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I. INTRODUCTION 28

Competition, a natural part of human nature, has been crucial from both 29
evolutionary and survival perspectives.1 The ability to optimize muscular 30
power output is considered fundamental to the successful performance of 31
many athletic and sporting activities, and peak performance has been tra- 32
ditionally achieved by regular training, sophisticated techniques, and good 33
overall health and fitness.2 Although success in competition is traditionally 34
achieved through one or more of the previously mentioned scenarios, some 35
athletes seek to take a step further. Since ancient Greco-Roman times, fame, 36
celebrity, and economic benefit arising from success in fighting or compe- 37
tition have persuaded some athletes to use artificial, and often unfair and 38
dangerous, means to enhance their athletic performance.3 According to a 39
common position shared by most international governing bodies of sport, 40
any sporting practice should be banned when it causes injury or it gives an 41
athlete an unfair technological or athletic advantage that is too expensive 42
or greatly innovative for most other competitors.3 Outstanding advances in 43
basic and applied biochemistry have contributed enormously to the devel- 44
opment of increasingly sophisticated and complex performance-enhancing 45
substances and techniques. Among such techniques, blood doping has re- 46
grettably become an integral part of sport and fair play. The term “blood 47
doping” or “blood boosting,” earlier known as “induced erythrocythemia,” 48
usually refers to methods or substances administered for non-medical rea- 49
sons to healthy athletes with the aim of increasing maximal aerobic power 50
and thereby improving aerobic performance (Table 1).4 In this review, the 51
context in which blood doping is abused will be discussed. 52

II. REVIEW OF MUSCULAR ENERGETICS 53

A comprehensive review on muscular metabolism and energy expendi- 54
ture has recently been published by Rose and Richter.5 From the energy- 55
producing standpoint, the most important molecule in biology is adenosine 56
triphosphate (ATP). The time course of energy metabolism during moder- 57
ate exercise involves primarily the phosphagen system (for the first 10 to 58
15 s), followed by anaerobic glycolysis for the next 1 to 2 min and aerobic 59
metabolism for physical activities lasting more than 2 min. ATP molecules 60
normally present within muscle cells can be promptly used to sustain muscle 61
contraction; phosphocreatine is an additional reserve of energy that can be 62
used to rapidly synthesize ATP. Both systems provide energy at a very rapid 63
rate, but when a muscle fiber is undergoing a sustained contraction, these 64
energy reserves are quickly exhausted. When muscle fibers are actively con- 65
tracting, each thick filament breaks down roughly 2500 ATP molecules/s. 66

Because even a small skeletal muscle contains thousands of muscle fibers, 67
the ATP demands are enormous and, therefore, skeletal muscles must rely on 68
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TABLE 1 Blood Doping Techniques

a) Blood transfusion
1) Autologous blood transfusion
2) Allogeneic blood transfusion

b) Erythropoiesis-stimulating substances
1) Recombinant human erythropoietin (rHuEpo)

i) Epoetin alfa (Epogen
©R

, Eprex
©R

, Epoxitin
©R

, Epypo
©R

, Erypo
©R

, Espo
©R

,
Globuren

©R
, Procrit

©R
)

ii) Epoetin beta (Epogin
©R

, Marogen
©R

, NeoRecormon
©R

, Recormon
©R

)
iii) Epoetin gamma
iv) Epoetin delta (DynepoTM)

2) Darbepoetin alfa, a novel erythropoiesis-stimulating protein or NESP
(Aranesp

©R
)

3) Continuous Erythropoiesis Receptor Activator or CERA
c) Hypoxic training

1) Artificial altitude environments or facilities
2) Hypoxic gas mixtures
3) Supplemental oxygen breathing

d) Blood substitutes
1) Perfluorocarbon emulsions
2) Hemoglobin-based oxygen carriers
3) Allosteric modulators of hemoglobin

e) Supplementation therapies
1) Iron
2) Cobalt chloride

f) Gene doping
1) Human erythropoietin gene transfection
2) Regulation of the HIF pathway

alternative mechanisms to supply energy. Most cells generate ATP through69
aerobic metabolism in mitochondria and glycolysis in the cytoplasm. Aerobic70
metabolism normally provides up to 95% of the energy demand of a resting71
cell. In this process, mitochondria absorb oxygen, adenosine diphosphate72
(ADP), phosphate ions, and organic substrates that enter the tricarboxylic73
acid cycle (also known as the citric acid cycle or the Krebs cycle). While74
carbon atoms are released as carbon dioxide, hydrogen is shuttled to respi-75
ratory enzymes in the inner mitochondrial membrane where their electrons76
are removed. After a series of intermediate steps, protons and electrons are77
combined with oxygen to form water. By this process, a large amount of en-78
ergy is efficiently produced, as each organic molecule fed to the tricarboxylic79
acid cycle generates 17 ATP molecules.80

During extensive physical exercise, the demand for energy, along with81
mitochondrial ATP production, progressively increase to a maximum rate82
that is determined by the availability of oxygen, which cannot diffuse into83
the muscle fiber fast enough to enable the mitochondria to fulfill the on-84
going energy expenditure. At peak levels of exertion, mitochondrial activity85
can provide only about one-third of the ATP required. Therefore, oxygen86
becomes progressively depleted, and muscles cannot get sufficient amounts87
to perform at their optimal potential, in terms of both power and resistance.88
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Such a relative gap between oxygen demand and availability is conventionally 89
called “oxygen debt.”6 90

Owing to the relative depletion of oxygen to produce ATP via traditional 91
mechanisms, muscle tissue is compelled to shift to the anaerobic pathway, 92
culminating in ATP production through conversion of pyruvic acid, provided 93
by the enzymatic pathway of glycolysis, to lactic acid. Therefore, the process 94
of anaerobic glycolysis enables the generation of additional energy when 95
mitochondria are unable to fulfill the current energy demand. However, 96
anaerobic energy production has its drawbacks. Although nearby 80% of the 97
lactate produced diffuses from the muscles and is transported to the liver 98
for conversion to glucose or glycogen, in conditions of extensive training, it 99
cannot be completely cleared and lactate gradually accumulates at both the 100
site of synthesis and in the blood. 101

As the relative concentration of intracellular lactate can become ex- 102
tremely elevated in muscles, this process can persist for several minutes after 103
the end of the exercise. As the progressive accumulation of lactate lowers the 104
intracellular pH and alters the functional characteristics of key enzymes, the 105
overall efficiency of the muscular contraction finally declines, producing 106
the characteristic symptoms of fatigue, pain, and muscle soreness that may 107
develop several hours or even days after particularly strenuous or unaccus- 108
tomed exercise. Lactic acidosis typically occurs when the concentration of 109
lactate in blood exceeds 4 mmol/l. Highly trained athletes have maximal oxy- 110
gen uptakes that may be double those of sedentary people and that permits 111
greater muscular activity coupled to a reduced production and accumulation 112
of lactic acid. 113

Because of this physiological drawback, it becomes clear that the limiting 114
steps to effective energy production in muscles during demanding physical 115
exercises are: (a) the availability of intracellular energy substrates (glucose) 116
and reserves (fat, glycogen, proteins); (b) an efficient circulatory supply; and 117
(c) sufficient blood oxygenation. Anything that interferes with any of these 118
factors promotes premature muscle fatigue and compromises performance.7 119
Oxygen is carried to peripheral tissues and muscles by two efficient delivery 120
systems: 3% is carried in solution (plasma), whereas the remaining 97% is 121
bound to hemoglobin, the main protein in red blood cells. Practices that are 122
aimed at producing an increase in hemoglobin in blood or a more efficient 123
mechanism of oxygen transport and delivery are associated with improved 124
energy production, allowing the muscles to become more fatigue resistant 125
and to perform better. 126

III. TRANSFUSION 127

In 1628 the English physician William Harvey described the blood cir- 128
culatory system. Shortly afterward, the first reported blood transfusion was 129
attempted.8 Since than, substantial improvements have been made in the 130
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techniques employed for blood transfusion. Blood transfusions were orig-131
inally used to support critically ill patients with severe forms of acute and132
chronic anemia. However, recent advances in biotechnology have allowed133
the separation of whole blood in its components. Because patients seldom134
require all of the components of whole blood, it makes sense to transfuse only135
that portion needed for a specific condition or disease. This treatment is con-136
ventionally referred to as “blood component therapy.”9 Typically, up to four137
components may be derived from 1 unit of blood: red blood cells (RBCs),138
platelets, plasma, and cryoprecipitated antihemophilic factor (AHF).10 RBCs139
may be stored under refrigeration for a maximum of 42 days, or they may140
be frozen for up to 10 years. Platelets must be stored at room temperature141
and may be kept for a maximum of five days. Fresh frozen plasma, mainly142
used for the therapy of acquired and congenital bleeding disorders, is stored143
frozen for usually up to one year. Cryoprecipitated AHF, which contains one144
or more specific clotting factors, is made from fresh frozen plasma and may145
be stored frozen for up to 1 year.11 Granulocytes, separated from whole blood146
and occasionally used to fight infections, must be transfused within 24 h of147
donation.12 Additional products manufactured from whole blood include148
albumin, immune globulin, specific immune globulins, and clotting factor149
concentrates. Commercial manufacturers commonly produce these blood150
products.13151

Blood transfusions can be traditionally classified as autologous, where the152
blood donor and transfusion recipient are the same, or as allogeneic, where153
the blood is transfused into someone other than the donor. The most com-154
mon autologous donation is the preoperative donation of blood for possible155
re-transfusion up to six weeks before or following elective surgery.14 Poten-156
tial autologous blood donors are medically stable patients free of infection.157
As a significant amount of iron is removed by each autologous donation, an158
adequate time for recovery of not less than 72 h from the last donation, and159
appropriate iron supplements, are usually required for patients undergoing160
autologous donations. Nearly 50% of autologous donations are not used by161
the donor and are discarded, as current standards do not allow transfusion162
of these units to another patient for safety reasons.163

An important step in ensuring the safety of allogenic transfusions is the164
screening of donated blood for infectious diseases. Today, nine tests for infec-165
tious diseases are traditionally performed.15 Hepatitis B (HBV) and syphilis166
tests were in place before 1985. Since then, tests for human immunodefi-167
ciency virus (HIV-1 and HIV-2), human T-lymphotropic virus (HTLV-I and168
-II), and the hepatitis C virus (HCV) have been introduced. There have been169
occasional reports of highly probable transfusion-associated iatrogenic vari-170
ant Creutzfeldt-Jakob disease infection, which is responsible for a rare degen-171
erative and fatal nervous system disorder.16 During the last decade, significant172
progress has been made in improving both the sensitivity and specificity of173
tests using brain and lymphoreticular tissues to identify Creutzfeldt-Jakob174
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disease-infected individuals. However, no sensitive, specific, and reliable di- 175
agnostic screening test for early identification of infected individuals that 176
would ensure the safety of the blood supply has been developed to date.17 177

Current evidence suggests that blood transfusions are unlikely to be bene- 178
ficial in the absence of active blood loss when the hemoglobin concentration 179
exceeds 100 g/l (hematocrit >30%). The benefits arising from blood trans- 180
fusions may exceed the risks when the hemoglobin concentration falls to 181
70 g/l (hematocrit <21%).18 Therefore, the majority of existing guidelines 182
conclude that transfusion is rarely indicated when the hemoglobin concen- 183
tration is greater than 100 g/l, and it is almost always indicated when it falls 184
below a threshold of 60 g/l in healthy, stable patients or is likely a higher 185
threshold in older or sicker patients. In particular clinical circumstances, 186
such as anesthetized patients, this threshold should be modulated by factors 187
related to the dynamic nature of surgery.19 188

It was observed earlier that, in endurance sports such as cycling, triathlon, 189
cross-country skiing, and marathon running, ways of boosting the blood’s 190
oxygen-carrying capacity can enhance performance by over 20%. The first 191
clear evidence of blood doping through blood transfusion came from a con- 192
trolled experiment carried out in 1947.20 Since then, transfusions have long 193
been used for this purpose, as they are an extremely straightforward, simple, 194
and effective method of increasing the oxygen carrying capacity of blood.21 195
However, transfusions carry significant risks, such as the contraction of in- 196
fectious diseases and life-threatening immune reactions (allergic reactions, 197
acute and delayed immune hemolytic reactions, graft-versus-host disease). 198
Following the commercial availability in the early 1990s of natural or re- 199
combinant human erythropoietin stimulating substances (rHuEpo), a black 200
market for it quickly developed. It was not until some years later that a reliable 201
urine-based test for detecting rHuEpo became available. Then old-fashioned 202
blood transfusions made a strong comeback, despite the health risks, as re- 203
cently testified by the presumptive non-negative case of the American cyclist 204
Tyler Hamilton (Hamilton fails pair of drug tests—American cyclist could 205
lose gold. Washington Post, September 24, 2004:D01).Q1 206

There are two methods of doping through blood transfusions: autolo- 207
gous and allogeneic; for convenience and safety, the former are reportedly 208
much more used. The traditional procedure of autologous blood transfusion 209
begins by the withdrawal of 1 to 4 units of blood (1 unit = 450 ml of blood) sev- 210
eral weeks before competition. The blood is centrifuged, the plasma compo- 211
nents are immediately reinfused, and the corpuscular elements, principally 212
RBCs, are stored refrigerated at 4◦C or frozen at −80◦C.22 As blood stored 213
by refrigeration display a steady decline in the number of RBCs, a substantial 214
percentage, up to 40%, of the stored RBCs may not be viable.23 The freezing 215
process, conversely, limits the aging of the cells, allowing the storage of the 216
blood for up to 10 years with a 10% to 15% loss of RBCs.24 Stored RBCs are 217
then reinfused, usually 1 to 7 days before a high-endurance event. 218



Biochemistry, Physiology, and Complications of Blood Doping 355

When properly performed, this process increases hemoglobin and hema-219
tocrit levels by up to 20%, but it is not completely safe and free from side220
effects. A large infusion of RBCs may be associated with hyperviscosity syn-221
drome, which is characterized by increased blood viscosity and decreased222
cardiac output and blood flow velocity and results in reduction of periph-223
eral oxygen delivery. Additional complications may be phlebitis, septicemia,224
bacterial infection, and air/clot embolism.24 In addition, allogeneic trans-225
fusions may trigger transfusion reactions characterized by fever, urticaria,226
and anaphylactic shock and are significantly associated with transmission of227
blood-borne infectious diseases including hepatitis, acquired immunodefi-228
ciency syndrome, malaria, cytomegalovirus, and Creutzfeldt Jacob disease.25229
There are anecdotal reports of athletes (the 1984 United States Olympic230
cycling team and the Spanish cyclist Manzano among others) experiencing231
severe side effects from blood transfusions, and some of them nearly died af-232
ter being injected with poorly stored blood (Fotheringham W. It can kill, but233
blood doping is in vogue again. The Guardian, September 24, 2004). Earlier234
studies have shown that a greater than 5% increase in circulating hemoglobin235
is necessary to improve performance, suggesting that athletes would need to236
infuse at least 1 unit of blood to obtain a surreptitious athletic advantage.23237

For the last decade, the only way to test for blood doping by allogeneic238
transfusion has been to assess the hematocrit or hemoglobin threshold;239
several sport federations banned athletes if random tests gave values over240
an arbitrary limit.26 Recently, a more reliable approach to the detection of241
blood transfusion in athletes has been proposed. The method is based on242
the quantification of antigenically distinct donor and recipient RBCs by flow243
cytometry, through the use of standard blood bank antisera in combination244
with a fluorescent-labeled secondary antibody directed against human im-245
munoglobulin. This strategy allows detection of even a single unit of blood246
transfused, provided that there is at least one antigen mismatch between247
donor and recipient.27,28 As individual RBCs display an almost unique anti-248
gen pattern, which is strict under genetic regulation, the possibility of two249
blood samples matched for ABO and Rh(D) being identical for the panel of250
12 blood group antigens tested is less than 1:500. The test currently involves251
RBC phenotyping for the antigens C, c, E, e, K, k, Fya, Fyb, Jka, Jkb, S, and s.28252
Therefore, flow cytometry appears to be the ideal technique for detecting253
allogeneic transfusion with a high degree of analytical efficiency. However,254
this test has some limitations. First, it does not detect autologous transfusion255
with blood donated and stored beforehand, as the RBCs surface antigens of256
the donor and recipient are identical. An additional problem is the lack of257
an easy confirmatory test, such as DNA analysis. A final concern arises from258
persons who are blood group chimeras, as the identification of a second RBC259
population may indicate either a transient (allogeneic RBC transfusion) or260
static (life-long chimera) phenomenon. However, serial testing will enable261
discrimination between these two situations.29262
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Many of these innovative methods have been tested and proven efficient 263
in other fields of medicine, for example criminology, but a definitive answer 264
for doping analysis is yet to come. Another strategy that has been suggested 265
recently is the use of a hematologic passport, which is based on the sequential 266
evaluation of some hematological and biochemical parameters. An athlete’s 267
hematologic profile should be fairly stable over time.30 Using proper sequen- 268
tial determinations, individual reference ranges can be defined for both 269
hemoglobin and hematocrit. Thus far, the hematologic passport appears to 270
be a feasible solution to identify athletes with non-physiological variations 271
within a global strategy to deter blood doping, but it has not been approved, 272
nor is it being incorporated into developing antidoping policies. 273

IV. ERYTHROPOIESIS-STIMULATING PROTEINS 274

The human erythropoietin gene was originally cloned in the mid 1980s,31 275
and rHuEpo was first approved for marketing in France in 1988. Its thera- 276
peutic use for the treatment of several forms of chronic anemia was shown 277
to be effective and safe.32 On this basis, genetically engineered erythropoi- 278
etin (Epo) has been systematically administered to anemic chronic renal 279
failure patients for the past 15 years. By the mid-1990s, it had also become 280
clear that Epo was the drug of choice among endurance athletes seeking to 281
improve performance.33 From a technical perspective, Epo has several advan- 282
tages over blood transfusion, including no complex logistically challenging 283
maneuvers such as blood withdrawal, storage, and reinfusion. In addition, 284
there is no decay in performance or training after a period of blood with- 285
drawal, and there is limited “detectability,” as Epo is a naturally occurring 286
peptide hormone.34 The use of Epo in international competition has been 287
highlighted by a number of scandals, and its misuse as an ergogenic aid has 288
been estimated to range from 3 to 7% of elite endurance sport athletes.35 289
A considerable amount of clinical evidence supported the use of rHuEpo 290
for doping purposes, as it provided significant erythropoietic and ergogenic 291
benefits due to substantial increases in hemoglobin, hematocrit, maximal 292
oxygen uptake, and exercise endurance time.35 293

A. Biochemical and Biological Properties of Human 294
Erythropoietin 295

Epo is a naturally occurring hormone. Its existence was suspected al- 296
most a century ago by Carnot and Deflandre, who postulated that a humoral 297
factor, which they called “hemopoietine,” regulates RBC production.36 The 298
definitive existence of Epo was demonstrated by Krumdieck in 1943.37 The se- 299
quence encoding for human Epo is located on chromosome 7.38 Human Epo, 300
a 165-amino acid glycoprotein with a molecular weight of 34 kDa, is derived 301
from a 193-amino acid transcript that has been modified by the cleavage of a 302
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27-amino acid leader sequence and the loss of the carboxyl-terminal arginine303
by post-translational processing by an intracellular carboxypeptidase.39,40 Af-304
ter synthesis, N-linked carbohydrate chains with terminal sialic acids prevent305
the immediate hepatic clearance of the molecule.41 Despite few sequence306
homologies, the tertiary structure of Epo is similar to that of other growth307
hormones and cytokines such as growth hormone, prolactin, interleukin-6,308
and granulocyte colony-stimulating factor.42309

Thus far, several mammalian Epo genes have been cloned, sequenced,310
and expressed. Epo is highly conserved among mammals, and there is a high311
degree of sequence homology in the coding region of the mature secreted312
protein. More than 63% of the molecule is composed of invariant amino acids313
(106 residues); human and monkey Epos display 94% and 91% sequence314
homology in nucleotides and amino acid composition, respectively. In con-315
trast, human and mouse Epos are 76% identical in nucleotide sequence and316
80% identical in amino acid sequence.43 Temporal and tissue-specific sig-317
nals limit expression of the Epo gene primarily to specific cell lines, namely,318
subpopulations of hepatocytes and Ito cells in fetal liver44 and fibroblast-like319
type I interstitial cells in adult kidney.45 There is also increasing evidence320
that many non-hematopoietic organs and tissues, such as stem cells;46 the321
embryo proper, including its developing nervous system;47 brain;48 uterus;49322
and ovary express Epo.50 Minimal levels of Epo expression were also detected323
in the lung, spleen, and testis of rats.51324

As testing strategies for Epo are as important as the development of325
reliable analytical procedures, detailed knowledge of the pharmacokinetic326
characteristics of rHuEpo is essential both for interpreting changes observed327
in indirect markers of administration and for planning suitable methods of328
testing for direct identification. Following subcutaneous administration, a329
“flip-flop” phenomenon can be observed; the pharmacokinetics appear to be330
linear from 50 to 1000 U/kg, but not for a lower dose of 10 U/kg.52 The mean331
half-life of 50 IU/kg daily repeated subcutaneous administration of rHuEpo332
is about 35.5 h, and the total clearance is 17 ml/h/kg. Remarkably, the total333
clearance appears nearly three times higher in athletes than in untrained sub-334
jects (6.5 ml/h/kg). The half-life is five times longer following subcutaneous335
than intravenous administration (from 4 to 7 h).53 The administration of336
rHuEpo is typically accompanied by a delayed increase in hemoglobin (up337
to 9.6%), hematocrit (up to 8.3%), reticulocytes, macrocytes, serum Epo,338
and soluble transferrin receptor (sTfr) concentrations.54,55 The increase of339
these markers becomes significant from the third to the tenth day following340
initial administration, and it is always followed by a negative and transitory341
feedback loop of endogenous Epo production, which can be interpreted as342
an indirect marker of rHuEpo administration.52 In clinical practice, rHuEpo343
administration produces a remarkable acceleration of the dynamic response344
of maximal oxygen uptake to submaximal exercise, increasing exercise345
capacity.55346
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Several variants of rHuEpo are currently available. The term “epoetin” 347
conventionally refers to rHuEpo preparations that have an amino acid se- 348
quence homologous to that of the naturally occurring hormone, whereas 349
the appropriate Greek letters, “alfa,” “beta,” “gamma,” and “delta” desig- 350
nate preparations that differ in composition and/or the nature of the car- 351
bohydrate moieties. Epoetin alfa (Epogen©R , Eprex©R , Epoxitin©R , Epypo©R , 352
Erypo©R , Espo©R , Globuren©R , Procrit©R ) and epoetin beta (Epogin©R , Marogen©R , 353
NeoRecormon©R , Recormon©R ), which are produced by transfected Chinese 354
hamster ovary cells and are nearly biochemically and immunologically iden- 355
tical to their naturally occurring counterpart, display similar molecular and 356
pharmacokinetic characteristics, although the latter has a higher molec- 357
ular weight, a lower number of sialylated glycan residues, and, possibly, 358
slight pharmacokinetic advantages, such as a longer terminal elimination 359
half-life.56,57 360

Epoetin beta has been the subject of studies aimed at proving efficacy 361
with a reduced administration frequency, but results are rather controversial. 362
Epoetin gamma is produced in a different host cell than the other erythro- 363
poietic agents; therefore, its glycosylation pattern and pharmacokinetics are 364
different. Small-scale clinical studies found epoetin gamma to be slightly 365
more biologically active than epoetin alfa.57 Epoetin delta (DynepoTM) is 366
a recently approved rHuEpo produced by human cells engineered to tran- 367
scribe and translate the Epo gene under the control of a newly introduced 368
regulatory DNA sequence. Epoetin delta has the same amino acid sequence 369
and glycosylation pattern as human Epo. Because it has become available 370
recently, only limited clinical data are available. The pharmacodynamic re- 371
sponse to two to three times weekly 40 to 100 IU/kg epoetin delta admin- 372
istration appears to be consistent with known Epo pharmacological activity 373
and includes a dose-dependent increase in hematocrit (between 0.12 and 374
0.18%/day), hemoglobin, reticulocytes, and RBCs for at least 3 to 4 weeks, 375
followed by a decline toward baseline values with exposure cessation. A ten- 376
dency for efficacy to fall with time, which may be associated with the develop- 377
ment of neutralizing antibodies or tolerance, has been observed. The mean 378
half-life of subcutaneous administration is 18 to 20 h, compared to 7 to 12 h 379
following intravenous injection.57 380

As an increase in the carbohydrate content of Epo results in a longer 381
plasma half-life and enhanced biological activity, more effective analogs have 382
been developed.58 Darbepoetin alfa, a novel erythropoiesis-stimulating pro- 383
tein or NESP (Aranesp©R ), is a glycosylation analog of rHuEPO that has been 384
synthesized using DNA technology.59 Its molecular weight is 38.5 kDa, and 385
its total carbohydrate content is 52%. The amino acid sequence of NESP 386
differs from that of native human Epo at five positions (Ala30Asn, His32Thr, 387
Pro87Val, Trp88Asn, and Pro90Thr); this allows the attachment of addi- 388
tional oligosaccharides at asparagine residue positions 30 and 88.60 There- 389
fore, NESP contains five N-linked oligosaccharide chains and 22 sialic acid 390
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residues, whereas native Epo contains three oligosaccharide chains and 14391
sialic acid residues.392

NESP binds to the Epo receptor in the same fashion as native Epo and393
induces intracellular signaling involving tyrosine phosphorylation by JAK-2394
kinase and the intracellular molecules Ras/MAP-k, P13-k, and STAT-5. In395
comparing the pharmacokinetics of NESP and rHuEPO, the mean half-life396
for NESP is nearby two to three times longer than that of rHuEPO (25.3 and397
48.8 h when administered intravenously and subcutaneously, respectively).61398
Despite a similar volume of distribution of nearby 50 ml/kg, the clearance399
of NESP is significantly reduced as compared to that of rHuEPO (1.6 ±400
0.3 versus 4.0 ± 0.3 ml/h/kg). Dosage requirements of darbepoetin do not401
differ between the intravenous and subcutaneous routes of administration.402
The less frequent administration of darbepoetin alfa in comparison to the403
other epoetins may reduce drug costs in the long term, but the variability in404
dosage or dosage frequency required within a single patient is much higher.61405

CERA (continuous erythropoietin receptor activator) is the lat-406
est erythropoiesis-stimulating protein that has become commercially407
available.62,63 Administered at a considerably less frequent dosing (once ev-408
ery 3 or 4 weeks), CERA induces enhanced and sustained erythropoietic ef-409
fects through continuous modulated stimulation of erythropoiesis and offers410
greater flexibility and convenience as compared to other conventional blood-411
boosting substances. Postulated mechanisms of action include a weaker bind-412
ing to and a more rapid dissociation from the Epo receptor and an extended413
half-life in plasma, which has been reported to be seven-fold greater than414
that of standard epoetins.62 At doses of 5 to 8 µg/kg, CERA increases reticu-415
locytes and hemoglobin by 262% and 16 to 23 g/l (over 50% of patients had416
a response ≥20 g/l), respectively; these levels were maintained over the next417
12 weeks.62 Levels of sTfr also increase in a dose-dependent manner, whereas418
serum ferritin and serum iron levels decrease, reaching a nadir 5 to 10 days419
after administration before returning to baseline.62 The mean elimination420
half-life is 133 to 137 h for both intravenous and subcutaneous administra-421
tion. Side effects of CERA therapy are generally mild, and no serious adverse422
events have been reported thus far.62 CERA is currently in phase III clinical423
trials.62424

B. Regulation of Endogenous Erythropoietin Production425

Approximately 90% of endogenous Epo is produced by the kidney in426
response to tissue oxygen sensors that register oxygen depletion. The recent427
discovery of a novel family of proteins called “hypoxia inducible factors”428
(HIF) has increased our understanding of the complex mechanism of re-429
sponse to hypoxia and Epo production that occurs when the human body has430
to deal with increased oxygen demand, such as in hard-working muscles.64431
Epo is the paradigm of oxygen-regulated genes controlled by transcription432
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factor HIF-1, well recognized as the key regulator of cellular and systemic 433
oxygen homeostasis.65 434

Oxygen sensing is characteristic of all oxygen-dependent cells. The acute 435
response to oxygen deprivation is carried out by a neurosecretory mechanism 436
in glomus cells of the carotid body and in neuroepithelial bodies of the lung 437
where the chemoreceptor cells sense the oxygen tension in the blood coming 438
from the heart.66,67 The cells’ response to acute oxygen changes lasts only 439
milliseconds and causes rapid cardiorespiratory adjustments. This is due to 440
oxygen-sensitive cell membrane K+ channels of different kinds found in 441
all hypoxia-responsive cells.68−70 The reduction of oxygen tension leads to 442
closure of K+ channels and to membrane depolarization and it is followed 443
by extracellular Ca2+ influx and consequent transmitter release, which fires 444
the response of the afferent nerve fibers.71 445

At present, the precise molecular mechanisms by which K+ and Ca2+ ion 446
channels sense oxygen tension variation and thus activate the signaling path- 447
ways remain unclear, as findings depend largely on experimental conditions 448
and on cell types used. The mechanisms underlying the chronic response 449
to oxygen deprivation were discovered a number of years ago when a factor 450
broadly expressed in hypoxic conditions was found by a group of researchers 451
investigating Epo production regulation by body cells.72 This factor, named 452
HIF-1, was structurally characterized as a heterodimeric protein.73 HIFs are 453
transcription factors that modulate the activity of a variety of genes in con- 454
ditions of relative low-oxygen availability. During hypoxia, the activity of two 455
intracellular enzymes that promote the degradation of HIF-1a (asparaginyl 456
hydroxylase and prolyl hydroxylase) is inhibited.74 Therefore, HIF-1a binds 457
to HIF-1b, crosses the nuclear membrane, and binds to intranuclear proteins, 458
thereby promoting gene transcription. Genes controlled by the HIF pathway 459
include those coding for proteins that stimulate erythropoiesis (namely, Epo) 460
as well as those encoding glycolytic enzymes that produce additional energy 461
in conditions of relative oxygen deficiency. These are pivotal mechanisms in 462
the attempt to achieve improved aerobic performances. 463

C. Complications and Side Effects of rHuEpo Therapy 464

Despite its clinical effectiveness in selected clinical settings, concern has 465
been expressed about complications and side effects of rHuEpo therapy.75 In 466
both controlled and uncontrolled clinical studies, the most frequent adverse 467
events per 100 patient-years of exposure to epoetin delta were hypotension, 468
muscle cramps, upper respiratory infections, headache, thrombosis, and 469
hypertension.32,75 An important concern is that the cardiovascular system of 470
an athlete misusing erythropoiesis-stimulating proteins may be in jeopardy. 471
In some clinical trials, thrombotic events such as myocardial infarction, cere- 472
brovascular disease, transient ischemic attack, and venous thromboembolism 473
occurred at a rate of 0.04 events per patient-year. In addition, there have been 474
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occasional reports of serious or unusual thromboembolic events, including475
migratory thrombophlebitis, microvascular thrombosis, and thrombosis of476
the cerebral sinus, retinal artery, and temporal and renal veins.76,77 Endothe-477
lial activation, alterations of blood rheology (namely, increased blood viscos-478
ity), increased systolic blood pressure at submaximal exercise, and platelet re-479
activity were acknowledged as important mechanisms involved in the throm-480
botic potential of Epo.32481

Although an unequivocal causal relationship with rHuEpo therapy has482
not been established yet, polycythemic conditions characterized by hemat-483
ocrit values exceeding 60%, as were anecdotally achieved in the mid-1990s484
when rHuEpo abuse was largely uncontrolled, when compounded by dehy-485
dratation, may have predisposed athletes to thromboembolic complications.486
Hypertension following rHuEpo therapy, mostly during the first 90 days of487
therapy, has been reported in clinical trials.32 On occasion, hypertensive488
encephalopathy and seizures have been observed in dialyzed patients.78,79489
When data from all patients in the U.S. Phase III multicenter trial were an-490
alyzed, a trend of more reports of hypertensive adverse events occurring in491
patients displaying a faster rate of rise of hematocrit (greater than 0.04 in492
any two-week period) was observed.80493

Far more threatening is the onset of red cell aplasia, a rare congenital or494
acquired condition characterized by an arrest in RBC production.81,82 This495
rare but life-threatening complication has been observed predominantly with496
subcutaneous use of epoetin alfa produced outside the United States, after497
albumin was removed from the formulation.57 Although the pathogenesis of498
this severe disorder has not been definitely elucidated, its development has499
been related to the interaction of multiple factors, including Epo formulation500
change and improper storage; these factors led to increased immunogenicity501
of the recombinant product, which could trigger the sudden development502
of neutralizing anti-Epo antibodies.83 The adverse effects, withdrawals, and503
deaths were the same for NESP as for rHuEpo treatment, though there have504
been no reports thus far of antibody production in patients treated with505
NESP. Early recognition and withdrawal of Epo therapy is essential. Treat-506
ment with immunosuppressive therapy resulted in a suitable response, with507
resolution in several cases.83 A less clinically threatening anemia, character-508
ized by progressive erythroid marrow exhaustion, has been reported occa-509
sionally in patients receiving rHuEpo therapy.84510

A final concern rises from the evidence that the Epo receptor pathway511
may be somehow involved in the growth, viability, and angiogenesis of ma-512
lignant tumors. Increasing evidence has accumulated to show that Epo has513
pleotropic effects beyond regulation of the RBC mass. In the embryo, Epo514
acts a major regulator of vascular formation and organ growth, and Epo515
receptors are found in almost every embryonic tissue.85 Several malignant516
human cell lines express Epo and Epo receptor mRNA regardless of ori-517
gin, histological type, genetic characteristics, and biological properties and518
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respond to hypoxic stimuli by enhanced secretion of Epo.86 On this basis, 519
Epo seems to protect neoplastic cells from apoptosis and to stimulate them to 520
proliferate, but these cells are unable to regulate the number of Epo receptor 521
sites as occurs in erythroid differentiation.87 522

D. Antidoping Testing for Erythropoiesis-Stimulating Substances 523

The identification of Epo misuse in sport has been one of the most intri- 524
cate challenges for laboratory medicine in the recent history of antidoping 525
testing.88 Once it became clear that misuse of Epo among endurance athletes 526
was commonplace, the International Olympic Committee and most sport 527
organizations attempted to develop strategies to identify cheating. Indeed, 528
blood doping was not a novelty for laboratory medicine; however, before Epo 529
became available, the problem was confined to a limited number of top ath- 530
letes experimenting with blood transfusions. The numerous physiological 531
and practical advantages of Epo encouraged the wide diffusion of this inno- 532
vative doping technique, which rapidly emerged as a major issue for public 533
health.89 Despite the lack of reliable analytic tools, several sport federations, 534
recognizing the seriousness of the problem, adopted a questionable strat- 535
egy based on arbitrary thresholds for hemoglobin, hematocrit, or both. In 536
particular, the International Ski Federation decided to pursue athletes with 537
hemoglobin values above 175 g/l for men and 155 g/l for women, whereas 538
the International Cycling Union disqualified athletes with hematocrit val- 539
ues exceeding 50% for men and 47% for women when reticulocytes were 540
above 2%.26 Although the evidence of increased or decreased erythropoiesis 541
is not an unequivocal proof of blood doping, athletes exceeding such limits 542
were suspended from competition for rather arguable reasons of health.90 543
The evidence that such a strategy might also have penalized clean athletes 544
encouraged the adoption of more suitable and elaborate approaches. 545

Over the last decade, both direct and indirect strategies for detecting 546
rHuEpo were proposed, but no single approach was found to meet all the 547
criteria required to identify cheating.91 Most of these strategies relied on indi- 548
rect markers of rHuEpo administration, including hematocrit, hemoglobin, 549
macrocytic hypochromatic erythrocytes, sTfr, reticulocyte hematocrit, per- 550
centage of macrocytic RBCs, and serum Epo. A reference range study of key 551
hematologic parameters in elite athletes, using ADVIA 120 technology, also 552
examined two statistical models that are useful indicators of current (ON- 553
model) or recently discontinued (OFF-model) rHuEPO abuse. The com- 554
ponent variables of the ON-model are hematocrit, reticulocyte hematocrit, 555
serum Epo, percent of macrocytic RBCs, and sTfr, while the OFF-model uses 556
only the first three variables.92 Although this method was successfully applied 557
within antidoping campaigns, some pitfalls, such as the ability to detect mis- 558
use of novel erythropoiesis-stimulating proteins like epoetin delta, NESP 559
and CERA,93 the influence of training regimens,94 altitude,95 preanalytical 560
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variability,26,96 and the stability of blood specimens over time, have since561
emerged.97,98 An alternate strategy is the use of the hematologic passport,562
which has been discussed before.29563

As exogenous recombinant Epo is less negatively charged than the natu-564
rally occurring hormone, isoelectric focusing has emerged as a reliable ap-565
proach for direct detection of rHuEpo and analogs in urine.35 Electrophero-566
grams from urinary rHuEpo differ substantially from those of endogenous567
Epo, as the former produce four or five bands in the basic region, whereas the568
latter gives rise to up to 14 bands that overlap with and are parallel to those of569
rHuEpo in the basic region but that are also clustered in the acidic region.99570
A preliminary electrophoretic technique for discriminating rHuEpo from its571
endogenous counterpart in urine was described in 1995.100 The method was572
improved by using isoelectric focusing that reduced the non-specific binding573
traditionally accompanying immunoblotting.99−103 This isoelectric focusing574
technique detects rHuEpo in urine samples collected 3 days after nine doses575
of epoetin alfa with both 100% sensitivity and specificity. However, 7 days576
after the last dose, the overall sensitivity of the techniques falls to 50%.99577
The method is relatively inexpensive and may be implemented in different578
laboratories.579

The indirect approach, based on multiple markers of enhanced erythro-580
poiesis, appears to be a valid and reliable strategy associated with the urine581
confirmatory test. The combination of blood and urine tests represented582
the strategy implemented by the International Olympic Committee for de-583
tecting rHuEpo misuse at the Sydney Olympics. However, in analogy with584
other performance-enhancing drugs, during-competition testing has led to585
much wasted testing effort, as the pharmacodynamic properties of rHuEpo586
and its analogs discourage misuse near to or at the time of competition.587
Thus, direct testing methods, such as the rHuEpo urine test or the ON-588
model, will likely fail due to the almost complete elimination of rHuEpo589
before the test and the return to baseline of most biochemical parameters590
of erythropoiesis, unless international sporting federations use the informa-591
tion gathered to assist in targeted out-of-competition testing.91 However, as592
the performance-enhancing effect is greater than variation of hematologic593
changes and persistence of rHuEpo in blood, the indirect OFF model, based594
on the expression of specific genes following rHuEpo administration, should595
partially overcome this limitation.104596

Recently, novel reticulocyte indices have been investigated, especially in597
the setting of iron deficiency and functional iron deficiency during therapy598
with rHuEpo.105 A specific concern regarding the analytical efficiency of599
the combined blood-urine strategy is the misuse of epoetin delta. Due to600
the innovative gene activation technology employed for its production, this601
recombinant Epo appears currently to be undetectable by this approach.26602

Fortunately, Epo analogs appear to be more easily detectable, and some603
athletes were sanctioned for use of NESP at the 2002 Winter Olympics. Most604
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techniques measure the increased immunoactivity of NESP in serum fol- 605
lowing desialylation with neuraminidase, as measured by conventional im- 606
munoassays for Epo.106 The method requires a small amount of blood, is 607
simple to perform, is reliable (up to 100% sensitivity), and allows detection 608
of NESP from 2 to 14 days after the last injection. 609

V. ALTITUDE TRAINING 610

Altitude training is a well-established “natural” and legal technique to im- 611
prove endurance performance at sea level. At higher altitudes, the relative 612
oxygen content of the air is diminished; after a sufficient period of time, the 613
body responds with a complex series of biological and metabolic changes.107 614
An understanding of the metabolic adjustment to altitude requires a re- 615
view of human acclimatization and adaptation.108 The term acclimatization 616
is suited to relatively short exposures to altitude, such as short periods in 617
training camps, while adaptation refers to changes occurring over genera- 618
tions under constant exposure. Some, but not all, of the main features of 619
acclimatization and adaptation are similar. Acclimatization is basically het- 620
erogeneous, depending upon the type of environmental stress to which the 621
athlete is exposed. Passive stresses, such as altitude and climate, are persistent 622
and substantially uniform over time, whereas active ones like training regi- 623
men and diet are more variable and possibly mutable. Finally, compliance to 624
excessive stress is highly sensitive to individual characteristics. 625

The duration of exposure to passive stress modifies the nature and re- 626
siliency of changes following stress removal. After exposure to moderate 627
altitude, some initial changes occur in response to the changed conditions; 628
as the exposure duration increases, the repertoire of changes expands and 629
stabilizes. Therefore, the longer the body is in a fully acclimatized condition, 630
the more habitual the changes become. Upon exposure to a passive stress, 631
the body undergoes a hierarchy of responsive changes and eventually be- 632
comes fully acclimatized to the point that the changes become constant as 633
well as permanent while residing in the environment. Full acclimatization is 634
compromised by shorter periods of exposure; generally, the shorter the time 635
spent at altitude, the less dramatic is the acclimatization and the changes 636
that do occur are quite transient. 637

A. Physiology of Altitude Exposure 638

Several physiologic changes occur following acclimatization at high alti- 639
tude. They can be divided into immediate (taking place over a few days) 640
and long-term changes, which requires weeks to a few months. Immedi- 641
ate changes include decrease in maximum cardiac output, decreased max- 642
imum heart rate, increased erythropoiesis, increased excretion of base via 643
the kidneys to restore acid-base balance, and an increase in the number of 644
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mitochondria and oxidative enzymes in RBC that allow a more efficient un-645
loading of oxygen to peripheral tissues.106 The combination of altitude and646
time necessary to achieve significant athletic benefits, lasting 2 to 3 weeks647
after return from altitude, has been conventionally established at 2200 m for648
4 weeks. This convention is supported by the practical evidence that a signif-649
icant (77 to 92%) and stable (over 24 h) increase in Epo production occurs650
rapidly (within 6 h), once a threshold altitude of 2100 to 2500 m is reached.651
Below these altitudes, Epo increases are modest (24 to 30%) and unsteady,652
reaching a peak at 6 h after exposure.109 Accordingly, 4 weeks of training at653
an altitude of 1740 m produce no changes in hemoglobin and a negligible654
increase in maximum oxygen consumption in highly trained athletes.110655

The mechanism of the greater hematologic response to high altitude in-656
cludes improved oxyhemoglobin desaturation that usually occurs as the oxy-657
gen partial pressure (pO2) falls to the steep portion of the oxyhemoglobin658
dissociation curve.110 Hypothetically, the higher the altitude, the greater the659
ergogenic benefits achieved. However, an upper limit of altitude should be660
set to limit the side effects of altitude exposure, such as chronic mountain661
sickness or Monge’s disease, depression, headache, loss of appetite, sickness,662
and sleeplessness.111−113 Again, the ideal period of living at altitude is uncer-663
tain, but it can be hypothesized from the physiology of erythropoiesis. The664
concentration of Epo in blood starts to increase from the first day of living665
at an altitude of 2500 m; by 2 weeks it stabilizes and after 4 weeks returns to666
the baseline.114 Therefore, a period lasting not less than 3 to 4 weeks appears667
most appropriate.668

Like astronauts who enter microgravity, people acclimatized to high al-669
titude who descend to sea level undergo a rapid adaptive mechanism that670
modifies the excessive blood volume and RBC mass for the new environment.671
This physiologic process, called neocytolysis, results in selective hemolysis672
of young circulating erythrocytes.115 Other physiologic situations associated673
with increased neocytolysis include the emergence of newborns from the674
hypoxic uterine environment and the descent of polycythemic high-altitude675
dwellers to sea level.116 While both RBC production and survival remain676
normal, the RBC mass decreases up to 15% over a few days. Serum Epo lev-677
els are also profoundly suppressed on descent. Therefore, Epo dynamically678
suppresses erythropoiesis by initiating neocytolysis when serum levels are679
reduced below a nadir threshold.117680

Thus far, the mechanisms involved in neocytolysis have not been fully681
elucidated. However, the substantial RBC mass reduction, associated with682
the unchanged rate of reticulocyte release and increased concentration of683
markers of erythrocytolysis (lactate dehydrogenase and bilirubin), provide684
evidence of a hemolytic process characterized by accelerated catabolism of685
young erythrocytes. Ultimately, the relative deficit of Epo production may686
shift the balance toward cell death, triggering apoptosis through multi-687
ple pathways.118 The process may involve a modified interaction between688
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neocytes and reticuloendothelial phagocytes, particularly in the spleen, with 689
likely roles for surface adhesion molecules and intermediary endothelial 690
signals;119 it may finally be prompted by endothelial cells communicating 691
with macrophages to stimulate phagocytosis of this unusual cell subset.120 692
Moreover, withdrawal of Epo production may induce activation of a subset 693
of caspase-3, -7, and -8, which then cleaves the transcription factors GATA-1 694
and TAL-1 and finally triggers apoptosis.121 The implications of neocytolysis 695
may also extend to blood doping by surreptitious use of rHuEpo, as it may 696
contribute to adverse consequences such as hyperkalemic arrhythmias. 697

A review of the current literature supports the benefits of altitude train- 698
ing, though there is a large variation in outcomes, possibly due to the hetero- 699
geneity of settings and periods of living at altitude or to the effects of active 700
stresses and confounding variables (athletic discipline, training regimen, 701
diet).122 Since RBCs carry oxygen through the bloodstream, a substantial in- 702
crease in the packed cells following altitude exposure allows more efficient 703
oxygen delivery to the muscles at sea level, reducing fatigue and giving the 704
athlete an edge. Altitude exposure is a popular practice among elite cyclists 705
seeking enhanced performance at sea level, and some endurance athletes 706
train at high altitude for precisely this reason.123 With acclimatization, there 707
is convincing evidence of decreased production or increased clearance of lac- 708
tate in muscles, moderate evidence of enhanced muscle buffering capacity 709
and tenuous evidence of improved mechanical efficiency of cycling. 710

Acclimatization to high altitude induces further central and peripheral 711
adaptations that improve oxygen delivery and utilization.124 Moreover, hy- 712
poxic exercise may increase the training stimulus, thus magnifying the ef- 713
fects of endurance training.125 Acute exposure to moderate altitude en- 714
hances cycling performance on flat terrain because the benefit of reduced 715
aerodynamic drag outweighs the decrease in maximum aerobic power. Sev- 716
eral strategies have been proposed to optimize the acclimatization changes: 717
live high and train high,126 live high and train low,127 and intermittent 718
exposure.128 The current literature indicates that continuous living and train- 719
ing at moderate altitude does not improve sea-level performance of high- 720
level athletes.123 Although oxygen delivery and utilization may be slightly 721
improved, a lack of adequate training adaptation and/or decreased exercise 722
intensity due to hypoxia can lead to a relative detraining effect that may over- 723
whelm any advantage gained through altitude-induced acclimatization.129 724
Therefore, acclimatization to a moderately high altitude, accompanied by 725
training at low altitude (the so-called “living high-training low” theory), is 726
likely the most effective variant of altitude training to improve sea-level en- 727
durance performance. Such an improvement is due to a wide series of phys- 728
iological and biochemical adaptations, including a consistent improvement 729
in maximal oxygen uptake, a rise of circulating Epo, the levels of which can 730
be nearly double those of the initial sea-level baseline, and an increase of up 731
to 10 g/l of hemoglobin concentration in blood.130 732
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Despite promising results, some later investigations described wide in-733
terindividual variability in adaptive response and athletic performance after734
a traditional altitude training camp; two clusters athletes were observed—735
those who respond to altitude training and those who are actually “non-736
responders.” It has been hypothesized that such individual variability may737
be accounted for by two mechanistic pathways: altitude-acclimatization re-738
sponse and training effects. Although the concentration of Epo in plasma739
rises significantly in both groups, the aggregate variation is definitely broad,740
ranging from 41 to 400%, and responders had a significantly larger and741
more persistent increase in absolute terms and when expressed as a percent-742
age of sea-level baseline.127 Such variation explains the further differences743
observed between responders and non-responders in the total RBC volume,744
which increases by 8% in responders but remains substantially unchanged745
in the non-responder cluster. Accordingly, post-altitude maximum oxygen746
consumption and endurance performance are both significantly increased747
in the responders, with no significant changes in the non-responders.127 The748
reason for such a broad hematologic response is as yet unclear, but it is likely749
multifactorial and includes heterogeneity in hypoxic ventilatory drive, oxy-750
gen half-saturation pressure of hemoglobin, hypoxia-induced transcriptional751
regulation of Epo synthesis and production, Epo metabolism, and sensitivity752
of bone marrow stem cells to Epo and other growth factors.116753

Some of these factors may be genetically inherited traits, associated with754
the physiology of endogenous Epo production.131 As human Epo gene ex-755
pression is regulated primarily at a transcriptional level in oxygen-sensitive756
cells,132 and the oxygen-sensing system triggers production of HIF-1, these757
transcriptional and post-transcriptional mechanisms may play a pivotal role758
in the observed individual variability. However, regardless of the specific759
mechanism, it seems conceivable that non-responders require a greater hy-760
poxic stimulus to induce an adequate erythropoietic response. The practical761
outcome of these studies is crucial. Biochemical or genetic screening of the762
erythropoietic and training velocity response to acute altitude may be realisti-763
cally employed to minimize the number of non-responding athletes, optimiz-764
ing on an individual basis both the logistic setting (appropriate altitude, type765
of exposure, training regimen) and the length of stay to achieve the greatest766
hematologic and athletic benefit. Revolutionary advances in biotechnology767
have allowed the identification of several genetic polymorphisms promoting768
sport advantages.133 The early recognition of a young athlete’s predisposition769
to a particular sport discipline, such as a polycythemic response, is regarded770
as an attractive prospect, allowing children and adolescents to select the most771
suitable discipline on an individual basis. Nevertheless, it may also open un-772
predictable scenarios that influence the athlete’s prospects in both economic773
and recreational terms.134774

Additional controversies have emerged from studies on the so-called775
“short-interval” or intermittent altitude training. Very short hypoxic episodes,776
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like sleep apnea, lead to a negligible and spurious increase in hemoglobin 777
concentration that is mainly due to a hormonal-mediated decrease in 778
plasma volume.135 Brief and repeated (intermittent) exposures to high al- 779
titude might elicit a comparable effect in physiological measures associ- 780
ated with improved performance, but definitive evidence is lacking.136 Al- 781
though some studies on short-term intermittent hypobaric hypoxia (1.5 to 782
3 h/day for 2 to 3 weeks) demonstrated acclimatization and favorable hema- 783
tologic adaptations,137,138 others failed to demonstrate significant changes in 784
hemoglobin, hematocrit, sTrf, reticulocytes, maximal oxygen uptake, mean 785
power output, and overall endurance performance.128,136,139−141 It is con- 786
ceivable that discordant results may have arisen from heterogeneity in the 787
study design (for example, substantial differences in the study population, 788
and terms and conditions of exposure). Realistically, brief hypoxic triggers of 789
Epo production by acute exposure of moderately trained subjects to normo- 790
baric hypoxia during a short-term training program consisting of moderate- 791
to high-intensity intermittent exercise are not always associated with a con- 792
comitant activation of erythropoiesis and have no enhanced effect on the 793
degree of improvement in either aerobic or anaerobic performance.128,141 794
Taken together, current evidence suggests that short-term intermittent ex- 795
posure to moderate hypoxia and hypobaric chambers may not be sufficient 796
to improve aerobic capacity and to induce altitude acclimatization, whereas 797
longer periods, up to 4 weeks, may be effective in eliciting hematologic mod- 798
ifications and improvement in endurance performance. 799

B. Artificial Altitude Environments 800

As altitude training has some logistical and biological disadvantages, sci- 801
entists have investigated alternative techniques of simulating altitude expo- 802
sure which may offer the same physiological benefits while minimizing the 803
drawbacks. Since the introduction of the hypoxic training theory in 1930, sev- 804
eral techniques have been developed, including regular high-altitude flights, 805
training in altitude chambers, and training by inhalation of low-oxygen- 806
gas mixtures.142 These techniques were used primarily for altitude pre- 807
acclimatization and for the treatment of clinical disorders including chronic 808
lung disease, bronchial asthma, hypertension, diabetes mellitus, Parkinson’s 809
disease, emotional disorders, radiation toxicity, and prophylaxis of certain 810
occupational diseases. The mechanisms at the basis of the beneficial effects 811
of hypoxic training involve regulation of respiration, free-radical produc- 812
tion, and mitochondrial respiration.142 In general, hypoxic exposure can be 813
divided into hypoxia at rest, with the primary goal of stimulating altitude ac- 814
climatization, and hypoxia during exercise, to enhance the training stimulus. 815
Moreover, the hypoxic stimulus may be continuous or intermittent.143 816

A sleep chamber that enables endurance athletes to “train while they 817
sleep” has been developed. The chamber simulates the reduced air pressure 818
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of altitude environments equivalent to approximately 2000 to 3000 m. Ath-819
letes who use a hypoxic apartment typically “live and sleep high” in the820
hypoxic apartment but train at or near sea-level conditions, thus enabling821
them to achieve a similar advantage to those living at high altitude.144 The822
appropriate use of the chamber (6 to 8 h a day for 2 to 3 weeks) produces823
substantial increases in serum Epo, reticulocyte count, and RBC mass (up to824
23%), which, in turn, may lead to improvement in post-altitude endurance825
performance.826

Altitude simulation technology has continued to evolve. The hypoxic tent827
system is one of the first alternatives to the sleep chamber. The hypoxic tent828
system creates a hypoxic environment via a patented air separation unit that829
continually pumps low-oxygen content air. Inside the tent, the total pressure830
is unchanged, but the pO2 is reduced, allowing athletes to obtain the advan-831
tages of altitude training at any location.145 Unlike the constant hypoxia at832
higher altitudes, the intermittent hypoxia generated by the hypoxic tent sys-833
tem promotes gradual biological adaptation to yield better performance not834
only in a low-oxygen environment but also in normoxic conditions, such as835
at sea level. Earlier studies on simulated altitude by normobaric or hypobaric836
hypoxia convincingly demonstrated increases in Epo of a magnitude similar837
to that observed in response to a real altitude exposure of ∼2.500 m.126,145838
Hypoxic sleeping devices include the Colorado Altitude Training Hatch (hy-839
pobaric chamber) and the Hypoxico Tent System (normobaric hypoxic sys-840
tem), which simulate altitudes of up to approximately 4575 m and 4270 m,841
respectively. Little information is available so far on the efficiency of these842
devices on increasing erythropoiesis, maximal oxygen uptake, and athletic843
performance. Hypothetical benefits are based on the evidence that brief844
exposure to hypoxia (1.5 to 2.0 h) is sufficient to trigger RBC production.144845

An alternative technique to simulate altitude is breathing hypoxic, nor-846
mobaric gas mixtures. In these conditions, athletes breath air with progres-847
sive decreases of the fraction of inspired oxygen (from 12.2% to 10.0%).146848
Two main approaches to this technique were investigated: continuous inhala-849
tion of a hypoxic mixture containing 12% of oxygen for 30 min, and intermit-850
tent exposures of 5 to 7 min to steady or progressive hypoxia, interrupted by851
equal periods of recovery with normoxic respiration.147 Intermittent hypoxic852
exposure resulted in pronounced increases in heart rate and oxygen utiliza-853
tion by the end of the hypoxic session. Supplemental oxygen may be used854
during high-intensity workouts at altitude to simulate either normoxic or855
hyperoxic conditions. This method is a modification of the “high-low” strat-856
egy, since athletes live in a natural terrestrial altitude environment while they857
train at sea level breathing supplemental oxygen. Limited data regarding the858
efficacy of hyperoxic training suggests that high-intensity workouts at mod-859
erate altitude and endurance performance at sea level may be enhanced860
when supplemental oxygen training is employed at altitude over several861
weeks.144862
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In general, the efficacy of simulated altitude is achieved by an increased 863
erythropoietic response and improved performance in athletes of endurance 864
sport disciplines. Although earlier evidence in untrained subjects was promis- 865
ing, it is as yet questionable whether elite athletes, who may be closer to the 866
maximal structural and functional adaptive capacity of the respiratory sys- 867
tem, may achieve real gains from simulated altitude devices. Most clinical 868
discrepancies are due to the marked heterogeneity in exercise, environmen- 869
tal conditions, nutritional therapies, duration, repetition rate, and intensity 870
of the artificial hypoxic stimulus.146 If a distinct advantage is needed in en- 871
durance events, the use of high-altitude simulators would appear less risky 872
than other forms of blood doping. However, there are some ethical and clini- 873
cal concerns among coaches, athletes, and the scientific community that the 874
use of these expedients may be unsafe and unethical for use in sports. Just 875
as training preparation that gives an athlete a technological or athletic ad- 876
vantage that is too expensive or innovative for most other competitors to use 877
is considered unfair,3 simulated altitude is currently considered unethical. 878
Although this position has been questioned, as the biological changes in- 879
duced by altitude simulation are almost indistinguishable from those of real 880
exposure and training at altitude, simulated altitude, called “holistic blood 881
doping,” ultimately reproduces most of the physiological and pathological 882
effects of rHuEpo and is now considered an illegal mean of performance 883
improvement.148 Such a conclusion is reinforced by the onset of a wide se- 884
ries of symptoms, such as anorexia, insomnia, hyperventilation, headache, 885
dizziness, and deterioration in higher cerebral functions, that characterize 886
the initial phase of induction.149 Finally, it is recognized that some athletes 887
experience considerable reduction in the ability to train at the appropriate 888
intensity. 889

VI. BLOOD SUBSTITUTES 890

There is a long history of science seeking to develop artificial substitutes 891
for damaged body parts. While some body part, such as teeth and limbs, may 892
be replaced by “imitations” without major loss of functionality, the develop- 893
ment of a substitute for RBCs has proven elusive to date. Historically, blood 894
loss from critical surgery or trauma has been treated with either volume- 895
replacing fluids or transfusions. The use of transfusions in acute anemia is 896
well established, but clinical and technical problems, along with an increas- 897
ing demand and a constantly decreasing supply for blood, limit the use of 898
elective allogeneic transfusions in clinical practice.150 The use of autologous 899
blood for elective surgery, in combination with rHuEpo, has proven to be a 900
successful and cost-effective approach for minimizing the use of allogeneic 901
blood. However, such a strategy cannot address all the problems of decreased 902
oxygen delivery, especially when the need for oxygen-carrying supplemen- 903
tation is not anticipated, for example, for organ preservation and for some 904
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forms of acute anemias (emergency resuscitation). Finally, blood substitutes905
meet the requirements of patients who cannot receive donor blood because906
of religious beliefs.907

Progress in chemical and biotechnological research has allowed the de-908
velopment of a novel approach to this issue, in the form of temporary oxygen909
carriers, widely known as “blood substitutes.” The blood substitutes currently910
available are chiefly polymerized hemoglobin solutions or hemoglobin-based911
oxygen carriers (HBOCs) and perfluorocarbons (PFCs).151,152 Alternatives912
include artificial RBCs, in which hemoglobin and supporting enzyme sys-913
tems are encapsulated into liposomes. Major clinical advantages of these914
substitutes include sterilization of viral and bacterial contaminants, room915
temperature storage, longer shelf life, and absence of RBC antigens.153−155916

A. Perfluorocarbon Emulsions917

PFCs are inert, water-insoluble, synthetic aromatic or aliphatic com-918
pounds, consisting primarily of carbon and fluorine substitutions for most919
hydrogen atoms. PFCs are substantially clear and colorless liquid emulsions920
that are heterogeneous in molecular weight, surface area, electronic charge,921
and viscosity; their high content of electron-dense fluorine atoms results in922
little intramolecular interaction and low surface tension, making such sub-923
stances excellent solvents for gases, especially oxygen and carbon dioxide.151924
Some of these molecules can dissolve 100 times more oxygen than plasma.925
PFCs are naturally hydrophobic and need to be emulsified to be injected in-926
travenously. Recently, sophisticated technology has allowed the generation of927
stable emulsions that contain tiny particles with a median diameter <0.2 µm928
and that display a very low molecular weight (about 500 Da).156,157929

Considerable effort has focused on ensuring the long-term stability of930
ready-to-use, concentrated PFCs. Since PFCs dissolve rather than bind oxy-931
gen, their capacity to serve as a blood substitute is determined principally932
by the pO2 gradients in the lung and at the target tissue. Therefore, their933
oxygen transport properties differ substantially from those of whole blood934
and, especially, from those of RBCs. Erythrocytes exhibit a sigmoidal oxygen935
dissociation curve, whereas PFCs are characterized by a linear relationship936
between pO2 and oxygen content (Figure 1).158 At a conventional ambient937
pO2 of 135 mm Hg, the oxygen content of 900 ml/l perflubron is less than Q2938
50 ml/l, whereas an optimal oxygen content of 160 ml/l, which is still lower939
than that of whole blood in normal conditions, can be achieved only by a pO2940
greater than 500 mm Hg. In practice, at a conventional alveolar pO2 of 135941
mm Hg, PFCs will not be able to provide sufficient oxygenation to peripheral942
tissues.158,159 Owing to this limitation, optimization of the oxygen transport943
capacity can be achieved only through a substantially raised arterial pO2 (i.e.,944
ventilation with 100% oxygen), which appears unsuitable and most unlikely945
outside a controlled hospital setting. Moreover, prolonged oxygenation may946
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FIGURE 1 Comparison of oxygen capacity of whole blood, HBOC and two PFC blood substitutes versus
oxygen tension.

lead to oxidative stress and tissue damage and may trigger potentially adverse 947
genetic effects.160

Q13

948
Owing to their small size, PFCs efficiently perfuse the microcirculation 949

where erythrocytes may not flow. In tiny capillaries, PFCs produce the great- 950
est benefit, as they increase local oxygen delivery much more efficiently than 951
would be expected from the increase in oxygen content in larger arteries.161 952
In addition, as gases are in the dissolved state within PFCs, the pO2 in the 953
microcirculation may be considerably increased, thereby promoting an ex- 954
tremely efficient oxygen delivery to peripheral tissues. PFCs undergo a rapid 955
and atypical metabolism. After initial uptake by the mononuclear phagocytic 956
system, the emulsion particles are rapidly degraded, and the PFCs re-enter 957
the blood stream mainly bound to blood lipids; they are finally excreted by the 958
lungs via exhalation. The half-life of PFCs depends on the chemical composi- 959
tion and appears strongly dose dependent, ranging from 2 to 6 h.162 The first 960
demonstration of the clinical efficacy of PFCs was provided in mice in 1966.163 961
Since the mid-1980s, improvements in both oxygen capacity and emulsion 962
properties of PFCs have led to the development of second-generation PFC- 963
based oxygen carriers; two PFC products are currently being tested in phase 964
III clinical trials.159−164 965

The safety of oxygen substitutes has been an objective for nearly a decade 966
as effective replacements for blood transfusion have become available. Some 967
threatening side effects were reported in clinical trials using PFCs. A delayed 968
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and transitory “flu-like” syndrome was occasionally described; symptoms con-969
sisted mainly of back pain, malaise, flushing, and a transient fever lasting970
several hours.162 As PFCs are cleared by cells of the reticulo-endothelial sys-971
tem, and the febrile response was blocked by ibuprofen or dexamethasone,972
it is conceivable that this syndrome was elicited by the release of inflamma-973
tory cytokines, namely, interleukin 6.165,166 PFCs affect cell activation in a974
non-specific manner, as measured by tyrosine phosphorylation, likely by in-975
terfering with transmembrane signal transduction.167 An additional threat976
is the effect of PFCs on platelet function. Aggregation by collagen, ADP, or977
arachadonic acid appears substantially inhibited in a dose-dependent fash-978
ion in ex vivo porcine platelets following infusion of perflubron emulsion at979
a dose of 3 ml/kg.168980

Given some elite athletes’ innate inclination to experiment with novel981
doping strategies, it is speculated that some have used artificial oxygen carri-982
ers, but no clearly positive cases have been defected so far. There are several983
issues regarding efficacy and clinical safety of blood substitute administration984
in athletes. Scientific data concerning the performance benefits are inconclu-985
sive. Although the use of HBOCs and PFCs may theoretically produce an ath-986
letic advantage, the biochemical characteristics (linear relationship between987
dissolved oxygen and pO2), the form of administration (intravenous), the988
need for high oxygenation, the short half-life (up to 6 h) and the side effects989
still hinder the diffusion of this rather atypical form of blood doping. This990
conjecture is reinforced by the clinical evidence that in surfactant-deficient991
lungs, single and multiple applications of PFCs only transiently improve oxy-992
genation, whereas continuous infusion is needed to provide the best gas993
exchange.169 Thus, although both rHuEpo and artificial oxygen carriers per-994
sist only for a short time in the circulation, the latter would have to be used995
by athletes just before the competition to achieve a substantial performance996
advantage. Of course, as PFCs would require a high-oxygen environment to997
function, an athlete carrying his oxygen tank would be easily noticed.998

Despite these clear limitations, international sporting federations have999
been commendably proactive in adding this category of compounds to their1000
banned substance lists. Blood screening and measurement of PFCs is as yet1001
a major challenge, as methods are based on specific PFC analyzers and flow-1002
measuring devices. Commercial instruments for PFC assays are expensive1003
and unsuitable for clinical use.170 However, as PFCs are mostly cleared by the1004
lungs, they can be measured in expired air with a simple, on-line thermal1005
detector analyzer,171 by an infrared absorption technique,172 or by absorbers1006
containing specific PFC-absorbing aluminosilicates (zeolites).1731007

B. HBOC1008

Hemoglobin is naturally suited to bind, carry, and deliver oxygen when1009
encased by the RBC membrane; once removed, it becomes dysfunctional and1010
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rapidly dissociates. The administration of free hemoglobin to humans is un-1011
suitable; dimers of about 32 kDa produced by dissociation are cleared by the1012
kidney where they may accumulate, generate renal obstruction and oxidant1013
injury or necrosis, and trigger renal failure.174,175 Therefore, hemoglobin1014
must be stabilized before it can be safely infused. HBOCs are intra- and/or1015
inter-molecularly “engineered” human or animal hemoglobins, optimized1016
for oxygen delivery and longer intravascular circulation. Several approaches1017
have been attempted to stabilize and modify the hemoglobin molecule: poly- 1018
merization of human (PolyHeme) or bovine (HBOC-201) hemoglobin with1019
glutaraldehyde or raffinose (Hemolink), pyridoxylation, conjugation with1020
polyethylene or malemide-polyethylene glycol (MP4), and the cross-linking1021
of the subunits by diaspirin (HemAssist) and oxidized mono/di/tri/poly1022
saccharides.175−177 1023

As well, enzyme cross-linked poly-hemoglobin- and hemoglobin-1024
containing vesicles (nano-dimension artificial RBCs) have recently been1025
developed.175 Novel recombinant polymeric human hemoglobins (rHb1.11026
and rHb2.0), such as those containing alpha-human and beta-bovine chains1027
derived from genetically engineered Escherichia coli or those with amino1028
acid substitutions in the central cavity of the molecule, are currently under1029
development.175,178,179 Most of these synthetic compounds exhibit low oxy-1030
gen affinity, high cooperativity, an enhanced Bohr effect, and a slower rate1031
of autoxidation of the heme iron, which finally results in a more efficient1032
oxygen delivery. 1033

The presence of 2,3-diphosphoglycerate within erythrocytes maintains1034
the normal affinity of hemoglobin for oxygen. As erythrocyte-free hemo-1035
globin loses this interaction, unmodified human HBOC solutions have a very1036
high oxygen affinity which compromises their function. Chemical methods1037
developed to overcome this problem have resulted in carriers that effectively1038
release oxygen at the physiological pO2 of peripheral tissues (Figure 1).180 A1039
common feature of all HBOCs is their resistance to disaggregation when dis- 1040
solved in infusion media, which contrasts to the native hemoglobin property1041
of natural dissociation under non-physiologic conditions. 1042

First-generation HBOCs were developed principally to serve as oxygen1043
carriers and as a substitute for erythrocytes in situations of acute and clinically1044
threatening blood depletion, such as peri-operative use.176 Depending on the1045
type of modification used to stabilize the protein, second-generation HBOCs1046
were considered to be useful in other clinical settings, such as enhance-1047
ment of radiation therapy and nitric oxide scavenging.181 Third-generation1048
HBOCs, based on microencapsulation of hemoglobin and RBC enzymes ei- 1049
ther in liposomes or in biodegradable nanocapsules, appear so far to be the1050
most promising products and are currently under evaluation in phase II and1051
III clinical trials.175,182,183 Following administration of a loading dose and a1052
continuous infusion of polymerized bovine hemoglobin, HBOCs’ elimina-1053
tion is a linear, first-order process without renal contribution to excretion.1054
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The plasma half-life ranges from 12 to 48 h for cross-linked and surface-linked1055
hemoglobin, respectively.1741056

HBOCs may hypothetically supply more benefits to athletes than those1057
yielded by the equivalent hemoglobin provided by an erythrocyte infu-1058
sion. Recent investigations have shown that HBOCs are not only simple1059
erythrocyte transfusion substitutes, but highly effective oxygen donors in1060
terms of tissue oxygenation. Additional effects include increases in serum1061
iron, ferritin, and Epo;184 up to 20% increased diffusion of oxygen and im-1062
proved exercise capacity;185 greater carbon dioxide production; and lower1063
lactate levels.186 Therefore, the possibility of athletes using HBOCs should be1064
acknowledged.1065

There are several concerns about the therapeutic and unfair use of1066
HBOCs. Phase II clinical trials and biological studies suggest that resuscita-1067
tion with HBOCs, in lieu of stored RBCs, attenuates the systemic inflamma-1068
tory response invoked in the pathogenesis of multi-organ failure. Specifically,1069
HBOCs obviate stored RBC-provoked neutrophil priming, endothelial acti-1070
vation, and systemic release of interleukins 6, 8, and 10.183 Some HBOCs are1071
in clinical phase III trials, but no product has yet achieved market approval1072
in the United States, Europe, or Canada,175 as free hemoglobin and many1073
forms of modified hemoglobins display strong vasoconstrictor reactivity due1074
to the scavenging of endogenous nitric oxide, a powerful vasoactive agent1075
released from endothelial cells.187 Therefore, administration of HBOCs may1076
generate microvascular permeability and failure, causing systemic and pul-1077
monary hypertension. Additional threatening side effects include gastroin-1078
testinal dysfunction characterized by increased tone of the intestinal sphinc-1079
ters, marked flatulence and meteorism, renal toxicity,174 and alteration of1080
some biochemical and hematologic parameters, including increase in liver1081
enzymes and alteration of platelet function. Finally, HBOCs derived from1082
human or animal hemoglobins may carry infections agents.1881083

Presently, there are no commercially marketed blood substitutes avail-1084
able to athletes for blood doping. If one of the HBOCs becomes available,1085
red (hemoglobin-colored) plasma or urine would make it readily detectable.1086
However, HBOCs recently have been included within the International1087
Olympic Committee and the World Anti-Doping Agency lists of substances1088
and methods prohibited in sports. A variety of methods for separation, de-1089
tection, quantification, and confirmation of HBOCs have been developed1090
to deter athletes from doping with these compounds, though the direct1091
visual screening of plasma discoloration appears so far the most suitable1092
approach, with detection limits of less than 1% HBOC in plasma.189 Alter-1093
native confirmatory techniques are based on electrophoresis,190 liquid chro-1094
matography tandem-mass spectrometry,191 and size-exclusion high-pressure1095
liquid chromatography,192 which are able to separate native hemoglobin1096
from modified hemoglobin molecules characterizing HBOCs; in tandem1097
with the electrophoretic screening, high-pressure liquid chromatography1098
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and mass spectrometry meet the criteria for use in antidoping control1099
settings. 1100

C. Allosteric Modulators of Hemoglobin 1101

Allosteric (“different shape,” from allos = other and steric = solid or1102
space) activators or inhibitors of proteins are substrates designed to alter the1103
affinity of a protein for a ligand or an enzyme for its substrate.193 Allosteric1104
modulators usually bind non-covalently to the enzyme at regulatory sites that1105
are distant from the catalytic or active sites.194 The improvement of oxygen1106
delivery to hypoxic tissues by a decrease in the oxygen affinity of hemoglobin1107
has been a major aim in recent years, because this may reduce the conse-1108
quences of anemia and/or improve tissue oxygenation in cases of decreased1109
blood perfusion.195 Accordingly, several allosteric modulators of hemoglobin1110
have been synthesized; among these, (RSR) 2-[4-[(3,5-dichlorophenylcarba-1111
moyl)-]methyl]]-2-methylpropionic acid 13 and RSR 4, both analogs of the1112
drugs clofibrate and bezofibrate, so far to be appear the most effective1113
compounds. They both decrease hemoglobin oxygen affinity through sta- 1114
bilization of deoxyhemoglobin, shifting the oxygen dissociation curve to1115
the right and thus reproducing the effect of the natural allosteric effector1116
of hemoglobin, 2,3-diphosphoglycerate.196 This is commonly reported as a1117
change in p50, the partial pressure at which hemoglobin is 50% saturated.197 1118
Therefore, RSR 13 and RSR 4 powerfully promote oxygen unloading from1119
erythrocytes to hypoxic tissues,198 and, on the basis of preclinical data, they1120
may increase pO2 in both normal and tumor tissue by about 5 to 15 mm1121
Hg.199 An additional series of novel molecules, including JP7, RSR 46, and1122
pyruvate kinase inhibitors, are under development.200−202 RSR 46 and JP71123
could be employed to treat acute hypoxia, whereas PK inhibitors are designed1124
to treat chronic hypoxia. 1125

The spectrum of clinical applications of allosteric modulators is rather1126
broad. Since these synthetic compounds increase tumor pO2 and reduce1127
tumor hypoxic fraction, they have been developed to maximize the effective- 1128
ness of radiation therapy. They also may be useful in acute ischemic disor- 1129
ders, such as acute coronary syndrome and brain ischemia, as they improve1130
myocardial oxidative metabolism and contractile function in models of my-1131
ocardial ischemia and increase brain pO2, thus reducing neuronal cell death1132
following cerebral ischemia. The RSR 13 half-life in healthy subjects is ap-1133
proximately 3 to 6 h, and the minimally effective therapeutic dose is nearly1134
50 mg/kg. At this dosage, RSR 13 would increase the p50 by approximately1135
2 to 4 mm Hg for approximately 2 h and would require an infusion volume1136
of 350 mL administered intravenously over approximately 45 min.203 Renal1137
elimination has been suggested as the primary route of RSR 13 clearance. 1138

Although RSR13 has never been tested in humans for sport perfor- 1139
mance enhancement, its biological effects make it a potentially effective1140
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performance-enhancing agent for endurance athletes. Therapy with RSR1141
13 in patients with neoplasia is generally well tolerated; however, the poten-1142
tial spectrum of side effects in healthy individuals is cause for concern. Nearly1143
one-third of patients undergoing RSR 13 therapy experience significant side1144
effects, including headache, nausea, mucosal irritation, hypoxemia, allergic1145
reaction, and transient renal dysfunction, characterized by increased levels1146
of serum creatinine. In addition, RSR 13 administration in excess of the1147
therapeutic dose without supplemental oxygen administration can result in1148
significant arterial desaturation and grade 3 hypoxemia, which could lead to1149
impairment of athletic performance.199,2021150

Another concern emerged when, after having been submitted to the1151
U.S. Food and Drug Administration in December 2003, RSR 13 missed the1152
primary endpoint in the pivotal trial and thus failed to be recommended1153
for approval by the Food and Drug Administration Oncologic Drugs Advi-1154
sory Committee for the year 2004. An athlete would not be able to benefit1155
from use of RSR 13 if laboratory testing could detect its usage. A novel gas1156
chromatography/electron impact ionization mass spectrometry technique1157
for detection of RSR 13 in human urine up to 36 h after intravenous admin-1158
istration has recently been proposed.2041159

VII. SUPPLEMENTATION THERAPIES1160

The use of dietary supplements is commonplace among amateur and1161
elite athletes, although evidence of athletic benefit is controversial. Although1162
there is a the lack of reliable scientific evidence, many supplements may ac-1163
tually be detrimental to both performance and health, especially when taken1164
in high doses for prolonged periods. Exposed to advertisements focusing on1165
the supposed ergogenic benefits, some athletes aiming to gain a competitive1166
edge have turned from banned substances toward nutritional supplements1167
without considering the potentially harmful side effects.1168

A. Iron Supplementation1169

People who engage in physically active lifestyles are frequently targets of1170
advertisements proclaiming the need for vitamin and mineral supplements.1171
Owing to the potential risk to health and to the unfair of improvement1172
athletic performance, reliable methods developed to identify the misuse of1173
most doping techniques have allowed their inclusion within antidoping pan-1174
els. However, only minor attention has been given to the potential risks to1175
health of permitted supplements, which are considered relatively safe and1176
are not included in antidoping testing. Such a concern is reinforced by a re-1177
view of the 2005 version of the world antidoping code, annually issued by the1178
World Anti-Doping Agency: “The use of any drug should be limited to med-1179
ically justified indications.”205 Iron, an ubiquitous metal of vital importance1180
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to normal physiologic processes, is one of these substances.206 Although the1181
risk of iron deficiency or depletion in athletes is limited to specific situations,1182
namely the female sex, increased training stress, increased iron losses, and1183
poorly balanced vegetarian diets, iron-supplementation therapy is common-1184
place in athletes to counterbalance physiological or pathological anemia and1185
to prevent physiological dysfunction.207 Iron supplementation may be initi- 1186
ated on the basis of unproven evidence of performance improvement or it 1187
may accompany the administration of erythropoiesis-stimulating substances, 1188
as iron bioavailability is crucial in enhancing the efficacy of rHuEpo.208 1189

In 2001 the Institute of Medicine of the National Academy of Sciences1190
set an estimated average requirement, recommended dietary allowance, ade-1191
quate intake, and tolerable upper-intake levels for iron for healthy people.209 1192
Accordingly, a recent pronouncement from the Australian Institute of Sport1193
affirms that iron supplementation may be initiated by a sports physician only1194
after an appropriate diagnosis of inadequate iron status, as a part of an iron1195
treatment program that also involves a dietary review and appropriate as- 1196
sessment of iron losses.210 While an athlete who is iron deficient may not1197
be overtly anemic, he/she may have a hemoglobin level that is less than1198
optimal. Correcting iron deficiency anemia is not blood doping and may1199
improve an athlete’s performance. However, taking excessive oral iron sup-1200
plements cannot increase hemoglobin above the reference range and may1201
occasionally result in iron overload, which is associated with serious metabolic1202
risks.211−220 1203

While transferrin saturation is considered an indicator of an underlying1204
genetic defect associated with primary hemochromatosis, the linear rela- 1205
tionship between body iron load and serum ferritin makes the measurement1206
of ferritin concentration a suitable approach to assess the total body iron1207
content and detect potential misuse,221 especially in endurance athletes.213 1208
Serum ferritin measurement, ordinarily performed in athletes entering elite1209
training programs to identify hematologic and iron-related abnormalities,210 1210
allows early recognition of iron overload,216 which may persist for a long time1211
in most athletes after retirement from competition and cessation of exces- 1212
sive iron supplementation. Therefore, the emerging concern of health risks1213
associated with indiscriminate iron supplementation in athletes requires a1214
complete revision of the antidoping panel. 1215

B. Cobalt Chloride Administration 1216

The induction of a hypoxic condition generates a wide series of adapta- 1217
tive responses, which are also mediated through endogenous gene modula- 1218
tion in the HIF pathway. In an animal model, the administration of cobalt1219
chloride promotes selective activation of HIF-1 signaling through increased1220
DNA binding activity of HIF-1a.222,223 In clinical practice, cobalt chloride is1221
administered to treat some forms of anemia.224 There is as yet no evidence1222
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of cobalt chloride administration to athletes. However, given some athletes’1223
inclination to experiment with innovative and unfair performance-1224
enhancing techniques, cobalt chloride administration may be attemped1225
to boost endogenous Epo production or to support unfair rHuEpo ad-1226
ministration, as cobalt is currently not included on the list of banned1227
substances.2251228

Although definitive information on metabolism and health risks of inor-1229
ganic cobalt salt administration is not available, it accumulates to a greater1230
extent in liver and kidney, promoting organ damage and dysfunction due to1231
enhanced oxidative stress.226,227 Excessive cobalt administration may also1232
negatively influence thyroid activity.228 Owing to this severe and unpre-1233
dictable side effect, cobalt chloride administration could be a serious threat1234
to the sport community and athletes’ health. This concern has prompted the1235
introduction of cobalt salt testing in revised antidoping panels.2251236

VIII. GENE DOPING1237

Several potential scenarios for blood doping have succeeded over the1238
past decades. Nowadays, these effective performance-enhancing techniques1239
may have been replaced by gene doping.229−232 Since the early 1990s, experi-1240
mental and revolutionary gene therapies have become available for the treat-1241
ment of inherited pathologies and single-gene disorders such as hemophilia1242
and hemoglobinopathies. Unfortunately, these promising therapies may em-1243
brace sports medicine and be used to boost or optimize athletic performance.1244
Thus, gene or cell doping is currently defined by the World Anti-Doping1245
Agency as the “non-therapeutic use of genes, genetic elements and/or cells1246
that have the capacity to enhance athletic performance.”2311247

Epo, human growth hormone, insulin-like growth factor-1, peroxisome1248
proliferator-activated receptor-delta, and myostatin inhibitor genes have1249
been identified as primary targets for doping.233 Thus, gene doping aimed at1250
stimulating erythropoiesis and improving aerobic performance is currently1251
seen as an ominous development in the sphere of blood doping. The recent1252
elucidation of the genetic mechanisms at the basis of the erythropoietic re-1253
sponse to hypoxia has persuaded the pharmacological industry to develop1254
novel agents that target the HIF pathway.230 The biochemical or genetic1255
manipulation of HIFs is, therefore, an alternate and potentially effective ap-1256
proach for unfair improvement of aerobic performance, with little chance1257
of testing positive within current antidoping controls.1258

Several aspects of gene doping predict easy success for this approach.1259
Transfection of genes identical to those naturally occurring in the human1260
genome negate the risk of positivity in antidoping testing, as gene doping is1261
virtually undetectable by traditional laboratory techniques. Moreover, gene1262
doping exhibits long-lasting effects that abolish the need for repeated admin-1263
istration of pharmacological agents; this may persuade athletes to consider1264
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it a more attractive, safer, and easier option than traditional doping. The1265
systemic delivery of Epo in animals by intramuscular injection of adeno-1266
associated virus vectors, already accomplished experimentally, produced1267
supra-physiologic levels of Epo along with a polycythemic response.234−237 1268
Recently, a tissue protein factory based on dermal cores, implanted autolo-1269
gously in 10 patients with chronic renal failure, increased Epo significantly1270
to therapeutic levels, which could be maintained for up to 14 days before1271
declining because of a dermal infiltrate of CD8 cytotoxic T cells.238 1272

Although there is as yet no definitive evidence of genetic manipulation1273
in athletes, gene doping is a serious health concern as gene therapy is not1274
safe from side effects, most of which are not predictable and are potentially1275
deleterious. The onset of severe complications of gene transfection, such as1276
insertional oncogenesis following inactivation of tumor suppressor genes or1277
activation of proto-oncogenes,239 propagation and recombination of retro-1278
viruses or adenoviruses vectors,240 and potential humoral and cellular im-1279
mune responses against transgenic proteins,241 could be ethically justified1280
for the treatment of patients with serious, life-threatening disorders,242 but1281
it is an unacceptable risk for healthy individuals who seek to enhance ath-1282
letic performance. Such treatment is virtually impossible to reverse; early1283
benefits in terms of improved athletic performance could later turn into1284
serious complications, from thrombosis to cancer. In the specific case of1285
Epo gene therapy, the administration of recombinant adeno-associated virus1286
serotype 2 vector containing feline Epo cDNA resulted in pure RBC aplasia1287
or pathologic erythrocytosis, which could not be abolished by injection site1288
removal.237 The potential manipulation of the HIF pathway poses serious1289
risk to health, as HIFs target genes that may up-regulate cancer growth and1290
spread.230 Finally, besides health concerns, “gene cheating,” as does dop-1291
ing in general, contravenes the ethics of sports and influences outcomes of1292
competitions that frequently result in considerable economical benefit. 1293

The characteristics and originality of gene doping have generated new1294
and major challenges for detection that will require molecular techniques1295
that recognise Epo transgenes or gene transfer vectors. However, most of1296
these methods require invasive procedures that are unsuitable for screen-1297
ing large numbers of athletes. Indirect methods, based on hematologic or1298
molecular profiling, may be better suited for screening, and athletes who test1299
positive at this first step would then be required to submit to confirmatory1300
scrutiny by direct molecular analysis.243 The identification of potential links1301
between changes in human biological profiles244 and molecular insertion1302
site analysis, which uses the transgene as a tag to identify neighboring cellu-1303
lar sequences, should be a powerful tool to help antidoping strategies. This1304
technology appears crucial for determining the extent to which different1305
types of vectors are attracted to particular areas of the genome, and, com-1306
bined with functional studies, such investigations will provide an important1307
basis for future developments.245 1308
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IX. CONCLUSIONS1309

Owing to the continuous progress of technology, biology, and sport1310
medicine, blood doping is still a controversial issue that will remain a major1311
challenge for years to come. Blood doping is unfair and not always detectable1312
by current antidoping strategies; the potential risks for health outweigh any1313
potential benefit. As long as we proceed further in the understanding of1314
the intricate molecular mechanisms that regulate erythropoiesis, innovative1315
and revolutionary therapeutic resources will become commercially available.1316
As occurred earlier for other performance-enhancing substances, the side1317
effects of these therapeutic agents used by athletes will become apparent1318
in the future. The long history of doping in sports teaches us how eagerly1319
people will reach for premature technology, with little fear of potential side1320
effects or complications. Athletes may take advantage of many innovative1321
therapies to improve athletic performance, and genetic doping is presently1322
the most attractive method. Unfortunately, the hypothesis of genetically al-1323
tered athletes is not simply imagination, and future scenarios are disturbing:1324
athletes shattering phenomenal records and testing negative for traditional1325
performance-enhancing drugs. Yet, something about the athletes may be dif-1326
ferent: their genes may have been altered. Scientists and sports federations1327
should be aware of this problem. Heading off what will be an inevitable prob-1328
lem in the near future, the International Olympic Committee, the World1329
Anti-Doping Agency, and international sport federations have recognized1330
and banned genetic enhancement in a timely manner,231 though effective1331
and reliable approaches to unmask cheating are still to come.1332

Staying ahead in the fight against the use of blood doping involves stay-1333
ing ahead in basic and clinical research. There is growing evidence of un-1334
suspected and previously undetected agents being used, and the potential1335
list appears to be endless. Awareness of this emerging problem involves the1336
need for cooperation among manufacturers, sport federations, antidoping1337
agencies, and laboratory professionals to ensure that methods for the detec-1338
tion of putative doping agents are available at the time of product release.1339
Scientists should be aware that the continued integrity of sports competition1340
and athletes’ health both depend on their ability to outpace the efforts of1341
dopers; this calls for on-going development and the application of reliable1342
detection strategies.1343

The World Anti-Doping Agency Code sets out the philosophical and1344
practical basis for the antidoping regime in all sport federations that are1345
signatories.205 Any test implemented must now satisfy strict criteria that in-1346
cludes validation and replication in laboratories other than the one that cre-1347
ated the test and peer review and expert panel review of the methodology.1348
This innovative approach is likely to set off a sequence of legal consequences1349
that could have many outcomes, as positive testing within antidoping cam-1350
paigns might result in court action against an athlete who is found guilty.1351
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1986; 406: 594–599. 1622

[125] Bigard AX, Brunet A, Guezennec CY, Monod H. Skeletal muscle changes after endurance training 1623
at high altitude. J Appl Physiol 1991; 71: 2114–2121. 1624

[126] Eckardt K, Boutellier U, Kurtz A, Schopen M, Koller E, Bauer C. Rate of erythropoietin formation 1625
in humans in response to acute hypobaric hypoxia. J Appl Physiol 1989; 66: 1785–1788. 1626

[127] Levine BD, Stray-Gundersen J. “Living high-training low”: Effect of moderate-altitude acclimati- 1627
zation with low-altitude training on performance. J Appl Physiol 1997; 83: 102–112. 1628

[128] Morton JP, Cable NT. The effects of intermittent hypoxic training on aerobic and anaerobic 1629
performance. Ergonomics 2005; 48: 1535–1546. 1630

[129] Levine BD, Stray-Gundersen J. A practical approach to altitude training: Where to live and train 1631
for optimal performance enhancement. Int J Sports Med 1992; 13: S209–S212.Q10 1632

[130] Stray-Gundersen J, Chapman RF, Levine BD. “Living high-training low” altitude training im- 1633
proves sea level performance in male and female elite runners. JAppl Physiol 2001; 91: 1113– 1634
1120. 1635



Biochemistry, Physiology, and Complications of Blood Doping 387

[131] Scoggin CH, Doekel RD, Kruger MH, Zwillich CW, Weil JV. Familial aspects of decreased hypoxic1636
drive in endurance athletes. J Appl Physiol 1978; 44: 464–468.1637

[132] Wang GL, Jiang BH, Rue EA, Semenza GL. Hypoxia-inducible factor 1 is a basic-helix-loop-1638
helix-PAS heterodimer regulated by cellular O2 tension. Proc Natl Acad Sci USA 1995; 92: 5510–1639
5514.1640

[133] Murray TH. An Olympic tail? Nat Rev Genet 2003; 4: 494.1641
[134] Lippi G, Solero GP, Guidi G. Athletes genotyping: Ethical and legal issues. Int J Sports Med 2004;1642

25: 159.1643
[135] Schmidt W. Effects of intermittent exposure to high altitude on blood volume and erythropoietic1644

activity. High Alt Med Biol 2002; 3: 167–176.1645
[136] Julian CG, Gore CJ, Wilber RL, Daniels JT, Fredericson M, Stray-Gundersen J, Hahn AG, Parisotto1646

R, Levine BD. Intermittent normobaric hypoxia does not alter performance or erythropoietic1647
markers in highly trained distance runners. J Appl Physiol 2004; 96: 1800–1807.1648

[137] Rodrı́guez FA. Intermittent hypoxia: An alternative to acclimatization to high altitude and en-1649
hancement of athletic performance? Am J Med Sports 2002; 4: 385–391.1650

[138] Rodriguez FA, Ventura JL, Casas M, Casas H, Pages T, Rama R, Ricart A, Palacios L, Viscor G.1651
Erythropoietin acute reaction and haematological adaptations to short, intermittent hypobaric1652
hypoxia. Eur J Appl Physiol 2000; 82: 170–177.1653
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