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ABSTRACT

LEWIS, L., J. MØRKEBERG, R. CHAPMAN, Y. O. SCHUMACHER, M. FEDORUK, D. EICHNER, and B. LEVINE. American College

of Sports Medicine Expert Consensus Statement: Blood Doping in Sport.Med. Sci. Sports Exerc., Vol. 57, No. 12, pp. 2936-2945, 2025. This

Consensus statement provides an update to the 1996 American College of Sports Medicine Position Stand: The Use of Blood Doping as an

Ergogenic Aid. Red blood cell (RBC) mass directly influences exercise performance because RBCs are critical to the transport of oxygen to

skeletal muscle, as well as their role in maintaining acid–base status and regulating blood flow. Blood doping is defined as the practice of ar-

tificially increasing RBC volume for the purpose of improving exercise performance. Blood doping methods have classically included rein-

fusion of stored blood as well as administration of pharmaceutical agents such as recombinant human erythropoietin, hypoxia-inducible factor

stabilizers or nonpharmaceutical substances, like cobalt or xenon, which stimulate the erythropoietic pathway. It is clear through scientific con-

sensus that other methods to naturally increase hemoglobin, such as hypoxic or hyperoxic exposure, are not considered blood doping. More

recently, emerging blood doping threats through gene manipulation have received new attention. In the last 25 yr, the science and technology

surrounding oxygen sensing and erythropoiesis, pharmacological intervention, and doping detection has advanced substantially, dictating this

updated review. It is the position of the American College of SportsMedicine that any blood doping procedure usedwith the actual or potential

to improve athletic performance is unethical and unfair and exposes the athlete to unwarranted and potentially serious health risks.

Highlights: What’s new since the last statement?

• TheWorldAnti-dopingAgencywas formed in 1999, provid-

ing a global authority to harmonize anti-doping policies, rules,

and regulations in sport via the World Anti-doping Code.

• Blood doping became a significant problem in sport with

many high-profile investigations including Operation Puerto,

the US Postal Investigation, and Operation Aderlass.

• Testing for synthetic EPO was introduced in time for the

Sydney Olympic Games and is now widely used in rou-

tine anti-doping testing.

• Dramatic progress in the understanding of the biological

underpinnings of erythropoiesis including elaboration of

the hypoxia-inducible factor pathway, which was awarded

the Nobel Prize inMedicine in 2019; these advances created

a constant tension between athletes developing novel strate-

gies to accelerate erythropoiesis, and anti-doping efforts to

effectively target analysis at critical steps specific to the sub-

stance or technique employed.

• Advances in blood collection, transport, and analysis pro-

tocols facilitated the introduction of the Athlete Biologi-

cal Passport blood module, providing a method for indi-

rect detection of blood manipulation.

Anti-doping 101: List of terms and abbreviations

• WADA—World Anti-Doping Agency: global body that

enforces theWorld Anti-doping Code (The Code) and de-

fines the list of substances prohibited in sport (The

Prohibited List).
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• National Anti-doping Organizations (NADOs) and Inter-

national Federations (IFs), which enforce the rules within

their respective countries or sports.

• ABP—Athlete Biological Passport—individual longitu-

dinal tracking of specific blood parameters to indirectly

detect blood manipulation.

• ADRV—anti-doping rule violation—the circumstances and

conduct that violate anti-doping rules, usually resulting in

a sanction.

DEFINITIONS

The World Anti-Doping Agency (WADA) defines doping

as the violation of any 1 of 11 anti-doping rules outlined in

the World Anti-doping Code (The Code), the two most com-

mon being the presence of a prohibited substance or the use

of a prohibited substance or method.

WADA prohibits the use of drugs and certain methods in

sport based on three criteria. At least two of the three following

criteria need to be met to be considered prohibited:

1. It has the potential to enhance or enhances sport performance.

2. It represents an actual or potential health risk to the Athlete.

3. It violates the “spirit of sport” defined by WADA as the

“celebration of the human spirit, body and mind. It is the

essence of Olympism and is reflected in the values we

find in and through sport, including health, ethics, fair

play, respect for rules and laws, and many others.”

Blood doping is the misuse of substances or techniques to

artificially increase red blood cell volume, enabling greater

transportation of oxygen tomuscles to enhance endurance per-

formance or recovery. Blood doping fulfills all three criteria,

with both specific substances and methods included on the

WADA Prohibited List in three categories, shown below ac-

cording to their numbered category:

This statement will primarily concentrate on the most conven-

tional methods of blood doping such as blood transfusions and

erythropoiesis-stimulating agents (ESAs) and how the use of

these blood doping practices has emerged over time, but also

discuss new and emerging threats.

HISTORY

Figure 1 provides a high-level timeline of key events in the

fight against blood doping in sport. Although the effects of

blood infusion on work capacity have been researched since

the 1940s (1), blood transfusions for competitive athletic per-

formance enhancement first came to public attention at the

1972 Olympic Games in Münich when the Finnish distance

runner Lasse Viren introduced the method and won two gold

medals in long-distance running. Nevertheless, it was not until

after the 1984 Olympics in Los Angeles where the US cycling

team revealed they had infused blood prior to competition and

won nine medals after not having won a medal in cycling for

72 yr; that blood doping became prohibited by the Interna-

tional Olympic Committee (IOC). Just recently, it became

S2.1: Erythropoietins (EPO) and Agents

Affecting Erythropoiesis

M1. (Prohibited Method) Manipulation of Blood

and Blood Components M3 (Prohibited Method) Gene and Cell Doping

Stimulate the erythropoietic pathway to increase
red blood cell production

Administration or reintroduction of any quantity of autologous,
allogenic (homologous) or heterologous blood, or red blood
cell products of any origin into the circulatory system

Gene manipulation and stem cell modification techniques

Erythropoietin receptor agonists Artificially enhancing the uptake, transport or delivery of oxygen.
Including, but limited to: perfluorochemicals; efaproxiral
(RSR13) and modified hemoglobin products, e.g.,
hemoglobin-based blood substitutes and microencapsulated
hemoglobin products

Specifically, the use of nucleic acids or nucleic acid analogues
that may alter genome sequences and/or alter gene
expression by anymechanism. This includes but is not limited
to gene editing, gene silencing, and gene transfer
technologies, as well as the use of normal or genetically
modified cells.

Hypoxia-inducible factor (HIF) activating agents Any form of intravascular manipulation of the blood or blood
components by physical or chemical means

FIGURE 1—History of blood doping in sports and detection history timelines.

BLOOD DOPING IN SPORT Medicine & Science in Sports & Exercise® 2937

S
P
E
C
IA
L
C
O
M
M
U
N
IC
A
T
IO
N
S

Copyright © 2025 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



apparent through a literature review on previously classified ac-

ademic research materials from Russia how an arms race took

place in the 1970s and 1980s between the Western countries

and the Soviet Union in finding the most optimal blood transfu-

sion procedures for optimizing athletic performance (2).

Following significant scientific advancements, such as the

cloning of the EPO gene and the synthesis of recombinant hu-

man erythropoietin (rhEPO), a new era of blood doping

emerged. In the 1990s and early 2000s, despite the significant

financial cost at the time, EPO became the drug of choice in

both endurance and power sports due to the logistical advan-

tages over blood transfusions, ease of use, and lack of detec-

tion methods. At the time, due to an inability to differentiate

naturally produced and injected EPO, athletes were able to

use supraphysiological doses subcutaneously without fear of

being detected. Simultaneously, a nonlinear improvement in

world leading performances was observed in many endurance

sports, such as the men’s 5000-m and 10,000-m track running

events, which were broken multiple times by multiple individ-

uals in a 2-yr period in the late 1990s (3).

Detection of EPO became a reality when the IOC approved

an indirect blood test and a direct urine test in time for the 2000

Olympic Games in Sydney; but it took several years for the

urine method to be fine-tuned and implemented across all

sports (2,4). As urinary EPO testing became more widespread,

doping athletes and their supporting entourage reverted to

blood transfusions to circumvent testing programs. This switch

is clearly apparent in a summary of the reticulocyte data at the

time, showing a decrease in the proportion of abnormally high

reticulocytes, and an increase in abnormally low values (3,5).

Initially, athletes used allogenic transfusions as there was no

available direct detection method for any type of transfusion.

However, transfusions required more resources to perform

and were associated with additional health risks (see Medical

risks/side effects section hereinafter). In 2004, a direct detec-

tion method for allogenic transfusions was established (6,7),

with two positive findings as recent as the 2021 TokyoOlympics,

and doping athletes quickly moved to autologous transfusions,

for which there is still no direct detection method. In 2006, de-

tailed reports from the Spanish doping investigation, “Operacion

Puerto,” revealed the systematic use of autologous blood trans-

fusions by several international elite athletes (8) (9). Hundreds

of frozen blood bags along with detailed transfusion calendars

were seized by the Spanish police (10).

Other notable blood doping cases have emerged over the

past 20 yr in the United States. During the BALCO scandal

in the early 2000s, track-and-field sprinting athletes were

using EPO, in addition to an undetectable designer steroid,

tetrahydrogesterone or “the Clear” during training and compe-

tition. Through the discovery of athlete training calendars,

proof of the perceived benefits of EPO use to elite-level

sprinters on improved training load and recovery was well

documented (9). The infamous use of homologous blood

transfusion by Tyler Hamilton, a US elite-level cyclist, was

discovered through the collection of multiple blood samples,

and despite the athlete mounting an elaborate defense of being

a chimeric “vanishing” twin (hence, the reason for two differ-

ent red cell populations in his samples), the gradual disappear-

ance of the second red cell population proved the athlete’s fab-

rication of the lie and ultimate sanction. The US Postal Service

Cycling Investigation demonstrated a widespread doping con-

spiracy over years of cycling in the United States, implicating

over a dozen cyclists for using various blood doping tech-

niques such as EPO and blood transfusions, covering up their

efforts, and leading to the downfall of cycling legend Lance

Armstrong and the loss of his many Tour de France victories.

In fact, every single winner of the Tour de France between

1996 and 2006 was found to have been blood doping through

anti-doping investigations or testing.

A new tool in the fight against blood doping emerged in the

mid-2000s with the development of the Athlete Biological Pass-

port (ABP) concept where longitudinal tracking of biomarkers re-

lated to erythropoiesis was proposed as an indirect detection

method of blood manipulation. In the early 2000s, the first

“ABP” style program was introduced by the International Cycling

Federation (UCI) as a pilot project. In parallel, the International

Skating Union also developed a passport-style approach in long-

track speed skaters called the SAFE program where blood would

be collected en masse before competitions (6). In an attempt to

gain one step ahead of doping athletes, anti-doping authorities

working together with anti-doping laboratories moved toward “in-

direct” detectionmethodology by investigating intraindividual var-

iability of blood biomarkers indicative of doping (11). Shortly

thereafter, doping athletes resorted to more sophisticated blood

doping regimes such as intravenous injections of “micro-dose”

of rhEPO, small volume blood transfusions, or a combination of

the two,whilemanipulating their whereabouts to decrease the abil-

ity of anti-doping authorities to collect a doping control sample

(12), illustrating the constant “cat and mouse” between advancing

science, novel methods, and strategies to detect doping.

In January 2015, the International Association of Athletics

Federations (now “World Athletics”) announced in a press re-

lease that an additional five Russian athletes had been sanc-

tioned through their ABP program, bringing the number of

ABP cases on Russian athletes to 23 out of a total of 37

ABP cases in athletics worldwide (13). The IAAF raisedmajor

concern about doping in Russian athletics and race-walking

specifically. Eleven of the sanctioned athletes were coached

by Viktor Chegin, who received a life-time ban from sports

in 2016. Subsequently, the McLaren investigation revealed a

state-organized doping regimen in Russia (14). During the

same period, some doped athletes tried to enhance perfor-

mance and circumvent detection by using new generation

rhEPOs, such as darbepoietin alfa or Continuous Erythropoie-

tin Receptor Activator (CERA), that were still going through

research or clinical trials. Anti-doping science and research

had also moved to a more proactive program and had secretly

developed detection methods for many such drugs in collabo-

ration with the pharmaceutical companies producing them. As

an example, at the Winter Olympic Games in 2002 in Salt

Lake City, a test for darbepoietin alfa was secretly implemented

in the laboratory and resulted in three positive tests from high-
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profile cross-country skiers. Furthermore, by taking advantage

of information and tools developed during the drug develop-

ment process such as immunoassay screening methods, CERA

could more easily be detected in blood by the anti-doping labo-

ratories (15). These molecules, however, by design are longer

circulating compounds in the human body, thereby requiring

less frequent administration and consequently much easier to

detect. Fortunately, and perhaps consequently, doping with

these substances has never reached widespread use.

In 2019, the German/Austrian doping investigation “Opera-

tionAderlass” (translated inEnglish as “OperationBloodletting”)

revealed an ongoing use of blood transfusions together with

masking techniques such as saline infusions or hyperhydration,

as well as the use of more novel blood boosting agents. HIF

stabilizers emerged in doping circles, with a published case

of a French race walker using an oral compound known as

FG-4592 (16), althoughmore recently, novel blood substitutes

derived from marine worm hemoglobin have gained attention

(17). Worryingly, in addition to such sophisticated strategies,

some athletes have reportedly experimented with other, poten-

tially dangerous, methods to increase red cell mass, including

using Xenon (a general anesthetic), cobalt, and carbonmonox-

ide (CO) to stimulate erythropoiesis (18) (19–21). CO inhala-

tion in particular drew attention in the summer of 2024 after

reports emerged suggesting its use within professional cy-

cling, despite potentially fatal effects of CO poisoning (22).

PREVALENCE

Much of our knowledge of blood doping in sport arises from

published testimony or athlete data following official sanctions

(5,12,23). Data from the international cross-country ski champi-

onships suggested that ~50% of medal winners had abnormal

hematologic profiles (6), but the true prevalence of doping

among athletes competing at the highest level remains virtually

unknown. Anti-doping testing consists of both in- and out-

of-competition testing; therefore, not every athlete is tested at

every competition, and only athletes who meet certain perfor-

mance criteria are part of the anti-doping authorities’ registered

testing pool for out-of-competition testing. WADA reports less

than 2% of all doping analyses performed in laboratories as pos-

itive tests, with 0.1% of urine tests and 0.2% of blood tests

returning adverse analytical findings for erythropoietin receptor

agonists (ERAs) in 2022 (24). However, relying on such statis-

tics to indicate overall doping prevalence likely presents an in-

complete and potentially misleading picture. Anti-doping test-

ing serves as a means of both detection and deterrence, with

the former relying on an anti-doping organization’s ability to

test the right athlete, with the right test at the right time. An

anonymous survey completed in competition by World Athlet-

ics estimated overall doping prevalence (not blood doping spe-

cifically) to be between 39% and 62% (25), whereas the preva-

lence of blood doping in elite track-and-field athletes using he-

matological passport data was estimated to be 15%–18%

between 2011 and 2013 (26). Recent analysis of ERA detection

trends suggests a possible deterrent effect with 43% of positive

findings occurring on the first sample collected on the athlete,

with positivity rates declining as athletes are further tested (27).

PHYSIOLOGY

Hematological. The primary physiological effect of blood

transfusions and rhEPO administration is an increase in abso-

lute numbers of red cells (Fig. 2) and most easily quantified

FIGURE 2—Summary of Erythropoietic system, highlighting areas of action by doping methods or substances (arrows going into pathway) and areas for

detection (arrows going away from pathway). Adapted from: Anemia of chronic kidney disease: Treat it, but not too aggressivelyGeorges Nakhoul,MDand

James F. Simon, MD Cleveland Clinic Journal of Medicine August 2016, 83 (8) 613-624; DOI: https://doi.org/10.3949/ccjm.83a.15065.
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by measuring red cell or hemoglobin mass (Hbmass). Absolute

values of Hbmass are influenced naturally by endurance train-

ing, altitude exposure and various disease states (iron deficiency

anemia, polycythemia, blood loss). However, despite also being

dose-dependent, the potential magnitude of change, which is

possible via blood manipulation, can exceed any of the changes

induced by natural means by far, in terms of both absolute

changes in Hbmass and the time course of the induced change.

Blood transfusion has clear and immediate effect on

Hbmass. When blood is withdrawn, plasma volume expands

rapidly to maintain total blood volume, but homeostatic recov-

ery of Hbmass takes considerable time. Pottgiesser et al. (28)

reported an immediate decrease in Hbmass by 75 ± 15 g

(~8% if Hbmass = 900 g) following donation of 1 unit

(550 mL) of blood, which was not recovered until 36 ± 11 d

later. Serendipitously, Eastwood et al. (29) also documented

the time course of recovery following blood donation in a sin-

gle subject during their investigation into the stability of

Hbmass, with a 12.5% increase in Hbmass observed over the

100-d period. The magnitude of Hbmass change induced from

infusion of blood, of course, depends on the volume of blood

infused. One standard blood transfusion of packed red cells

prepared from 1 unit of whole blood contains ~60 g of Hbmass

(30), resulting in an increase of 6%–7% in an individual

possessing 900 g of Hbmass. It has been predicted that up to

four bags of blood may have been infused in the mid-1990s

by professional cyclists—increasing Hbmass by upward of

240 g (31) or 25% of their natural Hbmass. However, a conse-

quence of raising Hbmass to supraphysiological levels via

transfusion is a downregulation of erythropoiesis, evident in

a marked suppression of reticulocyte production.

EPO or ESA administration also serves to increase Hbmass,

via accelerating erythropoiesis. Therefore, the time course of

the increase is more prolonged compared with infusions and

closely related to the dosing regimen, as is the magnitude of

the Hbmass response. Following 4 wk of weekly EPO injec-

tions, Lundby and Robach (32) reported a mean increase in

Hbmass of 92 g (9.6%). Once the desired level has been

achieved, Hbmass can be maintained by less frequent or

microdoses (33). Cessation of administration removes stimu-

lation, and consequently reticulocyte production, is reduced.

Advances in science. More recently, dramatic progress

has been made in the understanding of the biological under-

pinnings of erythropoiesis, including elaboration of the HIF

pathway, which was awarded the Nobel Prize in Medicine

in 2019 (34). These advances created a constant cat and

mouse between athletes, coaches, and support personnel

seeking novel and potentially illegal strategies to accelerate

erythropoiesis, and anti-doping efforts to effectively target

analysis at critical steps specific to the substance or tech-

nique employed.

Although a detailed discussion of oxygen sensing biology is

beyond the scope of this Consensus Statement, the primacy of

the dramatic advances leading to the Nobel Prize for Semenza,

Kaelin, and Ratcliffe deserve a comment. In brief, in the pres-

ence of oxygen and adequate iron, the primary regulator of the

oxygen response, HIF, is hydroxylated by enzymes called

prolyl hydroxylases, which bind to the von Hippel–Lindau

protein and target the entire complex for ubiquitinization and

rapid destruction by the proteasome (35). When oxygen is re-

duced, HIF-1alpha and HIF-2 alpha are stabilized, complex

with HIF-1 beta, and bind to the hypoxia response element ini-

tiation transcription of genes that regulate multiple critical bi-

ological pathways, including erythropoiesis, angiogenesis,

and metabolism. The biological pathways involved in this pro-

cess are complex and are leading to development of multiple

drugs, such as prolyl hydroxylase inhibitors, that utilize the

persons’ own natural biochemistry to accelerate erythropoie-

sis, which will challenge direct detection strategies.

Performance. Maximal endurance performance is pri-

marily determined by oxygen delivery to, and utilization by,

working muscles (i.e., the Fick principle); therefore, alter-

ations to Hbmass have the potential to significantly alter max-

imal aerobic capacity (V̇O2max) by increasing arterial oxygen

content. Indeed, a strong relationship exists between hemoglo-

bin levels and V̇O2max, with a change in absolute Hbmass of

1 g associated with a change in absolute V̇O2max of

~4 mL·min−1 (36) (31) and similarly a 1 g·dL−1 change in he-

moglobin concentration corresponding to a 5% change in ab-

solute V̇O2max (37). As expected, the effect of increasing

blood doping techniques on V̇O2max is both positive and sub-

stantial. Following 24 d of rhEPO administration, which in-

creased Hbmass by ~60 g and 105 g in two groups, respec-

tively, V̇O2max increased by ~280 and 307 mL·min−1 (38).

However, 4 wk after the cessation of treatment, both Hbmass

and V̇O2max values had returned to baseline. Thirteen weeks

ofmicrodose EPO administration resulted in an ~80-g increase

in Hbmass, which was accompanied by a 300-mL·min−1 in-

crease in V̇O2max (32,39). A 5% increase in V̇O2max was ob-

served 24 h and 7 d after an autologous blood transfusion of

900 mL (40). Similarly, a “dramatic overnight increase” in

V̇O2max of 9% was observed following reinfusion of 800 mL

of blood (41).

In addition to enhancing V̇O2max, marked effects of athletic

performance (i.e., the ability to complete a defined task or ef-

fort to a higher standard) have also been demonstrated in re-

search settings following blood doping techniques (42) (43),

particularly those assessing endurance performance where

the ability to sustain a high percentage of V̇O2max is critical

to success (44). Cross-country skiers, who were infused with

1350mL of autologous blood, improved their 15-km race time

by ~5% (45). Brien and Simon (42) infused 400 mL of packed

red blood cells into male distance runners and observed signif-

icantly faster 10-km run times in all athletes. Weekly injec-

tions of rhEPO at 60–250 U·kg−1 for 4–6 wk have reported in-

creased time to exhaustion and V̇O2max (46–48).Durussel et al.

(47) reported improved running performance, which persisted

for up to 4 wk post-treatment in trained men receiving

50 U·kg−1 of EPO every 2 d for 4 wk (47). Indeed, it is not

only competition performance that can benefit from blood

doping, but also the training effect following doping, which

can be augmented. Buick et al. (40) showed a maintenance
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of augmented V̇O2max long past the life cycle of the infused

red cells—likely due to the better training that the athletes

were able to do in the blood-doped state.

More recent studies involving lower doses/volumes have

also demonstrated performance improvements (49) (50),. It is

generally accepted that the enhanced oxygen transport capacity

arising from the increased Hbmass is the main contributor to

enhanced performance in these primarily aerobic efforts

(49). However, in the case of rhEPO or ESA administration,

some evidence suggests that the systemic action of these

agents may extend beyond erythropoiesis leading to possible

nonhematological factors associated with improved perfor-

mance (e.g., cognitive function) (51,52).

Altitude. When considering the physiological and perfor-

mance effects of blood doping, it is important to acknowledge

that accelerated erythropoiesis can also be stimulated by en-

dogenous production of EPO in response to hypoxia (53). In-

deed, adaptation to altitude has often been dubbed a “natural

form of blood doping,” and altitude training routinely features

in the training programs of many elite endurance athletes.

However, although the downstream action of exogenous and en-

dogenous EPO is the same (i.e., stimulation of red blood cell pro-

duction), themagnitude and time course of EPOproduction can dif-

fer greatly, and importantly, current analysis techniques can clearly

differentiate between exogenous and endogenous EPO origin.

The resultant magnitude of change in Hbmass following

blood doping and EPO administration has potential to be al-

most double that which can be expected via the altitude-

induced EPO pathway at altitudes typically utilized by elite

athletes. The infusion of 1–2 bags of blood (500 mL each) for

doping purposes will increase hemoglobin by about 1–2 g·dL−1

and hematocrit by 3%–6% (1). A typical course of ESAmay lead

to similar changes (4). By contrast, altitude-induced changes are

far more subtle and related to the overall hypoxic dose (54,55).

Furthermore, for a given hypoxic dose, both the EPO re-

sponse and overall adaptive response to altitude appear highly

variable between individuals (56,57). Indeed, increases in

Hbmass, V̇O2max, and performance are by no means guaran-

teed following altitude exposure and appear highly influenced

by other factors that may modulate an individual’s ability to

adapt to altitude such as the dose of altitude, the training pro-

gram adopted, energy availability, iron availability, and in-

flammation arising from illness or injury (58).

Although most researchers have focused on the differences

between the effects of altitude training versus blood doping

practices, the use of EPO in combination with altitude training

has recently gained more attention. Haile et al. (59) report sim-

ilar improvements in running performance in Kenyan runners

compared with sea-level counterparts after 4 wk of rhEPO ad-

ministration despite smaller increases in hematocrit and hemo-

globin in the altitude natives, whereas Breenfeldt Andersen

et al. (60), report an additive erythropoietic response of rhEPO

treatment and hypoxic exposure in sea-level natives compared

with rhEPO or hypoxic exposure alone.

Although training at natural altitude has never been

contested, the WADA briefly considered prohibiting the use

of simulated hypoxia (e.g., in tents or chambers) by athletes

in 2006. The safety, efficacy, and ethics of simulated altitude

use were discussed in length. Ultimately, artificial altitude

was not considered doping (61) due in part to the small and

highly variable effect on performance (62).

MEDICAL RISKS/SIDE EFFECTS

Undoubtedly, blood transfusions and the use of EPO in clin-

ical settings are lifesaving medical advancements. However,

like any medical intervention, blood doping has side effects that

are different based on the technique used and exacerbated when

abused by healthy individuals in uncontrolled settings. Potential

consequences of increasing red cell mass to supraphysiological

levels have to be differentiated from the pharmacological or

procedural side effects of the abused substance.

ESAs, the most commonly used blood doping technique, have

undergone normal approval processes for pharmacological sub-

stances and thus been continuously monitored for side effects

since their market introduction at the end of the 1980s. ESAs

nowadays have box warnings for various pathologies: ESAs in-

crease the risk of death, myocardial infarction, stroke, and ve-

nous thromboembolism, although it is difficult to discern

whether it is the ESA or the clinical disease state that is respon-

sible for these complications. It is also proven that due to their

growth factor characteristics, ESAs shortened overall survival

and/or increased the risk of tumor progression in patients with

certain malignancies. Themore common side effects of ESA ad-

ministration comprise arterial hypertension, headache, pruritus,

and nausea. As a very rare side effect, pure red cell aplasia has

been described after the administration of certain ESA products

due to cross-immunization with intrinsic EPO.

By contrast, withdrawal and reinfusion of blood mainly

bear potentially fatal risks related to the procedure (particularly

outside of controlled clinical settings): Contamination of the

autologous blood with bacteria or viruses, degradation of the

product due to inappropriate storage (inadequate preparation

or conditions), or allergic reactions when transfused to a blood

group incompatible recipient are typical examples.

In the lay press, side effects of ESA or blood transfusion

were mainly attributed to the supposedly increased viscosity

of the blood of the doped athletes and subsequent thromboem-

bolic events. Anecdotal accounts link the death of cyclists in

Belgium and the Netherlands at the end of the 1990s to such

practices, although there is no scientific proof through au-

topsy. In different biographies and similar sources, former cy-

clists describe how they had to get up in the middle of the night

and increase their blood flow, for example, by pedaling on sta-

tionary bikes (63–66) to avoid clotting. From a physiological

Doping Agent

or Practice Area of Risk Known Risks Side Effects

ESA Pharmacological Death, myocardial
infarction, stroke, venous
thromboembolism

Arterial hypertension,
headache,
pruritus, nausea

Withdrawal/
Infusion

Procedural Contamination, death
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perspective, there is little evidence that in physically active,

healthy individuals, intermittent increase of hematocrit and

thus blood viscosity alone will cause thromboembolic events.

In the scientific literature, there are only very few reports of

side effects of blood doping in sports. Lage et al. (67) describe a

sinus vein thrombosis in a cyclist who admitted to EPO doping

over a period of 3 wk, bringing his hematocrit to 51%. In an-

other report, a wrestler administered a single dose of 4000 IU

of recombinant EPO and suffered an acute coronary syndrome

a day later with an intraventricular thrombus (68). Obviously,

in both cases, no causality with the blood doping practices

has been established (and is unlikely in the latter case).

For transfusion practices on the other hand, there are a num-

ber of testimonies from blood doping athletes illustrating the

effects of improper storage and blood group incompatibility,

sometimes related to a mix up of blood bags. Athletes describe

allergic and septic symptoms having occurred in such context.

Given that most blood transfusions for doping purposes are ad-

ministered close to competitions in nonclinical settings such as

hotel rooms or cars, the harm from these complications can be

important and, in worst case scenarios, have lethal outcomes.

Overall, unlike the natural response to altitude exposure, ar-

tificially increasing red cell mass via blood doping procedures

carries significant risk of adverse effects and should not be

used in nonclinical situations.

DETECTION

Detection of prohibited blood doping practices has ad-

vanced and evolved substantially in the last 25 yr and now in-

cludes both direct and indirect detectionmethods (Fig. 2). This

divergence of approaches has allowed anti-doping authorities

to establish anti-doping rule violations that include the pres-

ence of blood doping agents, but also to establish use and/or

attempted use violations for blood doping methods. Testing

of athletes is conducted based on no-advance notice, in or

out of competition, and involves collection of biological

fluids, predominantly urine or blood. However, it is important

to note that athlete testing is not harmonized across sport or the

world, and even the most advanced testing analyses are only as

good as the ability and willingness to obtain well-timed sam-

ples from athletes.

Direct detection of a particular substance in biological fluids

results in a positive test or “adverse analytical finding”; how-

ever, direct testing for blood transfusions is particularly chal-

lenging. Homologous blood transfusions can be indirectly de-

tected using flow cytometry, which allows for the ability to

identify differences in red blood cell markers on the outside

of the cell, thereby allowing foreign populations of red cells

to be identified (69) (70); however, there remains no equiva-

lent testing method for autologous infusions (although analy-

sis of biomarkers of blood aging and storage characteristics

using flow cytofluorimetry showed some promise) (70). Mea-

surement of abnormal increases in Hbmass via CO rebreathing

was briefly proposed as a method of detection through longi-

tudinal monitoring, and although it showed potential in terms

of sensitivity and specificity, there were too many logistical,

technical, and ethical hurdles associated with implementation

for Hbmass testing to become a practically feasible anti-

doping approach (71) (72),.

Testing for rhEPOwas first introduced at the Sydney Olympic

Games in 2000 (73). For the Games, the IOC required two com-

ponents for EPO detection: prescreening of blood samples

followed by confirmation in urine using isoelectric focusing

polyacrylamide gel electrophoresis (IEF-PAGE) that differenti-

ated between endogenous and exogenous EPO (74). From

mid-2003, WADA approved the use of urine samples alone for

the detection of rhEPO. Over the last decade, the IEF-PAGE

method has been replaced largely by more sensitive sodium do-

decyl sulfate polyacrylamide gel electrophoresis and sarcosyl-

polyacrylamide gel electrophoresis followed byWestern blotting

to differentiate various erythropoietins based on their molecular

weights (75). This method can be used for both screening and

confirmation of all types of erythropoietins. These techniques

are applicable to both urine and blood samples, with the main

limitation being efficiency of the immunopurification step due

to the relatively low concentration of urinary erythropoietins.

Some further test limitations include the possibility of urine

tampering (dilution and/or the use of proteases) and the rela-

tively short detection window, which diminishes greatly when

smaller/less frequent doses are administered (3 d at regular

doses vs 12–18 h for microdoses). The emergence of many

new ESAs has also required adaptation of the testing to blood

matrices but is again challenged by the many different forms

of ESA, each with different biological half-lives (15).

More recently, the emergence of new blood doping sub-

stances including next-generation HIF prolyl hydroxylase sta-

bilizers and activators, some still in human clinical trials and

not approved by governmental drug authorities, has added

complexity to the testing programs (76). These substances

are detectable in urine and have been the focus of some recent

high-profile doping cases (16).

To combat the limitations and lack of direct detection

methods, anti-doping authorities have evolved to adopt indirect

detection methods to try to discourage blood doping practices.

Indirect detection allowed detection of blood doping practices

regardless of whether there was a “direct”method, for example,

use of autologous transfusions. In their earliest form, some

sporting bodies introduced a “no start rule,” based on medical

grounds, for any athletes who exceeded an upper limit of Hb

concentration or hematocrit, used as a surrogate marker for in-

creased Hbmass (77). However, this blanket approach caused

problems for athletes with naturally occurring high basal values

such as altitude residents, with some suggestion that it may even

encourage athletes to manipulate the blood to reach these “tar-

get” values (78). Instead, research efforts focused on the

changes in blood parameters to external blood manipulation,

resulting in an individualized, longitudinal monitoring of bio-

markers related to erythropoiesis known as the ABP (79).

The hematological module of the ABP was first adopted by

the UCI and WADA in 2009, and its use is now widespread.

WADA stipulates strict requirements for collection, transport,
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analysis, and results management, allowing sample collections to

occur in training and competition all over the world (80). The

“Adaptive Model,” a mathematical algorithm based on Bayesian

statistics, is the cornerstone of the ABP and identifies atypical

values that exceed an athlete’s individual reference ranges. The

key parameters of the ABP are common blood markers—

hemoglobin concentration and reticulocyte percentage, as well

as the calculated “OFF-score,” all of which are known to respond

to bloodmanipulation in a consistentmanner. Critically, the ABP

system relies on independent expert evaluation of atypical values,

where normal biological variation of the parameters must be con-

sidered, in addition to a number of potential confounders such as

altitude exposure and exercise. Despite some challenges and lim-

itations (81), the ABP has led to hundreds of sanctions in endur-

ance sports and at the very least is considered a strong deterrent

since its inception (82), (83).

Other indirect methods include monitoring for degradation

products of small plastic particles (plasticizers), called phthalates,

in urine samples that can be indicative of blood transfusions due

to the relatively high concentration in the plastic used in stored

blood bags; however, due to the ubiquitous nature of plasticizers

in many products and background environment, this can only be

used as supporting evidence (84).

Research efforts are currently focused on new biomarkers

as next-generation indices of blood doping (85). Recent stud-

ies have explored the potential of iron-regulating hormones as

alternatives to conventional blood biomarkers in detecting

changes in erythropoiesis. Hepcidin, a hormone produced in

the liver that regulates iron homeostasis by controlling iron ab-

sorption from the gut and release from stores, has been shown

to respond to erythropoietic activity such as blood donation

and transfusion, demonstrating its value as a sensitive physio-

logical marker. Notably, hepcidin levels remained suppressed

for several weeks following blood donation, even when stan-

dardmarkers like hemoglobin have returned to baseline values

(86). This suggests that hepcidin may reflect ongoing, subclin-

ical iron stress not captured by traditional biomarkers.

Another study examined erythroferrone (ERFE), a hormone

secreted by erythroblasts in the bone marrow that suppresses

hepcidin and thereby increases iron availability for red blood cell

production. Breenfeldt Andersen et al. (60) demonstrated that

both ERFE and hepcidin respond rapidly to altitude-induced hyp-

oxia and rhEPO administration—even before changes in conven-

tional iron markers become evident. These findings highlight the

potential of ERFE and hepcidin as early indicators of subtle

erythropoietic stimulation. However, their application in anti-

doping is challenged by considerable intra- and inter-individual

biological variability, as well as potential confounding from per-

mitted iron supplementation, which may limit their utility.

Advances in mass spectrometry have also led to recent in-

terest in identification of unique glycans on recombinant

erythropoietins. Other exciting areas of research include ap-

plying LC-MS to analyze changes in hemoglobin subtypes

and isotope ratios, which may indicate the use of blood trans-

fusions or ESA, as well as metabolomics profiling to identify

metabolic signatures associated with blood doping (87).

FUTURE PERSPECTIVES/THREATS

The threat of blood doping continues to evolve, as new tech-

nologies emerge. Specifically, erythropoiesis-related genes

could be targeted by a number of different techniques. These in-

cludes the use of transgenes (e.g., mRNA/cDNA, full-length

genes, miRNA genes), oligonucleotides (short nucleotide se-

quences such as siRNA/shRNA), antisense oligonucleotides

(with chemical modifications, editing machinery such as guide

RNA (CRISPR)), expression cassettes of engineered nucleases

(TALEN/ZFN), or viral or plasmid delivery vectors for all of

the above. The main strategy as it applies to blood doping

would be to introduce genes that activate increased natural pro-

duction of erythropoiesis-related proteins or silence erythropoi-

esis inhibitors in an attempt to naturally “reset” the homeostasis

of the erythropoietic system to a higher basal level.

Unfortunately, some people involved in sport are always will-

ing to investigate and pursue new and potentially dangerous

methods of blood doping. In 2002, Oxford Biomedica published

preclinical data on Repoxygen EPO gene therapy, which they

later abandoned in 2003. However, in 2006, an email about

obtaining Repoxygen was presented in a trial of German track

coach Thomas Springstein. In 2021, new guidance to anti-

doping laboratories on a method of detection of gene doping

using a polymerase chain reactionmethod for EPO transgene de-

tection was published (88). Development of new tests for blood

doping remains challenging for a number of reasons, including

the necessity for a very high specificity (i.e., no false positives)

combined with good sensitivity (i.e., minimizing false nega-

tives). Ideally, any successful test would also have an extended

time frame of detection, improve on any existing testing, and

have the ability to detect multiple doping substances or methods.

Practically speaking, rapid turnaround time, high throughput,

cost-effectiveness, acceptable inter-lab variability, and minimally

invasive sample collection are also highly desirable.

Existing blood doping techniques have proven effective for

some time; thus, it is likely that athletes will continue to try to ex-

ploit ways to improve their endurance performance through

pharmaceutical intervention or blood doping methods. Through

the existence of more harmonized anti-doping rules, as well as

the mandatory implementation of the ABP across the athlete

population in high-risk endurance sports and minimum levels

of analysis for ESA in urine and/or blood, the detection and de-

terrence potential across sports has greatly improved. Increas-

ingly individualized testing programs based on dynamic risk as-

sessment of a number of risk factors has the potential to better

determine when and where to effectively conduct athlete testing.

CONCLUSIONS/RECOMMENDATION

It is the position of the ACSM that any blood doping procedure

used to improve athletic performance is unethical and unfair and

exposes the athlete to unwarranted and potentially serious health

risks. Blood doping can enhance an athlete’s oxygen-carrying ca-

pacity and improve an athlete’s ability to perform submaximal and

maximal endurance efforts in excess of normal training interven-

tions, including adaption to hypoxic environments. Since the
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first ACSMPosition Stand 25 yr ago, the science and technology

surrounding erythropoiesis, pharmacological intervention, and

doping detection have all advanced substantially. As long as

competitive fairness and athlete health and wellness remain fun-

damental components of sport governance, strong efforts need to

continue in the areas of doping detection and education of ath-

letes, coaches, and medical professionals on the risks associated

with blood doping.

This article is being published as an official pronouncement of
the American College of Sports Medicine. This pronouncement

was reviewed for the American College of Sports Medicine by
members-at-large and the Pronouncements Committee. Care has
been taken to confirm the accuracy of the information present and to de-
scribe generally accepted practices. However, the authors, editors, and
publisher are not responsible for errors or omissions or for any conse-
quences from the application of the information in this publication and
make no warranty, expressed or implied, with respect to the currency,
completeness, or accuracy of the contents of the publication. The appli-
cation of this information in a particular situation remains the profes-
sional responsibility of the practitioner; the clinical treatments described
and recommended may not be considered absolute and universal
recommendations.

The authors havenoconflicts of interest and funding source todisclose.

REFERENCES
1. Pace N, Lozner EL, et al. The increase in hypoxia tolerance of normal

men accompanying the polycythemia induced by transfusion of

erythrocytes. Am J Physiol. 1947;148(1):152–63.

2. Grönroos E, Roiko-Jokela H, Iljukov S. The History of Soviet Blood Trans-

fusion Research in Sports. Finland: Finnish Society for Sport History; 2024.

3. Kruse TN, Carter RE, Rosedahl JK, Joyner MJ. Speed trends in male

distance running. PLoS One. 2014;9(11):e112978.

4. Rabin OP, Lasne F, Pascual JA, Saugy M, Delbeke FJ, Van Eenoo P.

New urinary EPO drug testing method using two-dimensional gel

electrophoresis.Clin Chim Acta. 2006;373(1–2):186–7 author reply 8.

5. Zorzoli M. The Athlete Biological Passport from the perspective of an

anti-doping organization. Clin Chem Lab Med. 2011;49(9):1423–5.

6. Stray-Gundersen J, Videman T, Penttila I, Lereim I. Abnormal hema-

tologic profiles in elite cross-country skiers: blood doping or? Clin J

Sport Med. 2003;13(3):132–7.

7. NelsonM, AshendenM, LangshawM, Popp H. Detection of homol-

ogous blood transfusion by flow cytometry: a deterrent against blood

doping. Haematologica. 2002;87(8):881–2.

8. Soule B, Lestrelin L. The Puerto affair: revealing the difficulties of

the fight against doping. J Sport Soc Issues. 2011;35(2):186–208.

9. United States Anti-Doping Agency. Operación Puerto: Overview

United States Anti-Doping Agency. Available from: https://www.

usada.org/wp-content/uploads/Operacion-Puerto-Overview.pdf.

10. Lundby C, Robach P, Saltin B. The evolving science of detection of

‘blood doping’. Br J Pharmacol. 2012;165(5):1306–15.

11. Saugy M, Leuenberger N. Antidoping: from health tests to the Ath-

lete Biological Passport. Drug Test Anal. 2020;12(5):621–8.

12. U.S. Anti-Doping Agency. Report on proceedings under the World

Anti-Doping Code and the USADA Protocol 2012. Available from:

https://www.usada.org/wp-content/uploads/ReasonedDecision.pdf.

13. Russian Race Walkers Banned for Doping [Internet]. Monaco:

World Athletics; 2014. Available from: https://worldathletics.org/

news/press-release/russian-race-walkers-doping.

14. World Anti-Doping Agency. The Independent Person Report: Part

II. Montreal (Quebec): World Anti-Doping Agency; 2016.

15. Reichel C. Recent developments in doping testing for erythropoietin.

Anal Bioanal Chem. 2011;401(2):463–81.

16. Buisson C, Marchand A, Bailloux I, Lahaussois A, Martin L, Molina

A. Detection by LC-MS/MS of HIF stabilizer FG-4592 used as a new

doping agent: investigation on a positive case. J PharmBiomed Anal.

2016;121:181–7.

17. Marchand A, Crepin N, Roulland I, et al. Application of HBOCs elec-

trophoretic method to detect a new blood substitute derived from the

giant extracellular haemoglobin of lugworm. Drug Test Anal. 2017;

9(11–12):1762–7.

18. Hoffmeister T, Schwenke D, Krug O, et al. Effects of 3 weeks of oral

low-dose cobalt on hemoglobinmass and aerobic performance. Front

Physiol. 2018;9:1289.

19. Schmidt WFJ, Hoffmeister T, Haupt S, Schwenke D, Wachsmuth

NB, Byrnes WC. Chronic exposure to low-dose carbon monoxide al-

ters hemoglobin mass and VO2max. Med Sci Sports Exerc. 2020;

52(9):1879–87.

20. Lawley JS, Gatterer H, Dias KA, et al. Safety, hemodynamic effects,

and detection of acute xenon inhalation: rationale for banning xenon

from sport. J Appl Physiol (1985). 2019;127(6):1511–8.

21. Dias KA, Lawley JS, Gatterer H, et al. Effect of acute and chronic xe-

non inhalation on erythropoietin, hematological parameters, and ath-

letic performance. J Appl Physiol (1985). 2019;127(6):1503–10.

22. Faiss R,KrummB.Carbonmonoxide rebreathing as a dopingmethod—

a toxic debate. Drug Test Anal. 2024;17:942–3.

23. Zorzoli M, Rossi F. Case studies on ESA-doping as revealed by the

Biological Passport. Drug Test Anal. 2012;4(11):854–8.

24. WorldAnti-DopingAgency. 2022Anti-Doping Testing Figures. 2022.

25. Ulrich R, Pope HG Jr., Cléret L, et al. Doping in two elite athletics

competitions assessed by randomized-response surveys. Sports

Med. 2018;48(1):211–9.

26. Faiss R, Saugy J, Zollinger A, et al. Prevalence estimate of blood dop-

ing in elite track and field athletes during two major international

events. Front Physiol. 2020;11:160.

27. Equey T, Broseus J, BaumeN, Aikin R. Trends in the detection of eryth-

ropoietin receptor agonists (ERAs) in anti-doping: an analysis of recent

adverse analytical findings (AAFs).Drug Test Anal. 2025;17(8):1254–9.

28. Pottgiesser T, Specker W, Umhau M, Dickhuth HH, Roecker K,

Schumacher YO. Recovery of hemoglobin mass after blood dona-

tion. Transfusion. 2008;48(7):1390–7.

29. Eastwood A, Hopkins WG, Bourdon PC, Withers RT, Gore CJ. Sta-

bility of hemoglobin mass over 100 days in active men. J Appl Phys-

iol (1985). 2008;104(4):982–5.

30. Pottgiesser T, UmhauM,AhlgrimC, Ruthardt S, Roecker K, Schumacher

YO. Hb mass measurement suitable to screen for illicit autologous blood

transfusions.Med Sci Sports Exerc. 2007;39(10):1748–56.

31. Schmidt W, Prommer N. Impact of alterations in total hemoglobin

mass on VO2max. Exerc Sport Sci Rev. 2010;38(2):68–75.

32. Lundby C, Robach P. Assessment of total haemoglobin mass: can it

detect erythropoietin-induced blood manipulations? Eur J Appl Phys-

iol. 2010;108(1):197–200.

33. Ashenden M, Gough CE, Garnham A, Gore CJ, Sharpe K. Current

markers of the Athlete Blood Passport do not flag microdose EPO

doping. Eur J Appl Physiol. 2011;111(9):2307–14.

34. Pan SY, Chiang WC, Chen YM. The journey from erythropoietin to

2019 Nobel Prize: focus on hypoxia-inducible factors in the kidney. J

Formos Med Assoc. 2021;120(1 Pt 1):60–7.

35. Semenza GL. Regulation of erythropoiesis by the hypoxia-inducible

factor pathway: effects of genetic and pharmacological perturbations.

Annu Rev Med. 2023;74:307–19.

36. Saunders PU, Garvican-Lewis LA, Schmidt WF, Gore CJ. Relationship

between changes in haemoglobinmass andmaximal oxygen uptake after

hypoxic exposure. Br J Sports Med. 2013;47 Suppl 1(Suppl 1):i26–30.

37. Webb KL, Gorman EK,Morkeberg OH, et al. The relationship between

hemoglobin and VO2max: a systematic review and meta-analysis. PLoS

One. 2023;18(10):e0292835.

38. Parisotto R, Gore CJ, Emslie KR, et al. A novel method utilisingmarkers

of altered erythropoiesis for the detection of recombinant human erythro-

poietin abuse in athletes. Haematologica. 2000;85(6):564–72.

http://www.acsm-msse.org2944 Official Journal of the American College of Sports Medicine

S
P
E
C
IA
L
C
O
M
M
U
N
IC
A
T
IO
N
S

Copyright © 2025 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.

http://www.acsm-msse.org


39. Lundby C, Robach P, Boushel R, et al. Does recombinant humanEpo

increase exercise capacity by means other than augmenting oxygen

transport? J Appl Physiol (1985). 2008;105(2):581–7.

40. Buick FJ, Gledhill N, Froese AB, Spriet L, Meyers EC. Effect of in-

duced erythrocythemia on aerobic work capacity. J Appl Physiol

Respir Environ Exerc Physiol. 1980;48(4):636–42.

41. Ekblom B, Goldbarg AN, Gullbring B. Response to exercise after

blood loss and reinfusion. J Appl Physiol. 1972;33(2):175–80.

42. Brien AJ, Simon TL. The effects of red blood cell infusion on 10-km

race time. JAMA. 1987;257(20):2761–5.

43. Ekblom B. Blood doping and erythropoietin. The effects of variation

in hemoglobin concentration and other related factors on physical

performance. Am J Sports Med. 1996;24(6 Suppl):S40–2.

44. Joyner MJ, Coyle EF. Endurance exercise performance: the physiol-

ogy of champions. J Physiol. 2008;586(1):35–44.

45. BerglundB,Hemmingson P. Effect of reinfusion of autologous blood on

exercise performance in cross-country skiers. Int J Sports Med. 1987;

8(3):231–3.

46. Ekblom B, Berglund B. Effect of erythropoietin administration on

mammal aerobic power. Scand J Med Sci Sports. 1991;1(2):88–93.

47. Durussel J, Daskalaki E, Anderson M, et al. Haemoglobin mass and

running time trial performance after recombinant human erythropoi-

etin administration in trained men. PLoS One. 2013;8(2):e56151.

48. Birkeland KI, Stray-Gundersen J, Hemmersbach P, Hallen J, Haug E,

Bahr R. Effect of rhEPO administration on serum levels of sTfR and

cycling performance. Med Sci Sports Exerc. 2000;32(7):1238–43.

49. Bejder J, Breenfeldt Andersen A, Solheim SA, et al. Time trial perfor-

mance is sensitive to low-volume autologous blood transfusion.Med

Sci Sports Exerc. 2019;51(4):692–700.

50. Breenfeldt Andersen A, Nordsborg NB, Bonne TC, Bejder J. Con-

temporary blood doping-performance, mechanism, and detection.

Scand J Med Sci Sports. 2024;34(1):e14243.

51. LundbyA, Olsen JV. GeLCMS for in-depth protein characterization and

advanced analysis of proteomes.Methods Mol Biol. 2011;753:143–55.

52. Schuler B, Vogel J, Grenacher B, Jacobs RA, ArrasM, GassmannM.

Acute and chronic elevation of erythropoietin in the brain improves ex-

ercise performance in mice without inducing erythropoiesis. FASEB J.

2012;26(9):3884–90.

53. Garvican L, Martin D, Quod M, Stephens B, Sassi A, Gore C. Time

course of the hemoglobin mass response to natural altitude training in

elite endurance cyclists. Scand JMed Sci Sports. 2012;22(1):95–103.

54. Garvican-Lewis LA, Sharpe K, Gore CJ. Time for a new metric for

hypoxic dose? J Appl Physiol (1985). 2016;121(1):352–5.

55. LobigsLM,SharpeK,Garvican-LewisLA, et al. The athlete's hematological

response to hypoxia: ameta-analysis on the influence of altitude exposure on

key biomarkers of erythropoiesis. Am J Hematol. 2018;93(1):74–83.

56. Chapman RF, Stray-Gundersen J, Levine BD. Individual variation in re-

sponse to altitude training. J Appl Physiol (1985). 1998;85(4):1448–56.

57. Garvican LA,Martin DT, Clark SA, Schmidt WF, Gore CJ. Variabil-

ity of erythropoietin response to sleeping at simulated altitude: a cy-

cling case study. Int J Sports Physiol Perform. 2007;2(3):327–31.

58. Saunders PU, Garvican-Lewis LA, Chapman RF, Periard JD. Special envi-

ronments: altitude andheat. Int J SportNutrExercMetab. 2019;29(2):210–9.

59. Haile DW, Durussel J, Mekonen W, et al. Effects of EPO on blood

parameters and running performance in Kenyan athletes. Med Sci

Sports Exerc. 2019;51(2):299–307.

60. Breenfeldt Andersen A, Bonne TC, Bejder J, et al. Effects of altitude

and recombinant human erythropoietin on iron metabolism: a ran-

domized controlled trial. Am J Physiol Regul Integr Comp Physiol.

2021;321(2):R152–61.

61. Millet GP, Brocherie F. Hypoxic training as a doping method—the fi-

nal whistle from Norway and Italy. J Physiol. 2024;602(19):4693–4.

62. Levine BD. Should “artificial” high altitude environments be consid-

ered doping? Scand J Med Sci Sports. 2006;16(5):297–301.

63. Gaumont P. Prisonnier du dopage. Paris, France: Grasset &

Fasquelle; 2005.

64. Voet W. Breaking the Chain: Drugs and Cycling: the True Story.

London: Yellow Jersey; 2001. xv, p. 128.

65. WalshD.FromLance toLandis: Inside theAmericanDopingControversy

at the Tour de France. 1st ed. New York (Y): Ballantine Books; 2007.

66. Walsh D. Seven Deadly Sins: My Pursuit of Lance Armstrong.

London, UK: Simon & Schuster; 2013. p. 451.

67. Lage JM, Panizo C, Masdeu J, Rocha E. Cyclist's doping associated

with cerebral sinus thrombosis. Neurology. 2002;58(4):665.

68. Kurtul A, Duran M, Uysal OK, Ornek E. Acute coronary syndrome

with intraventricular thrombus after using erythropoietin. Anadolu

Kardiyol Derg. 2013;13(3):278–9.

69. Giraud S, Robinson N, Mangin P, Saugy M. Scientific and forensic

standards for homologous blood transfusion anti-doping analyses.

Forensic Sci Int. 2008;179(1):23–33.

70. Nelson M, Popp H, Sharpe K, Ashenden M. Proof of homologous

blood transfusion through quantification of blood group antigens.

Haematologica. 2003;88(11):1284–95.

71. Schmidt W, Prommer N. The optimised CO-rebreathing method: a

new tool to determine total haemoglobin mass routinely. Eur J Appl

Physiol. 2005;95(5–6):486–95.

72. Alexander AC, Garvican LA, Burge CM, Clark SA, Plowman JS,

Gore CJ. Standardising analysis of carbon monoxide rebreathing

for application in anti-doping. J Sci Med Sport. 2011;14(2):100–5.

73. Lasne F, de Ceaurriz J. Recombinant erythropoietin in urine. Nature.

2000;405(6787):635.

74. Lasne F, Martin L, Crepin N, de Ceaurriz J. Detection of isoelectric

profiles of erythropoietin in urine: differentiation of natural and admin-

istered recombinant hormones. Anal Biochem. 2002;311(2):119–26.

75. Leuenberger N, Reichel C, Lasne F. Detection of erythropoiesis-

stimulating agents in human anti-doping control: past, present and fu-

ture. Bioanalysis. 2012;4(13):1565–75.

76. Eichner D, Van Wagoner RM, Brenner M, et al. Lmplementation of the

prolyl hydroxylase inhibitor Roxadustat (FG-4592) and its main metabolites

into routine doping controls.Drug Test Anal. 2017;9(11–12):1768–78.

77. Robinson N, Sottas PE,Mangin P, SaugyM. Bayesian detection of ab-

normal hematological values to introduce a no-start rule for heteroge-

neous populations of athletes. Haematologica. 2007;92(8):1143–4.

78. Manfredini F, Carrabre JE, Litmanen H, et al. Blood tests and fair com-

petition: the biathlon experience. Int J Sports Med. 2003;24(5):352–8.

79. Sottas PE, Robinson N, Rabin O, Saugy M. The athlete biological

passport. Clin Chem. 2011;57(7):969–76.

80. World Anti-Doping Agency. Athlete Biological Passport (ABP) op-

erating guidelines 2023 [2024 Feb 16]. Available from: https://

www.wada-ama.org/en/resources/world-anti-doping-program/

athlete-biological-passport-abp-operating-guidelines.

81. KrummB, Faiss R. Factors confounding the Athlete Biological Pass-

port: a systematic narrative review. Sports Med Open. 2021;7(1):65.

82. Schumacher YO, Saugy M, Pottgiesser T, Robinson N. Detection of

EPO doping and blood doping: the haematological module of the

Athlete Biological Passport. Drug Test Anal. 2012;4(11):846–53.

83. Zorzoli M, Rossi F. Implementation of the biological passport: the

experience of the International Cycling Union. Drug Test Anal.

2010;2(11–12):542–7.

84. Segura J, Lundby C. Blood doping: potential of blood and urine sampling

to detect autologous transfusion. Br J Sports Med. 2014;48(10):837–41.

85. Krumm B, Saugy JJ, Botre F, Donati F, Faiss R. Indirect biomarkers of

blood doping: a systematic review. Drug Test Anal. 2024;16(1):49–64.

86. Breenfeldt Andersen A, Bejder J, et al. Hepcidin and erythroferrone

complement the Athlete Biological Passport in the detection of autolo-

gous blood transfusion. Med Sci Sports Exerc. 2022;54(9):1604–16.

87. Wang G, Karanikolou A, Verdouka I, Friedmann T, Pitsiladis Y.

Next generation “omics” approaches in the “fight” against blood dop-

ing. Med Sport Sci. 2017;62:119–28.

88. Baoutina A, Coldham T, Bains GS, Emslie KR. Gene doping detec-

tion: evaluation of approach for direct detection of gene transfer using

erythropoietin as a model system. Gene Ther. 2010;17(8):1022–32.

BLOOD DOPING IN SPORT Medicine & Science in Sports & Exercise® 2945

S
P
E
C
IA
L
C
O
M
M
U
N
IC
A
T
IO
N
S

Copyright © 2025 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.


