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ABSTRACT 1 

Recombinant human erythropoietin (rhEpo) can improve human performance, but misuse 2 

remains difficult to detect. C-terminal fibroblast growth factor 23 (cFGF23) was recently 3 

demonstrated to increase following injection of a single high dose rhEpo, but the effect of 4 

more frequent low doses is unknown. Using a randomized double-blind placebo-controlled 5 

design, we investigated whether two weeks with three weekly subcutaneous injections of 50 6 

IU/kg Eprex (low-dose) or 20 IU/kg Eprex (micro-dose) increase cFGF23 levels compared 7 

with saline (placebo) injections in 24 healthy males. Venous blood was sampled at day -3, 0, 8 

1, 3, 11, 14, 18 and 25 of the treatment and analyzed for cFGF23 and erythropoietin 9 

concentration ([EPO]). The level of cFGF23 was similar at days -3, 0, 1, 3, 11, 14, 18 and 25 10 

with the low-dose (23±4, 26±5, 23±7, 27±6, 25±8, 24±10, 22±5 and 24±7 RU/ml, 11 

respectively), micro-dose (23±6, 25±5, 23±8, 28±9, 27±7, 25±9, 25±5 and 23±6 RU/ml, 12 

respectively) and placebo (23±6, 24±6, 26±7, 26±6, 31±6, 31±7, 24±4, and 27±8 RU/ml, 13 

respectively) treatment. The correlation coefficient between plasma [EPO] and plasma 14 

cFGF23 levels was R2=0.01 and insignificant. The results demonstrate that cFGF23 is not 15 

sensitive to low doses of subcutaneous rhEpo injections in healthy males. 16 

 

Keywords: Erythropoiesis; biomarker discovery; doping  17 



 

INTRODUCTION 18 

Treatment with recombinant human erythropoietin (rhEpo) has the ability to improve human 19 

aerobic performance1-3. Unfortunately, some competing athletes have misused rhEpo and 20 

detection remains difficult. Briefly, detection of the rhEPO hormone is possible for 6 days in 21 

100 % of subjects receiving ~80 IU/kg body weight (bw) epoetin beta subcutaneously4. 22 

However, epoetin alpha has a shorter half-life than epoetin beta and intravenous injections 23 

are associated with a faster elimination than subcutaneous injections.5 According to the dose, 24 

type of rhEpo and mode of administration the direct detection can be limited to 24 hours6-8. 25 

Indirect detection, i.e. detecting atypical fluctuations of a variable affected by rhEpo, is 26 

attempted by the Athlete Biological Passport9. The passport calculates longitudinal intra-27 

individual thresholds for hemoglobin concentration and OFF-hr score (hemoglobin 28 

concentration – 60 × √reticulocyte percentage), and crossing of the thresholds may indicate 29 

blood manipulation. However, the rate of atypical findings is only 20-45 % when 10-65 IU/kg 30 

bw rhEpo is injected regularly for 2-12 weeks10-12. Thus, it is clear that a continuous 31 

exploration of novel biomarkers or methods with the potential to improve detection is 32 

required. 33 

One potentially sensitive but unexplored biomarker is the hormone fibroblast growth factor 34 

23 (FGF23). Bone, including osteocytes, osteoblasts and bone marrow synthesize FGF2313, 35 

14, whose primary function is to maintain phosphate and calcium homeostasis15, 16. Post-36 

translational modification of the intact FGF23 (iFGF23) determines whether iFGF23 remains 37 

bioactive or is cleaved near the C-terminal producing the inactive C-terminal fragment 38 

(cFGF23)17, 18. Recent evidence suggest that an erythropoietin-dependent pathway regulate 39 

FGF23 production. For instance, mice overexpressing endogenous erythropoietin have 40 

increased iFGF23 and cFGF23 levels compared to controls19, 20 and stabilization of the 41 

hypoxia inducible factor increase erythropoietin and FGF23 levels, but the effect on FGF23 42 

is abrogated when utilizing an erythropoietin neutralizing antibody21. However, the 43 

mechanisms involved in regulation of transcriptional activation remain unknown22. 44 



 

Nevertheless, multiple studies have demonstrated fluctuations in iFGF23 and cFGF23 45 

following manipulations of plasma erythropoietin in murine models13, 23, 24. Furthermore, two 46 

human studies recently confirmed the link between FGF23 and erythropoietin, as a single 47 

injection of 20,000-60,000 IU rhEpo increased iFGF23 and cFGF23 in anemic patients13, but 48 

only cFGF23 in healthy adults19 after 12-24 hours. However, competing athletes misusing 49 

rhEpo are unlikely to utilize such high doses due to a high risk of detection as demonstrated 50 

by a detection rate of up to 100 % by the biological passport in subjects treated with 250 51 

IU/kg (~19,000 IU) epoetin beta subcutaneously three times per week for two weeks25. The 52 

high-dose rhEpo injections increased cFGF23 ~2-3 fold within 24 h13, 19 and smaller rhEpo 53 

injections are expected to cause smaller cFGF23 changes, which possess the risk of being 54 

insufficient for detection of rhEpo misuse. However, depending on the intra individual 55 

variation, which is ~8 % over two days26 but unknown for longer periods, and assay variation, 56 

then smaller relative changes can be highly valuable. For instance, detection of blood volume 57 

manipulations with changes of ~17-19 % in [Hb] provided a detection rate of up to 75%25.  58 

 

In contrast, four days of hypoxic exposure at 2656 m of altitude did not alter iFGF23 or 59 

cFGF23 levels, despite an increase in plasma erythropoietin27. However, the increase in 60 

plasma erythropoietin concentration ([EPO]) following low dose (50 IU/kg bw) rhEpo 61 

injections three times per week for four weeks is expected to be 2-3 fold higher28, 29 than 62 

changes induced by moderate altitude27. Thus, it remains unknown whether FGF23 is a 63 

sensitive biomarker for detection of rhEpo treatment protocols potentially resembling 64 

protocols used by some competing athletes. 65 

 

In the present study, 24 healthy men completed a randomized, double-blind and placebo-66 

controlled design, allowing us to investigate whether cFGF23 is a sensitive biomarker for 67 

detection of three weekly subcutaneous injections of 20 or 50 IU/kg bw rhEpo for two weeks 68 

compared to placebo. We hypothesized that injections of 50 IU/kg bw rhEpo increase 69 

cFGF23, whereas injections of 20 IU/kg bw rhEpo do not.  70 

 



 

METHODS 71 

Recombinant erythropoietin (rhEpo) treatment. 24 healthy male subjects (age 35 ± 9 years, 72 

height 177 ± 5 cm, body mass 74 ± 7 kg) gave written informed consent to participate in a 73 

randomized, double-blind, placebo-controlled study (NCT03276910) approved by the ethics 74 

committee (CPP Est-III, EudraCT 2017-000375-82). After duplicate baseline collection on 75 

days -3 and 0, the subjects received six subcutaneous injections of saline (placebo, n=8) or 76 

rhEpo (epoetin alpha, Eprex®, Janssen-Cilag) at two different doses, i.e. 20 IU/kg bw (micro-77 

dose, n=8) or 50 IU/kg bw (low-dose, n=8) on days 0, 2, 4, 7, 9 and 11, according to doping 78 

protocols used by athletes. Venous blood was collected on days 1, 2, 3, 4, 7, 9, 11, 14, 18 and 79 

25 as described previously30, but cFGF23 levels were only measured at days 1, 3, 11, 14, 18 80 

and 25 which allow an investigation of the acute (i.e. few days) and long-term (i.e. multiple 81 

weeks) effect of rhEpo injections. These 6 samples were collected 24 hours (two 82 

occurrences), 48 hours (one occurrence), 72 hours (one occurrence), 7 days (one occurrence) 83 

and 14 days (one occurrence) after an injection. All sampling and subsequent injections were 84 

performed in the morning at the same time for each subject.  85 

 

Analyses 86 

C-terminal FGF-23 plasma levels were determined in 100µl plasma by an enzyme-linked 87 

immunosorbent assay with an assay range of 1.5–1400 RU/mL (Human FGF-23 (C-Term) 88 

ELISA Kit, Cat.# 60-6100, Immutopics, Inc. San Clemente, CA 92673) according to 89 

manufacturer’s instructions. The applied kit has previously been used to demonstrate the 90 

effect of rhEpo on C-terminal FGF23 in human plasma19. A standard curve and high and low 91 

level human FGF-23 controls were included on all plates. All samples were analyzed in 92 

duplicates. EPO plasma concentrations were determined as described elsewhere30. 93 

 

Statistics 94 

SPSS was used for statistical analyses (IBM SPSS Statistics, version 23.0.0). To assess the 95 

effect of rhEpo treatment, a mixed linear model for repeated measurements was used31. Fixed 96 

factors were time, treatment and time × treatment. Subject was used to identify repeated 97 



 

measures and to define a random factor. If a significant main effect existed, a post hoc 98 

analysis was performed using a Sidak-adjusted pairwise comparison. Results are reported as 99 

means ± SD and the level of statistical significance was set a P < 0.05.  100 

A correlation analysis between plasma cFGF23 levels and plasma [EPO] was performed 101 

using a general linear model to calculate the correlation coefficient within subjects by 102 

multiple regression32.  103 



 

RESULTS 104 

No main effect of time × treatment or treatment existed for cFGF23 but a main effect existed 105 

(P<0.01) for time.  106 

 

The low-dose group had a mean cFGF23 of 23±6 and 25±5 RU/ml at days -3 and 0, 107 

respectively, which was similar to the levels of 23±4 and 26±5 RU/ml in the micro-dose 108 

group and 23±6 and 24±6 RU/ml in the placebo group. 109 

When the subjects were injected with 50 IU/kg bw rhEpo, the cFGF23 was 23±8, 28±9, 27±7, 110 

25±9, 25±5 and 23±6 RU/ml at days 1, 3, 11, 14, 18 and 25, respectively, which was similar 111 

to the cFGF23 levels of 23±7, 27±6, 25±8, 24±10, 22±5 and 24±7 RU/ml at the similar 112 

respective time points in subjects injected with 20 IU/kg bw rhEpo. 113 

In addition, subjects injected with either 50 or 20 IU/kg bw rhEpo had a similar concentration 114 

of cFGF23 compared with the placebo group, which had levels of 26±7, 26±6, 31±6, 31±7, 115 

24±4, and 27±8 RU/ml at days 1, 3, 11, 14, 18 and 25, respectively. The post hoc analysis 116 

revealed an increase (P<0.05) in cFGF23 within the placebo group by 49±43 % and 42±45 117 

% at days 11 and 14, respectively, compared to day -3. Figure 1 and 2 presents the individual 118 

and mean variations in cFGF23, respectively. 119 

 

The correlation coefficient between plasma [EPO] and plasma cFGF23 levels was R2=0.01 120 

and insignificant (Figure 3).   121 



 

DISCUSSION 122 

The major finding of the present study is that three weekly subcutaneous injections of 50 or 123 

20 IU/kg rhEpo for two weeks do not alter cFGF23 compared with placebo, demonstrating 124 

that cFGF23 is not a sensitive biomarker for detection of rhEpo misuse. 125 

Fibroblast growth factor 23 126 

Murine models have recently demonstrated that an increase in plasma [EPO] following rhEpo 127 

treatment or acute blood loss is associated with an increase in cFGF23 levels13, 23, 24, which 128 

was confirmed in humans by injecting a single high dose rhEpo13, 19. Here we present the 129 

results of the first study evaluating whether low doses of rhEpo affect plasma levels of 130 

cFGF23 and demonstrate that three weekly injections of 50 IU/kg rhEpo or 20 IU/kg rhEpo 131 

for two weeks do not increase plasma cFGF23 concentration compared to placebo. 132 

The insignificant fluctuations of cFGF23 is in contrast to previous studies observing higher 133 

cFGF23 levels in healthy young19 and elderly anemic13 humans after rhEpo treatment. One 134 

possible explanation for the discrepancy is a ~10-40 fold lower rhEpo dose per injection and 135 

2-6 fold lower dose of total units injected in the present study, which is expected to be 136 

mirrored in plasma [EPO]. In the present study plasma [EPO] rose to approximately 20 137 

mIU/ml and 35 mIU/ml in average within 24 h after injection of 20 or 50 IU/kg rhEpo, 138 

respectively, as reported elsewhere30. Correspondingly, a hypoxia-induced increase in 139 

plasma [EPO] to ~20 mIU/ml did not increase cFGF23 levels27. Thus, it appears that plasma 140 

[EPO] must exceed at least 35 mIU/ml to induce detectable changes in cFGF23. 141 

Another potential concern is blood sample timing. However, as plasma cFGF23 is elevated 142 

for at least 24 h after injection of 20,000-60,000 IU rhEpo13, 19 and as blood was collected 24 143 

h post injection at two occurrences in the present study, this suggest that sample timing is 144 

unlikely to explain the discrepancy in cFGF23 fluctuations between studies. However, as 145 

cFGF23 levels were not evaluated for less than 24 h after rhEpo injections in the present 146 

study, it cannot be ruled out that an increase was present at some point within the 24 h time 147 

slot. Finally, a reasonable concern for the value of cFGF23 as a biomarker for rhEpo misuse 148 

is the expected window of detection. Even though direct detection of rhEpo was not evaluated 149 



 

in the present study, direct detection methods are known to be capable of detecting 10-50 150 

IU/kg epoetin alpha injections for at least 24 h6-8, and cFGF23 must therefore remain elevated 151 

for >24 h to add significant value. However, previous research on cFGF23 returning to 152 

baseline is limited to four elderly anemic patients indicating that cFGF23 return to baseline 153 

levels within 48 h13. Notably, the mean value appeared ~40 % higher than baseline at 48 h 154 

after injection, and as the study only included four participants the risk of a type II error is 155 

high. As the rhEpo treatment of the present study did not induce detectable changes in 156 

cFGF23, it was not possible to confirm previous findings on the kinetics of cFGF23. 157 

Assay and biological variation 158 

We cannot rule out that the applied assay was unable to detect subtle changes occurring in 159 

cFGF23 levels. Inter and intra assay variation is 2.4 % and 4.7 %, respectively, according to 160 

the manufacturer. In the present study the coefficient of variation for duplicate analysis 161 

(n=192) was 5.5 % and control samples between plates demonstrated a similar variation of 162 

4.5 % at concentrations of ~30 RU/ml and 5.3 % at concentrations of ~300 RU/ml. This 163 

variation is substantially lower than a previously reported inter assay variation of 11.5 % 164 

when analyzing the same sample in duplicates23. Nevertheless, these results demonstrate that 165 

if we by chance had a false-negative result, the undetected change in cFGF23 is expected to 166 

be less than ~5-6 % corresponding to about 1-2 RU/ml. Importantly, the applied assay for 167 

determination of cFGF23 in the present study obtained similar levels of cFGF23 compared 168 

to a previous study on healthy humans19, indicating that the results are valid. 169 

The biological variation in cFGF23 is not well described. Intra individual diurnal variation 170 

in healthy males is ~8 % when measured over two days26, but no other study has to our 171 

knowledge determined the variability in healthy males occurring over multiple weeks. Here, 172 

we observed fluctuations of up to ~50 % in mean cFGF23 levels of the placebo group with 173 

individual variations up to ~110 % (Figure 1). These fluctuations are markedly above the 174 

reported assay variation and diurnal variation26, suggesting a substantially larger biological 175 

variation in cFGF23 when monitored for multiple weeks in healthy males. About 40 % of the 176 

variation is explained by plasma [EPO] in septic patients upon admission to the intensive 177 



 

care unit24. However, plasma [EPO] can only explain 1 % of the variation in healthy humans 178 

(Figure 3). These results further support the conclusion that cFGF23 is a weak predictor of 179 

rhEpo misuse in low doses. 180 

It is clear that the applied rhEpo doses were insufficient to increase cFGF23, but the low-181 

dose treatment effectively increased total hemoglobin mass30. This was not the case for the 182 

micro-dose treatment, but cheating athletes may utilize micro-doses to mask previous blood 183 

manipulations33, which collectively demonstrate the relevance of investigating novel 184 

detection models for the applied rhEpo protocols. It should also be noted that some athletes 185 

have reported to use even smaller doses than the present study34, which further support the 186 

present finding that cFGF23 is a weak predictor of rhEpo misuse. 187 

Although cFGF23 does not appear sensitive, other biomarkers such as the hormone 188 

erythroferrone has demonstrated potential as a biomarker for rhEpo misuse. Erythroferrone 189 

levels were higher for 48 h after a 20 IU/kg Eprex injection and for 72 h after a 50 IU/kg 190 

Eprex injection compared with placebo30, with 3-4 fold and 6-7 fold increases observed with 191 

20 and 50 UI/kg, respectively. Future studies should investigate the use of erythroferrone 192 

further. 193 
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Figure 1. Individual changes in plasma C-terminal fibroblast growth factor 23 (cFGF23) 288 

before (days -3 and 0), during (day 3 and 11) and after (days 14, 18 and 25) subcutaneous 289 

injections of (A) 50 IU/kg bw Eprex; (B) 20 IU/kg bw Eprex; or (C) saline (placebo) at 290 

days 0, 2, 4, 7, 9 and 11.   291 



 

Figure 2. Mean changes in plasma C-terminal fibroblast growth factor 23 (cFGF23) 292 

before (days -3 and 0), during (day 3 and 11) and after (days 14, 18 and 25) subcutaneous 293 

injections of (A) 50 IU/kg bw Eprex; (B) 20 IU/kg bw Eprex; or (C) saline (placebo) at 294 

days 0, 2, 4, 7, 9 and 11. The error bars indicate one standard deviation. # P < 0.05 295 

compared with day -3 within treatment.   296 



 

Figure 3. Correlation analysis of plasma C-terminal fibroblast growth factor 23 (cFGF23) 297 

and plasma erythropoietin (EPO) for samples collected at all time points in 24 subjects. 298 

Symbols represent subjects injected with 20 (squares) or 50 (diamonds) IU/kg bw 299 

recombinant human erythropoietin or placebo (circles). Each symbol fill out represents an 300 

individual and the line represents the average linear regression.  301 


