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ABSTRACT
BIRKELAND, K. I., J. STRAY-GUNDERSEN, P. HEMMERSBACH, J. HALLE, E. HAUG, and R. BAHR. Effect of rhEPO
administration on serum levels of sTfR and cycling performaited. Sci. Sports ExercVol. 32, No. 7, pp. 1238-1243, 2000.
Purpose: We assessed the possibility of using soluble transferrin receptor (sTfR) as an indicator of doping with recombinant
erythropoietin (rhEPO)Methods: A double-blind, placebo-controlled study was conducted with the administration of 5000 U of
rhEPO N = 10) or placebol = 10) three times weekly (181-232kg~*wk*) for 4 wk to male athletes. We measured hematocrit
and the concentration of hemoglobin, sTfR, ferritin, EPO, and quantified the effects on performance by measuring time to exhaustion
and maximal oxygen uptake (%) On a cycle ergometeResults: Hematocrit increased from 42:% 1.6% to 50.8+ 2.0% in the
EPO group, and pealel d after treatment was stopped. In the EPO group, there was an increase in sTfR (fron.8.10 6.3+
2.3 mgL "%, P < 0.001) and in the ratio between sTfR and ferritin (sTéRitin %) (from 3.2+ 1.6 to 11.8+ 5.1,P < 0.001). The
sTfR increase was significant after 1 wk of treatment and remained so for 1 wk posttreatment. Individual values for sTfR throughout
the study period showed that 8 of 10 subjects receiving rhEPO, but none receiving placebo, had sTfR levels that exceeded the 95%
confidence interval for all subjects at baselire 4.6 mgL ™). VOZmaXincreased from 63.& 4.5 mL:kg~min~?* before to 68.1*+
5.4 mL:kg~min~* 2 d post rhEPO administration (7% increaBes 0.001) in the EPO group. Hematocrit, STfR, sTéRritin %, and
VO,max did Not change in the placebo grouponclusion: Serum levels of sTfR may be used as an indirect marker of supranormal
erythropoiesis up to 1 wk after the administration of rhEPO, but the effects on endurance performance outlast the increaseein sTfR.
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ew developments in pharmacology and medical doses during longer term (1). The authors suggested that an

therapeutics regularly lead to the misuse of these elevated serum level of STfR or sTfBrritin~* may be used

agents to improve performance in sport. Soon after to indicate doping with rhEPO.
recombinant human erythropoietin (rhEPO) became avail- An additional problem to the development of a test for
able for the treatment of anemia, rumors began to circulate rhEPO administration in athletes is the possibility that the
that it was being misused in endurance sports (8). The duration of the effect on performance is greater than the
peptide hormone has therefore been prohibited by the In-duration of any hematological changes associated with
ternational Olympic Committee since 1990 (16), although rhEPO misuse. The probable mechanism for the improve-
no analytical method has been available to detect its misusement in performance from the use of rhEPO is a stimulation
Since then, many methods for the detection of rhEPO ad- of erythropoiesis that increases circulating red cell mass,
ministration have been explored (4). These include direct hemoglobin concentration, and arterial oxygen content
proof of rhEPO administration with identification of rhEPO (11,12). This increase in arterial oxygen content leads to an
in blood or urine (20,21) and indirect parameters of stimu- increase in maximal oxygen uptake in well-trained athletes
lated erythropoiesis like the reticulocyte count and the num- (9,10,19). For athletic events dependent on maximal oxygen
ber of hypochromic macrocytes (6) and the serum level of uptake, performance is enhanced (5,22). Once rhEPO ad-
soluble transferrin receptor (sTfR) (1,2,7,13,14). Gareau andministration is discontinued, red cell mass gradually returns
coworkers (13) showed previously that high-dose, short- to its original state, but this may take weeks (10). As a result,
term rhEPO treatment resulted in a significant increase in an “open window” may exist where there is no evidence of
the serum concentration of STfR and the ratio between sTfR rhEPO misuse but where performance is enhanced. Further-
and ferritin, and recently they confirmed this using lower more, the enhanced red cell mass may allow the athlete to

sustain a greater training stimulus, which could produce a

0195-9131/00/3207-1238/0 subsequent improvement in performance potentially quite
MEDICINE & SCIENCE IN SPORTS & EXERCISE remote in time from when there is evidence of rhEPO
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rhEPO in healthy, well-trained, male athletes in a double- times weekly during the treatment period, each of the first
blind, placebo-controlled manner. We also wanted to quan- 5 d after stopping the treatment and two times weekly during
tify the effects of rhEPO administration on maximal oxygen the remainder of the 4-wk follow-up period. The subjects
uptake. Finally, we wanted to establish the time course of reported to the laboratory before training between 7 a.m. and
changes in maximal oxygen uptake and sTfR after rhEPO 9 a.m. in the morning and remained seated for 20 min until
administration to determine at what time during the doping blood had been sampled from an antecubital vein after short
process sTfR can be used to reflect rhEPO misuse. stasis. Two mL of blood were collected in EDTA-tubes for
measurement of hemoglobin concentration and hematocrit
METHODS with a Sysmex K-100 Cell COL_mte_r (Toa Medical E_Igctronic

Comp. Ltd, Kobe, Japan) with interassay coefficients of

Twenty healthy, well-trained male athletes from cycling, variation (CV) < 3%. Also, 5-mL blood samples were

orienteering, running, triathlon, swimming, and cross-coun- drawn and allowed to coagulate before serum was separated
try skiing volunteered for the study. Inclusion criteria were: and frozen at-20°C until analysis. Serum EPO concentra-
normal hematological parameters, including hematocrit be- tion was measured with an immunochemoluminometric
tween 38 and 45% and serum ferritin within the normal method (Nichols Inst. Diagnostics, San Juan Capistrano,
reference range of our laboratory (25-2p@-L%); no CA) with intra- and inter-assay CVs 4-12%. Serum sTfR
history of thromboembolic disease or hypertension; and no concentration was measured with an immunoenzymometric
other known risk factor for cardiovascular disease. During method (Orion Diagnostica, Espoo, Finland) and also with
the screening period before the study, all participants un- an enzyme immunoassay (Ramco Laboratories Inc., Hous-
derwent a medical examination that included blood and ton, TX), both methods with interassay G¥10%. All sSTfR
urine sampling, a familiarization test, and a maximal exer- results presented in this paper have been obtained using the
cise test. The tests were performed on a mechanically Orion method. Serum ferritin concentration was measured
braked cycle ergometer (Monark Ergomedic 839E, Varberg, with a standard method using a Cobas Bio Analyzer (Basel,
Sweden), and oxygen uptake and time to exhaustion wereSwitzerland) with interassay G¥5%. All samples from
measured. The subjects were randomly assigned to the EP@ne individual was assayed in one run.

group (N = 10; age: 23+ 2 yr; height: 181+ 6 cm; weight: Exercise test. After a 5- to 10-min warm-up period, the

73 = 6 kg; maximal oxygen uptake: 63.3- 3.9 subjects cycled to exhaustion on an electrically braked er-
mL-kg~*min~%) or the placebo groug\ = 10; age: 25+ gometer. The initial workload was set at 100 W and in-
4 yr; height: 182+ 8 cm; weight: 75+ 4 kg; maximal creased by 50 W every 2 min until volitional exhaustion.
oxygen uptake: 60.7 4.4 mL-kg~*min~%) with pairwise The subjects were instructed to maintain cadence at 85-95
matching for type of sport and training level. rpm, and if cadence fell below 75 rpm, the test was stopped

Group assignment was blinded to the participants and toand time to exhaustion was recorded. Expired gas was
the technicians and investigators engaged in blood sam-collected in three to five Douglas bags continuously over the
pling, sample analyses, and exercise testing. The subjectdast 3—4 min of the test. Volume was measured by spirom-
received 5000 U (181-232-ky *wk %) rhEPO (Recor eter (KL Engineering, Northridge, CA). Room air and ex-
mon, Boehringer Mannheim GmbH, Mannheim, Germany) pired gas concentrations were measured by mass spectrom-
or placebo (1 mL NaCl 9-§ ~%) subcutaneously three times etry (Perkin-Elmer MGA 1100, St. Louis, MO). Bag
weekly for 30 d, or until hematocrit: 50%, when injections  temperature and pressure were recorded. The bag of at least
were stopped. They were thereafter followed for 4 wk with 45-s duration with the highest value for oxygen uptake was
repeated blood sampling and exercise tests. All subjects,designated as maximal oxygen uptake. Posttest analysis of
including placebo-treated individuals, were given oral iron respiratory quotient>*1.1) and heart rate (within 5% of
supplementation with 270 may * F€" in liquid formula age-predicted maximum) were used as additional criteria to
(Neo-Fer, Nycomed Pharma AS, Oslo, Norway). The sub- confirm that maximal oxygen uptake had been reached.
jects, including the placebo-treated athletes, were informed Additionally, the oxygen uptake-power output relationship
in writing and verbally, and gave written informed consent was analyzed to determine whether there was a plateau in
to participate. The study was approved by the Regional oxygen uptake.

Ethics Committee of the Norwegian Research Council for ~ Statistics. Values are presented as meanSD. An
Science and Humanities and the Norwegian Medicines Con-analysis of variance was performed on each variable of
trol Authority. The study was also approved by the Norwe- interest. Post hoc {tests were applied where significant
gian Olympic Committee and Confederation of Sports and interactions were noted. For correlation analysis a Pearson’s
the subjects did not participate in national competition for coefficient was calculated. Exa®-values are generally
the duration of the study (i.e., for the duration of the rhEPO given andP-values<<0.05 were considered significant.
administration period and until at least 4 wk after the re-

ceiving the last injection). None of the subjects participated RESULTS

in international competition for 3 months after the study. No

subjects became ill requiring medication during the study.  Treatment was stopped before day 30 in two subjects in the

Blood sampling. Blood samples were obtained imme- EPO group (after 17 and 23 d) as they reached the predeter-
diately before start of the treatment and thereafter three mined hematocrit cut-off level o 50%. Injections to their
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Figure 1—Mean (=SD) level of hematocrit (upper panel) and hemo-
globin (lower panel) for the rhEPO treated subjects {illed symbols
N = 10) and control subjects ppen symbolsN = 10) for the treatment
(days 1-30) and posttreatment period (days P1-P28pashed lines
show prerace limits of the International Cycling Union (ICU) for =
hematocrit (hematocrit = 50%) and of the International Skiing Fed- 2
eration (FIS) for hemoglobin (hemoglobin= 18.5 gL‘l). E’
5
[
matched pairs (control group) were also stopped. Hematocrit
increased from 42.% 1.6% before start to 50.8 2.0% P <
0.00) 1 d posttreatment in the EPO group (Fig. 1). All of the

EPO treated subjects reached a hematocrit &0% during
treatment or during days 1-5 in the posttreatment period.
Hematocrit did not change in the placebo group.

Serum levels of sTIR increased during treatment in the
EPO group from 3.1 0.9t0 6.3+ 2.3 mgL ! (P < 0.001)
and did not change in the placebo group (Fig. 2). The
increase in sTfR was significant after 1 wk of treatment and
lasted 2 wk after treatment was stopped. Ferritin levels were
reduced during EPO treatment from 16962 to 41+ 17
ugL ™! (P = 0.007) despite iron supplementation. Ferritin
levels did not change in the placebo group (Fig. 2). Hence,
the ratio of sTfR to ferritin K 100) increased from 3.2 1.6
to 11.8+ 5.1 (P < 0.001) in the EPO-group and did not
change in the placebo group (Fig. 2).

Individual values for sTfR throughout the study period
show that 8 of 10 subjects acquired sTfR levels that ex-
ceeded the 95% confidence interval (Cl) for all subjects at

sTfr/ferritin ratio (x100)
o
]
T

F

baseline € 4.6 mgL ') when treatment was stopped, and e e N
7 of 10 exceeded the 99% C&6.4 mgL ~1). None of the 0 5 10 15 20 25 30 P5 P10P15P20P25
placebo treated subjects had values above these levels. Day #

During treatment maximal oxygen uptake increased sig- _. )
Figure 2—Mean (£SD) level of soluble transferrin receptor concen-

nificantly in the EPO group, _bOth when compared With_ the tration (sTfR; upper panel), ferritin concentration (middle panel), and
control group and to baseline values (Fig. 3). Maximal sTfRerritin = (x100; lower panel) for the rhEPO treated subjects

oxygen uptake at baseline in the EPO group was 6339 (filled symbols N = 10) and control subjects 6pen symbolsN = 10) for
L-ka~min—t d i d 68.1+ 5.4 the treatment (days 1-30) and posttreatment period (days P1-P28).
mL-kg “~min an Increased  to L= . Dashed linein upper panel shows the meart+2 SD (95% ClI) for all

mL-kg~*min~* 1 d posttreatmenty = 0.001 vs baseline).  subjects at baseline £ 4.6 mgL ~%).
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Figure 3—Mean (xSD) level of maximal oxygen uptake lfars) and
time to exhaustion gircles) for the rhEPO-treated subjects (hatched/
filled symbols N = 10) and control subjects open symbolsN = 10)
before treatment (day 0) and in the posttreatment period (days P1-
P28).

group). There was no change in body weight in either group.
Maximal oxygen uptake showed a slight but not significant

window” exists were rhEPO is undetectable by the sTfR
method and endurance performance is greatly enhanced.
Therefore, a normal value for sTfR does not rule out recent
rhEPO use. However, an elevated sTfR value, if noted, is
strong indirect evidence of rhEPO use. This shows that sTfR
may be used as an indirect indicator for rhEPO doping,
although the specificity of this method must be thoroughly
investigated in large group of athletes under different phys-
iological conditions, e.g., during altitude training.

Due to the decrease in ferritin levels, the changes in
sTfRferritin~* were even more pronounced than the sTfR
levels themselves. However, the increase in g&fRtin~*
was not as pronounced as in a previous study (13). In this
study, Gareau et al. gave higher EPO doses and did not give
iron supplementation, which may have produced a more pro-
nounced reduction in serum ferritin and, consequently, a more
dramatic difference between control and experimental groups.
Athletes using rhEPO to gain a performance advantage are
likely to use iron supplementation, and we suggest that sTfR

tendency to increase in the placebo group during the studylevels alone might be a more robust parameter than the

period (Fig. 3). Time to exhaustion increased from 12.8
1.0 min at baseline to 14.¢ 1.4 min 1 d posttreatment in
the EPO groupR < 0.0001) and from 13.1% 1.5 min to
13.3* 1.5 min in the control groupR = 0.04).

The baseline serum levels of EPO was 13.7.7 UL !
in the EPO-group and 9.7 6.2 UL ' in the control group
(NS). Twenty-four hours after the last injection the serum
EPO concentration was 418 9.8 UL ! (P < 0.001 vs

sTfRferritin~* as an indication of rhEPO use. In our placebo-
group of healthy athletes with normal ferritin levels, iron sup-
plementation did not alter the mean levels of STfR or ferritin
during the study. However, we cannot exclude that larger doses
of iron, especially if given intravenously, would result in dif-
ferent findings. Furthermore, no significant correlation was
observed between baseline ferritin levels and the changes ob-
served in sTfR during treatment with rhEPO.

baseline), and it was reduced to pretreatment levels 48—72 Repeated injections of rhEPO lead to an increase in

h after the last injection (Fig. 4).

hematocrit and hemoglobin concentration in a dose- and

Because previously published results of STfR measurementgime-dependent manner (12). This is the rationale for the use

after rhEPO administration were obtained using a different

of rhEPO in clinical medicine as effective treatment for

immunoassay (1,13) and different immunoassays have beeranemia caused by renal failure, inflammatory and malignant

shown to perform differently (18), we also measured sTfR in

diseases, and to enhance the efficacy of preoperative auto-

our 198 serum samples with the Ramco immunoassay. Even

though the results obtained with the two methods were signif-
icantly correlated (= 0. 70,P < 0.001, sTfRgon = 0.7 X

STfRzamco T 0.96), considerable differences were found, and
the limit for what is considered normal values for sSTfR must be

defined for each assay separately. However, the changes in

serum levels of sTfR during treatment and the sensitivity to
detect rhEPO administration did not differ between the two
immunoassays.

DISCUSSION

The main objective of the present study was to evaluate
the efficacy and time course of sTfR as a marker for rhEPO

use in athletes and to relate that to the potential performance

advantage. Serum sTfR was elevated after 1 wk of rhEPO
treatment and the elevation persisted for the duration of
treatment in 8 of 10 subjects. Further, in 5 of 10 subjects
STfR was elevated for 1 wk posttreatment.

Maximal oxygen uptake and time to exhaustion were
significantly elevated for up to 3 wk postadministration,

50
—e— EPO
O ntrol
40 4 Contro
T 30 =
o)
£
e
LLJ20—1 i
10—{ I/I/I
0 | lllllllll{lllllllIlll!lllll!
0 PO P5 P10 P15 P20 P25
Day #

which confers a performance advantage in endurance sportsfigure 4—Mean (+SD) level of serum EPO for the rhEPO-treated

These data indicate a performance advantage for at least f’r

wk longer than any indication of rhEPO use. A large “open

sTfR CONCENTRATION AND rhEPO DOPING

ubjects (illed symbols N = 10) before treatment (day 0) and post-
eatment period (days P1-P28), as well as the baseline value for the
control subjects (©pen symbolsN = 10).
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logous blood donation (3). This is also the background for there is an increase in the reticulocyte count followed by an
its potential misuse as a doping agent to improve perfor- increase in the hemoglobin level, hematocrit, and the num-
mance in endurance sport. The present study is the firstber of red blood cells (1). There also appears to be an
randomized, placebo-controlled study to show that the ad- increase in large erythrocytes with low hemoglobin content
ministration of moderate doses of rhEPO for 4 wk signifi- (6), and there is an increase in the sTIR level (2,7,14). It has
cantly increases maximal oxygen uptake and time to ex- been shown previously that high doses of rhEPO given to
haustion in healthy, well-trained endurance athletes. Thesehumans result in a significant increase in the serum concen-
data are similar to and confirm the findings from an uncon- tration of STfR measured by the ELISA technique (13). This
trolled, unblinded study (10). In a questionnaire adminis- is presently one of the most promising indirect parameter to
tered 2 d after the end of the treatment period, when the indicate rhEPO use in athletes. However, our results show
effect on hematocrit and maximal oxygen uptake was max- that the sensitivity of STfR as an indicator of rhEPO-admin-
imal, only 5 of the 10 subjects in the EPO group responded istration is limited. In two individuals, serum sTfR never did
that they thought they had received rhEPO, three reportedincrease above the baseline meaa SD because of a low
that they believed they were in the placebo group, and two pretreatment level and a small increase during treatment
were uncertain. Also, there was an improvement in time to (from 1.3 to 3.6 mg.~* and from 2.1 to 3.1 mg 2,
exhaustion in the control group, although not of the same respectively). Although the mean sTfR for the group was
order of magnitude as in the EPO group. This shows the elevatel 7 d after treatment was stopped, when using the
importance of a blinded and placebo-controlled design. cut-off level of 4.6 mg.~%, only 5 of the 10 subjects

As a measure to avoid potential health hazards and toexceeded this level at this time point. Further study is
combat doping, some international sports federations haveneeded to refine the method before it can be applied to
excluded athletes with hematocrit or hemoglobin levels doping control. It will be necessary to define normal phys-
above certain limits from participation in competition. The iological variation in large populations and the variations
International Skiing Federation (FIS) excludes male athletes due to the influence of high altitude, low pressure oxygen
with hemoglobin levels above 18.510 mL ' (corre chambers, iron supplementation, training status, ethnicity,
sponds to a hematocrit of approximately 56%), whereas theand other physiological and pathological states.
International Cycling Federation (UCI) has set a limit at a  In addition to the limitations in sensitivity and specificity
hematocrit of 50% for participation in competition. Al- shown in the present study, the sTfR method is only an
though the limits do provide a certain measure of safety for indirect test for rhEPO doping. Wide and Bengtsson (20)
the athletes and limit the extent of the performance advan- have presented a promising direct method for distinguishing
tage, Fig. 3 shows that the subjects were at the UCI limit and between endogenous and recombinant EPO in 1990 and
well below the FIS limit after 4 wk of rhEPO use. Thus, a later provided data that it may be effective in detecting
significant improvement in maximal oxygen uptake perfor- rhEPO misuse (21). However, further studies are necessary
mance may be achieved despite hematocrit and hemoglobirto explore the merits of the method of Wide and Bengtsson
levels within the present limits. as a direct method. Even if this method is shown to be both

We did not include time trials in this experiment to accurate and practical, samples must be obtained within
determine whether the improvement in maximal oxygen 48-72 h of the last injection, whereas the effects on perfor-
uptake would translate into actual improvement in perfor- mance last much longer.
mance in the field and across different sporting disciplines.  In summary, our data show that administration of rhEPO
However, we did observe a 10% improvement in time to sufficient to raise hematocrit from 42.7% to 50.8% in endur-
exhaustion on the cycle ergometer. In a previous study by ance athletes was detected by an increased sTfR in 80% of the
one of the authors (15), an altitude-induced (4 wk at 2500 m) athletes during the administration of rhEPO and in 50% of
increase in hematocrit of less than half the magnitude ob- athletes a week after cessation of rhEPO administration. Fur-
served in this study conferred a 1.5% improvement in ther, maximal oxygen uptake was significantly improved for 3
5000-m time trial performance lasting at least 3 wk after wk postadministration, resulting in a large “open window”
return from altitude. Even if the degree of improvement in where detection by this method is unlikely and endurance
performance were similar to the effect obtained from alti- performance is greatly enhanced. We conclude that detection
tude exposure, it would clearly make the difference between of the use of rhEPO in athletes with this or other markers will
winning a medal or not in international level competition. only be possible with random, out-of-competition testing.

Repeated injections of rhEPO result in several well de-
fined changes in the body that can be monitored by analyz- _ o _ _
. . We thank Raynald Gareau for stimulating discussions and ideas
Ing a blood sample. In the minutes and hours after an during the planning phase of the study. The study was supported by
injection of rhEPO, high levels of EPO can be measured in grants from the Norwegian Olympic Committee and Confedera-
serum (17), and rhEPO may also be detected in the urinetion of Spprts, quhringer Ma'nn'heim', and Ny'comed Pharma AS.

. The technical assistance of Kristine Fiskum, Bjarte Justnaes, Qrjan

(21). However, as the half-life in blood after subcutaneous yyaineim, Inger Myrland, Jeroen Oustein, Hidde van der Ploeg,
injections is relatively short and the interindividual varia- Tone Rasmussen, Hanne Staff, and Marit Stokkeba was highly
tions are considerable, simply measuring EPO concentrationappreciated. ,
. . e .. . ddress for correspondence: Kare I. Birkeland, Hormone Labo-
is neither a specific nor a sensitive method for detection of

] o X ratory, Aker University Hospital, N-0514 Oslo, Norway; E-mail:
rhEPO doping (17). A few days after the injection of rhEPO, kare.birkeland@ioks.uio.no.
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