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Abstract Performance-enhancing substances (PESs)

have unfortunately become ubiquitous in numerous sports,

often tarnishing the spirit of competition. Reported rates of

PES use among athletes are variable and range from 5 to

31 %. More importantly, some of these substances pose a

serious threat to the health and well-being of athletes.

Common PESs include anabolic–androgenic steroids,

human growth hormone, creatine, erythropoietin and blood

doping, amphetamines and stimulants, and beta-hydroxy-

beta-methylbutyrate. With recent advances in technology,

gene doping is also becoming more conceivable. Sports

medicine physicians are often unfamiliar with these sub-

stances and thus do not routinely broach the topic of PESs

with their patients. However, to effect positive change in

the sports community, physicians must educate themselves

about the physiology, performance benefits, adverse

effects, and testing methods. In turn, physicians can then

educate athletes at all levels and prevent the use of

potentially dangerous PESs.

Key Points

Performance-enhancing substance (PES) use among

athletes remains high and can pose a threat to the

health and well-being of athletes.

Sports medicine physicians should be knowledgeable

on the variety of PESs available in order to better

advise athletes on the risks and benefits.

Through early education and awareness programs,

health professionals can curb the use of banned or

illicit PESs.

1 Introduction

Performance-enhancing substances (PESs) have become

widespread and a serious issue in sports. Often referred to

as ‘doping’, the use of PESs refers to the use or ma-

nipulation of substances, synthetic or autologous, with the

intention of altering sports performance. Greater media

coverage coupled with improved and more frequent testing

has brought further attention to the use of PESs by pro-

fessional athletes over the past few decades. However,

athletes at all levels, seeking to attain the highest perfor-

mance, continue to use PESs despite the potential health

risks and penalties [1, 2]. Physicians need to be aware of

the prevalence of PESs in sports and their potential dele-

terious effects. With greater understanding, physicians can

better educate athletes on PESs and curb the use of sub-

stances that may ultimately harm the athlete.

The concept of PESs has been a part of competitive

sport since its inception. Both Greek athletes competing in
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the ancient Olympics and Roman gladiators used certain

wines, herbal teas, and mushrooms to help enhance per-

formance [1, 2]. Since then, PESs have evolved with ad-

vances in pharmaceutics. In 1998, a large number of PESs

were found during a raid at the Tour de France. This event

triggered the creation of the World Anti-Doping Agency

(WADA) in 1999 as an independent international agency

with the mission to create a doping-free sporting environ-

ment. WADA labels a substance as banned in competition

if two of the following three criteria are met: (1) enhances

sport performance, (2) poses a risk to health, or (3) violates

the spirit of the sport [3]. WADA publishes the World

Anti-Doping Code, which has been adopted by several

sporting organizations across the world, including the

International Olympic Committee (IOC). WADA works

closely with smaller anti-doping agencies on several fronts,

including the implementation of the code and accreditation

of testing laboratories. Although WADA may establish

guidelines for sanctions, the ultimate decision is left to the

specific league in which the athlete participates.

In addition to the Tour de France, recent investigations

surrounding Major League Baseball (MLB) have brought

greater attention to PESs and drawn attention from the US

Congress. The commissioner of the MLB appointed

George Mitchell, a former Democratic senator, to investi-

gate the use of PESs in the MLB. After a lengthy investi-

gation, the Mitchell Report was released, which named 89

baseball players alleged to have used PESs [4]. Seeing this

issue as a national health policy concern, the US govern-

ment decided to hold congressional hearings, during which

specific high-profile players were interrogated.

The purpose of this article is to summarize the preva-

lence of PESs among athletes, the physiology and effects of

common PESs, and the evolution of drug testing (Table 1).

Furthermore, we discuss ways to prevent PES use. PubMed

searches were performed corresponding to each section in

this manuscript with associated keywords such as ‘anabolic

steroids’ or ‘gene doping.’ An emphasis was placed on

highlighting literature published within the last decade to

provide readers with current, evidence-based medicine.

The authors also cited articles based on the strength of the

study design.

2 Epidemiology

Although numerous studies have attempted to determine

the prevalence of PES use, much of the data are limited to

self-reported surveys, which are subject to response error.

Nonetheless, the overall incidence of PES use among

athletes at all levels appears to be high. Current reported

rates of PES use among athletes are variable and range

from 5 to 31 % [5–10].

Dietz et al. [11] conducted an anonymous questionnaire to

gauge the rate of use of illicit or banned substances among

triathletes in Germany. Among 2,987 respondents, 13.0 %

reported the use of illicit or banned substances to improve

physical performance. Furthermore, the study also reported a

15.1 % rate of cognitive doping—that is, the use of substances

that enhance focus, learning performance, and memory.

Another study in Germany evaluated the rate of doping

and illicit drug use by elite athletes and compared it with

outcomes of official doping tests. The athletes were ques-

tioned using either an anonymous standardized question-

naire or interviewed using a randomized response

technique. The authors reported a 6.8 % doping rate, which

is in stark contrast to the 0.81 % positive test results from

official doping tests conducted by the WADA and National

Anti-Doping Agency (NADA) [12].

Buckman et al. [10] conducted a study on 234 male

student athletes at one university to evaluate the risk profile

of those who use PESs. The study based its definition of a

PES on a published National Collegiate Athletic Asso-

ciation (NCAA) classification that included both licit and

illicit substances. The study reported a 31 % usage rate of

PES in the year prior to the survey. Among those using

PESs, 31 % reported using banned substances. The study

concluded that those using PESs were more likely to en-

gage in other substance use behaviors (e.g., binge drink-

ing). The study cited the limited number of subjects as a

potential weakness.

PES use has also been examined with respect to sex and

sport by a recent NCAA survey study [13]. The percentage

of female athletes who reported anabolic steroid use in the

previous 12 months was 0.1 % during the 2013 year

compared with 0.7 % of male athletes. Particular sub-

stances were found to be associated with certain men’s

sports: anabolic–androgenic steroids (AAS) with lacrosse

(1.7 %), American football (0.7 %), and baseball (0.7 %);

human growth hormone (hGH) with baseball (1.3 %) and

lacrosse (1.1 %); and creatine with wrestling (28.5 %),

baseball (28.1 %), and American football (27.5 %).

3 Substances

Commonly used PESs among athletes include AAS, hGH,

creatine, erythropoietin (EPO), blood doping, amphetami-

nes and stimulants, and beta-hydroxy-beta-methylbutyrate

(HMB). Gene doping has also received concern recently as

technology allows it to become more conceivable.

3.1 Anabolic–Androgenic Steroids

AAS have traditionally received the greatest attention

among PESs in sports. Examples of AAS include
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testosterone, methyltestosterone, and danazol. A recent

meta-analysis by Sagoe et al. [14] reported a global life-

time prevalence of the use of AAS of 6.4 % for males and

1.6 % for females. Moreover, the prevalence of AAS use

was highest among recreational and competitive athletes,

and the odds of AAS use increased by 91 % with par-

ticipation in at least one sport. The study also found that

the prevalence of AAS use was slightly higher in the 2000s

than in the 1990s. Even among adolescents, the rate of

AAS use is high. In a questionnaire study of high school

varsity football players in the USA, 6.3 % reported that

they were either current or former AAS users, with the

average age at first use being 14 years [15].

Designer steroids have also played a greater role in

sports medicine over the past two decades [16, 17]. These

steroids are chemically modified from known banned an-

abolic steroids in an attempt to avoid detection. Tetrahy-

drogestrinone (THG) has become one of the most popular

and widely known designer steroids [14, 15].

Androstenedione, a precursor to testosterone, has also

become popular, especially after MLB player Mark

McGuire admitted to using it [18]. The mechanism of ac-

tion is believed to be related to its degradation into

testosterone.

3.1.1 Physiology

The human body naturally produces testosterone, an en-

dogenous anabolic steroid responsible for male secondary

sexual characteristics and muscle and bone metabolism.

AAS are synthetic derivatives of testosterone. AAS bind to

an androgen receptor (AR) in the cytoplasm of target tis-

sues, triggering a molecular cascade that results in andro-

genic and anabolic effects similar to those caused by

testosterone. Specifically, the AR is involved in the

regulation of transcription of genes responsible for muscle

growth. Furthermore, the enzyme 5-alpha-reductase plays

a crucial role by converting AAS into dihydrotestosterone,

which can also act on the AR. In addition, AAS displace

cortisol from its receptors and thus counteract the catabolic

effects of glucocorticoids [19].

3.1.2 Performance

Due to the lack of consistency with regard to dosing and

methods in previous studies, it is difficult to compare

clinical trials studying performance and AAS. Studies have

shown that the main benefit of AAS on performance is

related to increased muscle size, strength, and lean body

mass [20–22].

Bhasin et al. [20] showed that men who took supra-

physiologic doses of testosterone, coupled with exercise,

increased fat-free mass and muscle size and strength. InT
a
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another study, Giorgi et al. [22] randomly assigned 21 male

weight training subjects to either a testosterone or a

placebo group. Over a 12-week period, those in the

testosterone group demonstrated significantly greater

increases in muscle strength and circumference and

decreases in abdominal skinfold measurements than the

placebo group. No studies to date have demonstrated

beneficial effects of AAS on endurance performance [23].

Specifically, with regard to androstenedione, no studies

have demonstrated any significant ergogenic effect. In a

double-blinded study of 50 men who participated in a

12-week high-intensity resistance program, androstene-

dione was not shown to enhance adaption to resistance

training in terms of body composition or strength [24].

Other studies have reached similar conclusions [25, 26].

3.1.3 Adverse Effects

Common side effects of AAS use include acne, testicular

atrophy, gynecomastia, cutaneous striae, and injection site

pain. Additionally, life-threatening side effects include

cardiovascular disease with impaired diastolic filling,

arrhythmias, stroke, blood clots, liver dysfunction, and

cancer [27].

The most important cardiovascular changes involve

increases in triglyceride levels, increases in concentrations

of several clotting factors, and changes in myocardium,

including increases in left ventricular mass and dilated

cardiomyopathy. These effects vary depending on the type

and dose of AAS and may be reversible with cessation of

use. Other adverse effects include reductions in endoge-

nous testosterone, gonadotropic hormones, and sex hor-

mone-binding globulin. Reductions in these hormone

levels result in decreased testicular size, sperm count, and

sperm motility [28]. The physiology of AAS and their

downstream effects are shown in Fig. 1.

Due to concern for neurotoxic effects from AAS use, a

study was conducted to evaluate for cognitive deficits

among long-term AAS users when compared with nonu-

sers. A long-term user was defined as an individual who

had used AAS for at least 2 years. Long-term users and

nonusers did not differ significantly in response speed,

sustained attention, and verbal memory. However, visu-

ospatial performance was significantly lower among those

who reported long-term use of AAS. Furthermore, within

the user group, visuospatial performance negatively cor-

related with the total lifetime dose of AAS [29].

3.1.4 Testing

Testing for steroids is often performed with a urine im-

munoassay used to calculate a testosterone: epitestosterone

ratio. Epitestosterone is a metabolite that is not affected by

exogenous steroids. Increases in this ratio, therefore, help

determine AAS use. Ratios are typically less than 2:1; the

WADA has set the upper limit at 6:1 [30]. Much of the

focus on urinary metabolites has focused on long-term

metabolites, which allow for a longer detection window.

Fig. 1 The physiology of anabolic–androgenic steroids and their downstream effects. AAS anabolic–androgenic steroids, DHT dihydrotestos-

terone, DNA deoxyribonucleic acid, mRNA messenger ribonucleic acid
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Recently, more attention has been directed at chromato-

graphic and mass spectrometric techniques, which can help

differentiate natural and synthetic endogenous steroids.

Designer steroids remain difficult to detect. Strategies to

combat designer steroid use have focused on two methods.

One method centers on a non-targeted approach. The basis

for this approach is that designer steroids have common

chemical structures to known endogenous steroids. Thus,

by searching for these commonalities, one may identify

abnormally high levels of certain steroids. Another method

involves an indirect approach, examining the effects of

exogenous steroids on the profile of endogenous steroids.

For example, it is known that the administration of AAS

suppresses endogenous steroid concentrations, and such a

finding in an athlete may trigger a search for designer

steroid use [30].

3.2 Creatine

Creatine is one of the most common sports supplements

used today, with sales estimated around $US400 million

annually [31]. Creatine monohydrate is a naturally occur-

ring compound synthesized endogenously and consumed in

most diets. It has been studied since the 1920s and gained

notoriety by its mainstream use in the 1992 Barcelona

Summer Olympics [32].

In a large-scale survey of approximately 21,000 student

athletes, the NCAA reported that creatine use in the

12 months prior to the survey was 14.0 % among all ath-

letes. Usage rates were highest among wrestlers at 29 %

[13].

3.2.1 Physiology

Creatine is an amino acid formed from arginine and glycine

through a transferase enzyme that produces ornithine and

guanidinoacetate. The guanidinoacetate is then methylated

by S-adenosyl-L-methionine to form creatine. This process

occurs largely in the kidney, except for methylation, which

occurs in the liver (Fig. 2). A total of 95 % of the creatine

formed is stored in skeletal muscle, specifically in fast

twitch type II fibers [31].

Creatine serves as an energy substrate for the contrac-

tion of skeletal muscle. Those cells with a high energy

demand utilize creatine in the form of phosphocreatine,

which functions as a donor of phosphate to produce ade-

nosine triphosphate (ATP) from adenosine diphosphate

(ADP). Skeletal muscle cells store enough phosphocreatine

and ATP for about 10 s of high-intensity action [33].

3.2.2 Performance

Numerous studies have been performed on creatine sup-

plementation and its role in enhancing sports performance.

Increases in strength, power output, sprint performance,

total work to fatigue, peak force, and peak power per-

formed during multiple sets of maximal-effort contractions

have been shown [27].

Specifically, in cyclists, several studies have shown that

creatine helps maintain force and power output [34–36].

Oliver et al. [37] examined the effect of creatine on blood

lactate levels during cycling. A total of 13 recreationally

active men were placed on a 6-day creatine

Fig. 2 The creatine pathway. GAA guanidinoacetate, AGAT arginine:glycine amidinotransferase, GAMT guanidinoacetate methyltransferase
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supplementation program and tested before and after with

maximal, incremental cycling. Blood tests demonstrated

that creatine supplementation decreased lactate levels and

tended to raise lactate threshold. The lactate threshold was

defined as 4 mmol/L, above which it becomes very difficult

to maintain exercise performance.

The beneficial effects of creatine have also been

demonstrated in other sports. Weight lifters have reported

increased single repetition maximum weight of

approximately 20–30 % [38, 39]. Track and field athletes

have demonstrated a decrease in mean sprint times [40].

However, competitive swimmers did not demonstrate im-

provements in sprint performance with creatine supple-

mentation [41]. With regard to body composition, weight

and lean body mass tend to increase by about 1–2 kg [27,

42, 43].

Most studies have examined short-term (less than

1 week) creatine use. A recent study by Claudino et al. [44]

examined chronic (7 weeks) creatine supplementation in

elite soccer players. Although jumping performance was

lower in the placebo group, the difference did not reach

statistical significance. However, the study was limited by

a small sample size.

Results have been inconsistent with regard to the effects

of creatine [18]. Some athletes appear to be ‘responders’

while others are ‘nonresponders.’ These discrepancies can

likely be explained by the idea of preloading muscle cre-

atine—that is, those with higher baseline levels of creatine

before supplementation will exhibit less of an increase in

muscle creatine with supplementation than those with

lower baseline levels of creatine [45, 46].

3.2.3 Adverse Effects

Short-term creatine use is regarded as safe and without

significant adverse effects [27]. However, the number of

long-term studies is limited, and caution should be exer-

cised in the setting of renal and liver disease [27].

There is a theoretical risk of dehydration caused by the

use of creatine, as its osmotic effect can lead to water being

drawn into muscles. Athletes are encouraged to maintain

adequate hydration while using creatine. Bailes et al. [47]

postulate that creatine may be linked to subclinical dehy-

dration and heatstroke. Wen et al. [48] report two cases of

otherwise healthy athletes sustaining venous thromboem-

bolisms (VTE) and suspect a link to creatine. They report

that the dehydration, caused by the creatine, was a pre-

cipitating factor for the VTE.

There are also concerns with regard to renal function

due to the large creatine load, but one study that monitored

creatine supplementation for up to 5 years did not reveal a

decrease in glomerular filtration rate [49].

3.2.4 Testing

Creatine is available as an over-the-counter nutritional

supplement and is found in various forms. It is not tested

for nor banned by any major athletic organization. How-

ever, the NCAA does have a policy that none of its member

teams will provide creatine to their players [50].

3.3 Human Growth Hormone

The use of hGH as a supplement for performance

enhancement has received worldwide attention over the

past decade. Athletes from numerous sports have admitted

to the use of hGH [13]. Further attention was brought upon

hGH after the Mitchell report, which identified numerous

MLB players as having used PESs, one of which was hGH

[4].

One study published in 1992 surveyed high school stu-

dents and reported a 5 % use of hGH in male students,

while 31 % of males reported knowing someone who was

using hGH. These users also were more likely to abuse

anabolic steroids. The average age at first use was between

14 and 15 years [51]. A 2013 NCAA survey study reported

that 0.4 % of student athletes admitted to using hGH in the

previous year [13].

3.3.1 Physiology

hGH is released by the somatotrope cells of the anterior

pituitary gland, and it promotes growth through the actions

of insulin-like growth factor-1. These hormones cause an

increase in lipolysis and protein anabolism, ultimately

resulting in a decrease in fat mass and an increase in lean

mass [27]. In adolescence, the pulsatile release of hGH is

regulated by a number of factors, including growth hor-

mone-releasing hormone, sleep, exercise, L-dopa, and

arginine [18].

3.3.2 Performance

Few studies have been conducted regarding performance

and hGH use. Postulated benefits include improved athletic

performance via increased muscle mass and improved

exercise capacity [52]. However, scientific evidence has

failed to demonstrate an ergogenic effect with supraphys-

iologic doses of hGH, although doses studied may be lower

than those used by athletes [53].

With regard to body composition, lean body mass in-

creases while fat mass decreases significantly with hGH.

However, the overall increase in weight is not significant

[52]. One study investigated strength outcomes in 22

healthy men. A double-blind protocol was employed with
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an hGH group and a placebo group. Urine specimens were

tested to ensure no concurrent AAS use. hGH was not

shown to increase biceps or quadriceps strength with one

repetition maximum strength testing [54]. In another study,

changes in muscle circumference between groups treated

with hGH versus placebo were not shown to be significant

[55]. Furthermore, no benefits in maximal oxygen con-

sumption (VO2max), respiratory exchange ratio, energy

expenditure, bicycling speed, or power output have been

shown [52]. The major limiting factor in these studies

involves the lack of dosing standardization.

Use of hGH appears to continue despite the lack of

evidence-based medicine to support its use in athletes.

Many of the purported benefits may stem from the theo-

retical benefits from known physiologic pathways. How-

ever, such effects may apply only to those who are growth

hormone deficient and not to athletes.

3.3.3 Adverse Effects

Chronic use of hGH can lead to multiple adverse effects.

Because hGH activates the renin-angiotensin system, it can

cause fluid accumulation, thus leading to arthralgias, carpal

tunnel syndrome, and pseudotumor cerebri. Reported

effects also include cardiovascular disease, hyperlipidemia,

cancer, and insulin resistance [56].

3.3.4 Testing

hGH exhibits a very short half-life in blood and a low

concentration in urine, making it difficult to detect. Fur-

thermore, due to the pulsatile nature of hGH secretion,

there are wide fluctuations in circulation. hGH is also often

affected by sleep, exercise, stress, and nutrition [57].

Nonetheless, the most reliable method that currently

exists focuses on the ratio of concentrations of recombinant

hGH versus naturally derived isotopes of hGH. Limits are

set based upon ratios collected in routine hGH testing of

athletes [58].

3.4 Amphetamines and Stimulants

Stimulants have been used in sports to enhance perfor-

mance throughout history, but in the past decade these

drugs have gained attention due to the deaths of two pro-

fessional athletes who were reportedly using ephedrine

[18]. Commonly used stimulants include amphetamines,

caffeine, ephedrine, pseudoephedrine, phenylephrine, and

methamphetamines.

In a recent survey of nearly 21,000 students in grades

8–10 in the USA, an increased use of amphetamines was

seen among males who participated in lacrosse (adjusted

odds ratio 2.52) and wrestling (adjusted odds ratio 1.74)

[59]. In contrast, no association among females and

sporting type was found for amphetamine use. Stimulants

have accounted for nearly 10 % of adverse analytical

findings by the WADA in 2010. Furthermore, they have

been the second most common reason for a positive test in

recent years [27]. Another study involving drug testing of

several high schools in the USA found that 543 (16.6 %) of

3,000 samples were positive for drugs of abuse. Most

commonly, these positive results were for central nervous

system (CNS) stimulants. However, sampling was not

limited to athletes [15].

3.4.1 Physiology

Amphetamines are CNS stimulants and chemically related

to catecholamines. They exhibit an indirect sympath-

omimetic action by causing the release of norepinephrine

from storage vesicles in the sympathetic nerve endings.

Norepinephrine then leads to the classic sympathetic

effects, including increased arousal, heart rate, blood

pressure, and respiratory rate [27]. Half-lives have been

reported in pharmacology studies: 19.4 h for amphetami-

nes [60], 5.7 h for caffeine [61], 6.1 h for ephedrine [62],

and 7 h for pseudoephedrine [63]. The route of adminis-

tration for these substances is usually oral, but they can

also be injected.

3.4.2 Performance

One study that has closely examined amphetamine use and

athletic performance is by Chandler and Blair [64]. Six

male college students were tested, and amphetamine use

was associated with increased strength, muscular power,

speed, acceleration, aerobic power, and anaerobic capacity.

There was also an increased time to exhaustion, although

no increase in VO2max was seen. In another study, pseu-

doephedrine was shown to increase maximum torque, peak

power, and lung function during a maximal cycle perfor-

mance [65]. Some studies have demonstrated improved

times for medium distance runs with the pre-ingestion of

caffeine and ephedrine [66, 67].

Specifically, caffeine has been widely studied with re-

gard to performance in sports. It has been shown to reduce

reaction time and delay fatigue in taekwondo [68], improve

cycling time trials in triathletes [69], and decrease times in

cross country double poling [70]. However, other studies

have not shown significant improvement with caffeine. In a

study with 11 female athletes performing repeated sprint

cycling, neither ingestion of caffeine plus placebo nor

caffeine plus carbohydrate improved repeated sprint per-

formance with short rest intervals [71]. Many athletes use

caffeine to counter sleep deprivation, but a study on semi-

professional tennis players showed that caffeine did not
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make up for lost sleep with regard to serving accuracy [72].

Further studies should be performed to elucidate the

prevalence of caffeine use by athletes with respect to in-

sufficient sleep.

Other stimulants such as ephedrine and ephedra alone

have shown little efficacy or benefit in athletic performance

[73]. Shekelle et al. [74] performed a meta-analysis of 52

controlled trials and 65 case reports regarding ephedrine

and ephedra. When examining outcomes as related to

athletic performance, there were no significant effects.

However, the analysis did find that these drugs promoted a

modest short-term weight loss.

3.4.3 Adverse Effects

The side effects of stimulants relate to their effects on

increasing CNS stimulation. Common side effects include

restlessness, agitation, gastrointestinal upset and nausea,

headaches, rebound fatigue; serious adverse effects include

heat exhaustion, arrhythmias, seizures, hallucinations, and

dependence [27, 75]. From 1994 to 1997, the Food and

Drug Administration reviewed over 800 cases of ephedra

adverse effects, which included hypertension, myocardial

infarction, arrhythmias, anxiety, tremors, stroke, and death

[76].

3.4.4 Testing

Several classes of amphetamines are banned by the IOC,

and the National Football League (NFL) has banned the

use of ephedrine. Testing for amphetamines and stimulants

involves quantitative tests to detect their presence in urine.

Specifically, the NCAA has limited caffeine levels to

15 lg/ml in urine, which is equivalent to approximately six

regular sized cups of coffee [77].

3.5 Erythropoietin and Blood Doping

Athletes, especially endurance athletes, benefit from im-

proved delivery of oxygen to their tissues. Such improved

oxygen delivery affords athletes improved aerobic

capacity. One method by which athletes attempt this is by

living or training at high altitudes, which is often thought

of as a natural way to improve oxygen delivery [78].

Another method used involves blood transfusions, most

commonly autologous. Such a transfusion would artifi-

cially increase hematocrit and thus oxygen-carrying

capacity. Another artificial method by which athletes have

been known to gain an advantage is through the adminis-

tration of EPO, which is responsible for erythropoiesis.

The rate of use of EPO or blood doping is difficult to

quantify. However, it is estimated that such techniques

have been widely used throughout endurance sports [18].

One Spanish doping investigation revealed that several

athletes had employed the systematic use of autologous

blood transfusions. Officials discovered several frozen

blood units in addition to calendars with reinfusion dates

[79].

3.5.1 Physiology

EPO is a glycoprotein hormone that plays an important role

in the differentiation, survival, and proliferation of ery-

throid cells. EPO is produced mostly in the kidney. In re-

sponse to hypoxic stress, the body produces a greater

amount of EPO. The EPO then binds to the EPO receptor

on the red cell progenitor surface. Such binding stimulates

a cascade that leads to the increased production of ery-

throcytes. Such increases in hematocrit lead to higher

oxygen-carrying capacities [80].

3.5.2 Performance

Several studies have documented the performance

enhancement benefits of blood doping. In one study, after

an autologous transfusion of 750 ml of red blood cells, the

VO2max increased by 12.8 %, and performance times on a

treadmill test to exhaustion improved significantly [81].

Other studies have shown decreased times in cross country

skiers [82] and in runners during a 10 km race [83].

A double-blind, placebo-controlled study by Birkeland

et al. [84] evaluated cycling performance after adminis-

tration of recombinant human erythropoietin (rhEPO).

Mean VO2max increased by 7 % in the EPO group from

63.6 to 68.1 mL kg-1 min-1, while mean hematocrit in-

creased from 42.7 to 50.8 %. Both of these changes were

significant. Another study, by Berglund and Ekblom [85],

showed similar results.

3.5.3 Adverse Effects

The side effects of EPO should not be underestimated.

These adverse effects include hypertension, headaches, and

an increased risk for a thromboembolic event due to the

rise in hematocrit and viscosity [77]. Furthermore, with

large doses, EPO may cause death [80]. During the first

year EPO was released, five Dutch cyclists died of unex-

plained causes. In a 4-year span, between 1997 and 2000,

18 cyclists died from stroke, myocardial infarction, or

pulmonary embolism [18].

With regard to blood transfusions, similar risks may be

encountered when elevating hematocrit and thus blood

viscosity. When homologous transfusions are employed,

there is also the risk for transfer of infection such as hep-

atitis and HIV and major transfusion reactions from blood

type incompatibility [86].
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3.5.4 Testing

Testing for autologous blood transfusions remains difficult.

No direct detection method has been implemented by the

WADA. Sophisticated algorithms help detect possible au-

tologous blood transfusions, and these algorithms are based

on the total amount of circulating hemoglobin and the

percentage of reticulocytes. Because of lower variability

with total hemoglobin mass compared to hemoglobin, it

has been proposed as a parameter in the Athlete Biologic

Passport (ABP). The ABP entails measuring certain bio-

logical parameters over time for an athlete. The assumption

is that these variables will remain stable over time. Any

changes in the ABP would trigger a suspicion for doping.

Thus, instead of solely relying on direct testing for banned

substances, organizations can incorporate the ABP to help

indirectly identify athletes who may be doping [87].

A number of detection methods for rhEPO exist, but it

remains difficult to detect exogenous EPO. Such tests in-

clude measurement of hematologic parameters, gene-based

detection methods, use of peptide markers, electrophoresis,

and isoelectric focusing among numerous other methods

[80].

3.6 Beta-Hydroxy-Beta-Methylbutyrate

HMB is a metabolite of the amino acid leucine and is a

precursor to cholesterol. It is believed to attenuate protein

breakdown after workouts and has recently gained greater

attention among athletes [88]. A 2013 NCAA survey study

reported a 0.2 % rate of use among all student athletes [13].

However, it appears that HMB is increasingly being added

to many training regimens [88].

3.6.1 Physiology

There are several proposed mechanisms by which HMB

acts. One of the primary mechanisms involves the

up-regulation of the mechanistic target of rapamycin/

p70S6K signaling pathway, which promotes protein syn-

thesis and muscle hypertrophy [89].

Other studies have focused on the anti-catabolic effects

of HMB. Smith et al. [90] demonstrated that HMB pre-

served lean body mass and decreased proteolysis through

the down-regulation of the increased expression of certain

components of the ubiquitin–proteasome proteolytic path-

way. Some studies have examined HMB and its effect on

muscle by measuring markers of muscle breakdown. Wil-

son et al. [91] demonstrated that when non-resistance-

trained males received HMB pre-exercise, the rise of lac-

tate dehydrogenase (LDH) levels reduced, and HMB

tended to decrease soreness. Knitter et al. [92] showed a

decrease in LDH and creatine phosphokinase (CPK), a

byproduct of muscle breakdown, by HMB after a

prolonged run.

3.6.2 Performance

Several studies have been performed with regard to HMB

and performance. However, it is difficult to compare the

various studies due to different dosing schedules and

amounts of HMB, previous training levels of participants,

and different performance outcomes.

Kraemer et al. [93] showed that HMB intake in healthy

men who underwent a 12-week course of heavy resistance

training increased lean body mass, muscle strength, and

power with regard to squatting and bench press when com-

pared with a placebo group. Nissen and Sharp [94] performed

a meta-analysis and found that HMB increased strength and

lean tissue through resistance training. However, when

specifically examining trained subjects, some studies have

shown no effect. In one study of American collegiate football

players [95], no significant effect of HMB on creatine kinase,

power, or muscle soreness was observed. In another study on

trained American collegiate football players, no effects were

demonstrated by HMB when studying bench press, power

cleans, squats, or sprint performance [96].

Despite differences in these studies, it does appear that

HMB overall enhances muscular hypertrophy, strength,

and power. In fact, the International Society for Sports

Nutrition, in a position statement, writes that HMB can be

used to enhance recovery by reducing skeletal muscle

damage after exercise in athletically trained and untrained

people. The utility of HMB does seem to be affected by

timing of intake prior to workouts and dosage [97]. Further,

chronic consumption of HMB appears safe [97].

3.6.3 Adverse Effects

No serious adverse effects from HMB consumption have

been reported. In one study, 37 college males took HMB

for an 8-week period during resistance training. No adverse

effects were seen with regard to blood glucose, blood urea

nitrogen, hemoglobin, hepatic enzymes, lipid profile,

leukocytes, urine pH, urine glucose, or urine protein ex-

cretion [98]. Similarly, Nissen et al. [99] evaluated nine

studies and found that HMB was a safe ergogenic aid. In

fact, HMB lowered total cholesterol, low-density lipopro-

tein cholesterol, and systolic blood pressure, thus demon-

strating potential cardioprotective effects.

3.6.4 Testing

Currently, HMB is available as an over-the-counter sup-

plement. The drug is not tested for nor banned by any

sporting organization.

526 A. Momaya et al.

123



3.7 Gene Doping

As the field of genetics continues to advance and tech-

niques to modify human genes become more readily

available, gene doping draws closer to reality. Gene doping

is defined as the ‘‘transfer of nucleic acid sequences or the

use of normal or genetically modified cells to enhance

sports performance’’ [100]. To date, there is no evidence

that gene doping has been employed for sports

enhancement.

3.7.1 Physiology

Numerous proteins have been identified for targets of gene

doping based on potential and include EPO, insulin-like

growth factor, hGH, myostatin, vascular endothelial

growth factor, fibroblast growth factor, endorphin, and

encephalin [100].

Methods such as injection or inhalation could be used

to deliver genetic material containing specific genes into

the athlete’s body. Once the genetic material is incorpo-

rated into the DNA in the nucleus of the cell, the specific

gene sequences would be transcribed, resulting in the

increased expression of the specific protein encoded by

the delivered gene [101]. Various delivery methods have

been proposed and studied for such a process. In general,

the athlete’s cells are isolated from the body, modified

in vitro, and transplanted back into the athlete (direct

transplant) [102]. There are two methods to modify the

athlete’s cells in vitro. One method involves DNA trans-

fection, through which non-viral transporters such as li-

posomes deliver plasmid DNA containing the gene

material into the cells. The transfection method would

likely have a short duration of action on the order of days

to weeks [103]. A second method involves transduction

with inactive viral vectors. Such a technique would likely

lead to a longer duration of action on the order of months

to years (Fig. 3) [104].

3.7.2 Adverse Effects

Because gene doping is still in the infancy stage, much of

the potential adverse effects are theoretical. Nonetheless,

such risks are substantial and may compromise the health

of athletes who look to obtain an edge without considering

the consequences. One potential adverse effect is an im-

mune reaction. The virus or the protein itself may trigger

an immune response, which may even lead to destruction

of the endogenous protein. Another problem is that the

virus may integrate such that it leads to the increased

production of proto-oncogenes, thereby increasing the risk

of cancer. Also, gene doping may affect germ cells, and its

effects, both intended and unintended, may be passed on to

offspring. Finally, the expression of the gene is difficult to

Fig. 3 Gene doping pathways via transfection or transduction
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control, and overexpression may lead to an overabundance

of protein that could reach toxic levels [100].

3.7.3 Testing

The detection of gene doping will prove to be very diffi-

cult. Currently, no WADA-approved detection methods

exist for gene doping. The WADA currently prohibits any

form of gene or cell doping.

4 Therapeutic Use Exemption

In certain situations, an athlete may require the use of a

substance that is banned by WADA for an acute or chronic

medical condition. The Therapeutic Use Exemption (TUE)

program has been created to allow for athletes to use such

substances without facing penalties. In order to meet the

requirements for a TUE, four conditions must be met: (1)

the banned substance is needed by the athlete for a chronic

or acute medical condition and withholding the substance

may pose a significant impairment to the health of the

athlete, (2) the use of this substance is unlikely to increase

athletic performance beyond what is anticipated by the

return of the athlete to his or her normal health, (3) no

reasonable therapeutic alternative exists, and (4) the need

for this banned substance is not the consequence of prior

use of a banned substance [105].

In order to obtain a TUE, the athlete and physician must

complete appropriate paperwork and submit it to the gov-

erning agency. Table 2 lists the common substances by

class for which athletes sought TUEs in 2013. These data

were obtained from the Anti-doping Administration and

Management database [106].

5 Prevention

Despite advances in PES detection, the prevalence of

doping persists throughout sports. Some studies have

examined preventive techniques, but much work remains in

order to protect the health and safety of athletes.

Foremost, education appears to be the keystone to any

prevention program. In a 2004 Swedish study, a health

promotion program for 16- and 17-year-old adolescents

focused on awareness and discussion of attitudes on AAS

use over 2 years. The use of AAS tended to decrease after

the program [15]. In another study in a low-income

community, a short-term nutrition and sport supplement

educational program was shown to improve nutrition and

sport supplement knowledge [107]. However, these

students were not necessarily athletes, and no objective

testing data from prior to and after the educational program

were available to assess drug use.

Whitaker et al. [108] conducted semi-structured inter-

views on athletes’ perceptions of their role in doping pre-

vention. The study concluded that prevention programs

would need to focus on changing the broader group and

community norms on doping. Furthermore, anti-doping

programs may need to be specialized based on the sport.

Harcourt et al. [109] report on a technique by which drug

use was reduced in elite Australian football (‘Australian

Rules’). The authors surmised that player education and a

greater number of tests conducted along with a ‘‘harm

minimization’’ rather than a ‘‘punitive’’ strategy would lead

to a decreased use of prohibited PESs.

Further studies are needed to help formulate an effective

program on preventing the use of banned PESs. Such

programs will need to start early while the athletes are

young and focus on education and awareness. Neverthe-

less, physicians must be aware of the incidence of PES use

despite prevention techniques. When PES use is suspected,

the physician must broach the subject with the athlete.

Warning signs of PES use may include increased aggres-

siveness, increased weight, acne, and skin changes from

needle marks. Guidelines need to be established to help

direct physicians who suspect the use of banned substances

by their patients. At this point, testing for banned sub-

stances and subsequent reporting should be left to the

sport’s governing body.

6 Conclusion

The current rate of PES use among athletes is disturbing.

The majority of studies are limited by response errors, and

the true prevalence of PES use may be much higher. Fur-

ther studies are needed to evaluate the true prevalence of

PES use among athletes and differentiate sport-specific

Table 2 Requests for Therapeutic Use Exemption by substance class

Substance Percentage

Glucocorticosteroids 36

Stimulants 21

Hormone and metabolic modulators 14

Diuretics and other masking agents 8

Narcotics 6

Beta-2 agonists 5

Peptide hormones, growth factors, and related

substances

4

Anabolic agents 3

Chemical and physical manipulation 1

Beta-blockers 1

Cannabinoids \1

Manipulation of blood and blood components \1
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rates. Such studies may stem from randomized testing of

athletes. Further randomized controlled studies are also

needed to resolve conflicting data on specific substances

and their effects on sports performance.

As methods of doping continue to advance, the sports

medicine physician will need to play an even greater role in

protecting athletes from harm. Physicians should be

knowledgeable about the types of PESs available and the

potential performance benefits and health risks of such

substances. Only after the physician gains such knowledge

can he or she effectively educate athletes on PESs and

effect positive change in the sports community.
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