  492 

Week Difference (%) Lower 95% CI limit Upper 95% CI limit P-value 

1 22 -5 57 0.110 

2 5 -17 33 0.697 

3 -5 -25 20 0.638 

4 18 -7 49 0.183 

5 32 4 67 0.020 

6 37 8 73 0.008 

7 28 1 61 0.042 

8 21 -4 53 0.110 

9 -38 -51 -22 0.000 

10 -29 -44 -10 0.004 

11 -13 -31 11 0.266 

12 -25 -41 -5 0.018 



Table 3. Difference between ALEPO and SLEPO (i.e. positive numbers equals a higher value in ALPLA) during 493 
the 12-week intervention for IRF. The time × trial effect was significant (P<0.01). 494 
 495 

Week Difference (%) Lower 95% CI limit Upper 95% CI limit P-value 

1 28 0 64 0.048 

2 -10 -29 16 0.420 

3 27 -1 62 0.056 

4 8 -16 38 0.548 

5 -5 -26 22 0.688 

6 6 -17 35 0.658 

7 0 -22 27 0.983 

8 42 11 81 0.006 

9 -20 -37 2 0.077 

10 -18 -36 5 0.121 

11 5 -18 34 0.707 

12 -19 -37 3 0.088 

 496 
Table 4. Difference between ALEPO and SLEPO (i.e. positive numbers equals a higher value in ALPLA) during 497 
the 12-week intervention for IR/RBC. The time × trial effect was significant (P<0.001). 498 
 499 

Week Difference (%) Lower 95% CI limit Upper 95% CI limit P-value 

1 36 -3 90 0.075 

2 -15 -39 19 0.353 

3 41 0 97 0.047 

4 11 -21 56 0.541 

5 -4 -32 34 0.798 

6 36 -3 91 0.073 

7 28 -9 79 0.155 

8 88 34 163 0.000 

9 -15 -39 19 0.343 

10 -32 -51 -4 0.028 

11 3 -26 45 0.859 

12 -34 -53 -7 0.016 

 500 
 


