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ABSTRACT

Introduction Athletes have attempted to glean the
ergogenic benefits of recombinant human erythropoietin
(rHUEPO) since it became available in the 1980s.
However, there is limited consensus in the literature
regarding its true performance-enhancing effects.

In fact, some studies suggest there is no conclusive
evidence; therefore, it is necessary to evaluate and
quantify the strength of the evidence.

Objective To determine the effects of erythropoietin on
enhancing athletic performance.

Design At least two independent reviewers conducted
citation identification through abstract and full-text
screening, and study selection, and extracted raw data

on demographics, descriptions of interventions and all
outcomes to predesigned abstraction forms. Outcomes
were stratified by treatment periods and dosages. Study
quality was assessed using the Cochrane Risk of Bias Tool
and Cochrane Grading of Recommendations Assessment
Development and Education (GRADE) scale. Where
appropriate, quantitative analysis was performed.

Data sources EMBASE, MEDLINE and SPORTDiscus
were searched from their inception to January 2020.
Eligibility criteria Trials that examined any
enhancement in sport in healthy participants aged 18-65
using rHUEPO compared with placebo were included.
Results Overall, there is low-to-moderate quality
evidence suggesting rHUEPO may be more beneficial

than placebo in enhancing haematological parameters,
pulmonary measures, maximal power output and time

to exhaustion independent of dosage. However, these
improvements are almost exclusively seen during maximal
exercise intensities, which may be less relevant to athletic
competition conditions.

Conclusion Due to heterogeneity among trials, more
high-quality randomised controlled trials with larger
sample sizes in conditions that mirror actual competition
are needed to further elucidate these effects.

INTRODUCTION

In 2012, the US Anti-Doping Agency (USADA)
published an investigative report on Lance
Armstrong, winner of seven consecutive Tour
de France, with evidence that Armstrong had
doped throughout his professional cycling
career.’ Based on these findings, USADA
imposed a lifetime ban on Armstrong and

2 Kevin Jia Qi Chen,? Le Huang,® Oleksiy Gulenko®

What is already known?

» Recombinant human erythropoietin (rtHUEPO) is used
clinically to improve circulating erythrocyte levels.

» The literature is inconsistent regarding the
performance-enhancing effects of erythropoietin;
some studies suggest it is ergogenic, while other
studies suggest there is no evidence to support the
claim.

What are the new findings?

» There is low-to-moderate quality evidence suggest-
ing that, independent of dosage, rHUEPO may be
more beneficial than placebo in enhancing haemato-
logical, pulmonary measures, maximal power output
and time to exhaustion.

» These improvements are almost exclusively seen
during maximal exercise intensities.

revoked his championship titles from 1998
onwards. Despite initially denying these alle-
gations, in January 2013, Armstrong admitted
to using erythropoietin (EPO) among other
performance-enhancing drugs and blood
transfusions.' * This is just one of many exam-
ples that draw attention towards the controversy
surrounding the ergogenic effects of EPO and
its prohibition in sport.

EPO is a naturally produced glycoprotein
hormone that induces erythropoiesis, and
maturation and proliferation of oxygen-
delivering erythrocytes.” The body uses
EPO to control the number of circulating
erythrocytes, thus maintaining tissue
oxygen delivery levels within a narrow
range.’ Recombinant human erythropoietin
(rHuEPO) has also been developed in the
laboratory and successfully administered
to patients with late-stage renal failure to
improve circulating erythrocyte levels.*

While the effects of rHUEPO have proven
to be significant in medicine, endurance
athletes have attempted to glean the benefits
of this substance as an ergogenic drug, partic-
ularly due to rHUEPO’s potential to increase
maximal oxygen uptake capacity and thus
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endurance. rHuEPO became readily available in Europe
in the late 1980s, and the use of rHuEPO in sports was
banned in the early 1990s.”

However, the evidence for the ergogenic effects of
rHuEPO might not be as straightforward; some studies
suggest there is no conclusive evidence that supports the
claim that rHuEPO can enhance the performance of
endurance athletes, particularly elite cyclists.”® Despite the
vast amounts of money poured into the doping industry
and reports of widespread use of rHuEPO in endurance
sports, the use of this drug may not be based on evidence.

Previous reviews of the ergogenic effects of rHuEPO
have been published with various shortcomings.”’
The review by Lodewijkx et al’ did not include a search
strategy, which increases the risk of selection bias and
does not rule out the likelihood of the search being
performed long before the study was published. Next,
the review only explored maximal oxygen consump-
tion (VO2 max) and maximal power output (POmax)
as surrogates for athletic performance.” Many relevant
outcomes including submaximal oxygen consumption
(submaximal VOQ) and time to exhaustion (TTE) were
not included.” Additionally, the dosing threshold and
duration of the ergogenic effects of rHUEPO were not
explored.” Many of the pooled studies did not have a
placebo group; hence, estimates should be interpreted
with caution. Similarly, reviews by Bird et al,’ Sgro et al’
and Heuberger'” were limited by their lack of a systematic
approach, search strategies, up-to-date methodological
assessment tools and/or meta-analyses. Furthermore,
these authors did not appear to follow the guidelines
set out by the Cochrane Handbook for Systematic Reviews of
Interventions."’ Tt is therefore necessary to conduct an
updated review that includes a Cochrane risk of bias and
Grading of Recommendations Assessment Development
and Education (GRADE) analysis to quantify the strength
of the evidence, in addition to performing a quantitative
analysis through meta-analysis.'' '* This article aims to
clarify the relationship of varying treatment periods and
dosages of rHUEPO with multiple parameters of perfor-
mance enhancement to determine the validity of its ban
from competition.

METHODS

Data sources and searches

In consultation with two research librarians, we devel-
oped search strategies to identify potentially relevant
studies from the EMBASE, MEDLINE and SPORTDiscus
databases from their inception to January 2020 (online
supplementary appendix 1). Reference lists of included
studies were hand-searched using titles and abstracts for
potential studies.

Design and study selection

At least two independent reviewers conducted citation
identification through abstract and full-text screening,
as well as study selection. Disagreements were resolved

through a third assessor. We sought reports of any qual-
itative or quantitative trials in relation to rHuEPO (eg,
epoetin alfa, epoetin beta, darbepoetin alfa) use for its
ergogenic effect. Clinical judgement was used to review
the search and retrieve potentially relevant studies. Inclu-
sion criteria for studies are as follows:

Types of studies

Any published quantitative or qualitative study design in
the English language was included. The study must have
specifically investigated the ergogenic effects of rHuEPO.

Types of participants
Participants were healthy men and women between the
age of 18 and 65 with no other comorbid conditions.

Types of interventions

rHuEPO was the sole substance administered to partic-
ipants at a given time. Studies that looked at other
substances were included if participants were not admin-
istered both substances simultaneously or if we were able
to separate the effects of these substances to analyse the
effects of the intervention. The presence of a placebo
group and reported between-group differences were also
necessary for inclusion to allow for comparisons.

Types of outcome measures

Outcome measures determined a priori included any
enhancement in sport above baseline, with respect to
aerobic, anaerobic and laboratory parameters.

Studies were excluded if the intervention effects of
rHuEPO could not be isolated, there was no placebo
group, inappropriate outcomes were measured, between-
group analyses were not performed, participants had
comorbidities, there was an inappropriate study design
(eg, review article), animal models were used, or if
the source was not an original scientific journal article
(online supplementary appendix 2).

Treatment and dosage ranges

Modified from the Cochrane Handbook, the treatment

period was defined as starting from the first administered

dose and categorised into the following":

» Immediate-term treatment: up to 2 weeks.

» Short-term treatment: longer than 2 weeks and up to
3 months.

» Intermediate-term treatment: longer than 3 months
and up to 1 year.

» Long-term treatment: longer than 1 year.

Dosage ranges were calculated using the prespecified
dose categories of epoetin alfa used by Annaheim et al'’
adjusted per week. These ranges were categorised into
the following:

» Low dosage: <6875 IU/week.
» Medium dosage: 6875-13 750 TU/week.
» High dosage: >13 750 IU/week.
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If included studies used other rHuEPO formulations,
the respective dose equivalency to epoetin alfa per week
was calculated based on clinical guidelines.'*

Data extraction and quality assessment
At least two independent reviewers extracted raw data
on demographics, descriptions of interventions and all
outcomes to predesigned abstraction forms. Disagree-
ments were resolved by repeated review and consensus. If
specific values were not reported, values were estimated
from any given graphs. When data were not extractable,
the primary authors were contacted.

Outcomes from each study were classified into their
respective dosage ranges by calculating the dosage per
week. For studies where subjects followed multiple
dosage regimens, the weight-adjusted dosage per week
was calculated and used to appropriately categorise the
outcome.

At least two independent reviewers assessed each
study for bias and methodological quality, based on the
Cochrane Collaboration Tool for assessing risk of bias
and the Cochrane GRADE scale.'" ' Disagreements were
resolved through a third assessor. Bias and methodolog-
ical quality were graded using two sets of criteria:
> Risk of bias: based on selection, performance, detec-

tion, attrition, reporting and other biases.'?

» Cochrane GRADE table: began with the highest
quality rating for randomised trial evidence or
depending on clinical judgements, non-randomised
trial evidence, with downgrades to moderate, low or
very low depending on the presence of limitations
in design, indirectness of evidence, inconsistency of
results, imprecision of results, and high probability of
publication bias."

Data synthesis and analysis

Outcomes were stratified by treatment periods and
dosages. Only differences between intervention and
placebo groups were included for analysis to control for
the placebo effect. Where appropriate, quantitative anal-
ysis was performed for outcomes with two or more studies
and with low heterogeneity using a random-effects anal-
ysis model. Review Manager V.5.3 was used to calculate
the 1?2 statistics for heterogeneity, overall effect and stan-
dard mean difference (SMD), as well as to construct
forest plots. Effect sizes were measured using SMDs with
95% ClIs to allow for standardisation of different unit
measurements per outcome. A priori sensitivity anal-
yses for baseline participant training status (untrained
vs prior training) would be carried out for analyses with
moderate heterogeneity as per the Cochrane interpreta-
tion guide (40%<I2<60%)."" When quantitative analysis
was not performed (eg, substantial heterogeneity with 12
>60%),'" a qualitative analysis for combining evidence
was performed. At least two independent reviewers anal-
ysed the data. Disagreements were resolved by repeated
review and consensus.

RESULTS

Out of the 3399 articles retrieved from EMBASE,
MEDLINE and SPORTDiscus databases, 548 duplicates
were removed. The 2851 remaining articles proceeded
through title and abstract screening, after which 86 were
selected for full-text screening. Of these 86, only 10 met
all inclusion and exclusion criteria and were used in this
systematic review (table 1). Hand searches of reference
lists of all included studies did not yield any additional
articles. All included studies were used in the quantita-
tive synthesis. Figure 1 illustrates the selection of studies
depicted in a Preferred Reporting Items for Systematic
Reviews and Meta-Analyses diagram.

Notably, full-text screening found three studies (Siel-
jacks et al,"® Larsen et al'® and Christensen et al'’) that
used the same cohort. Only the study by Sieljacks et al'®
was included in our analyses as it was the latest study of
this cohort and contained all the relevant outcomes from
the previous studies."® Meanwhile, two other studies did
not explicitly report numerical data, so their data were
extracted through graph estimations.'® "

From the 10 included studies, the following were
determined to be relevant outcomes: Borg Scale Rating
of Perceived Exhaustion (RPE), TTE, training load,
total work, POmax and submaximal PO, Mont Ventoux
race times, haematological parameters (ie, haematocrit
percentage (hct%), haemoglobin concentration (Hb)),
and pulmonary measures (ie, pulmonary ventilation,
VO2 max, submaximal VOQ).6 13151824 yecomes were
further stratified by treatment periods and dosages.
Where appropriate, quantitative analysis was performed
(figure 2.1-2.4).

Borg Scale Rating of Perceived Exhaustion

There are two studies in this category."” ** The first study
measured RPE at the highest power output during an
incremental cycling test as well as at the time of failure
during a constant-load test (85% of maximum power) 3
The latter study measured RPE at 5 min intervals of
20 min submaximal and maximal tests; however, it was
unclear which of the two tests conditions was signifi-
cant.”

Immediate-term outcome

One study reported no significant difference in RPE
between the placebo group and the groups that received
low, medium or high doses of rHUEPO under both
testing conditions."® In contrast, another study reported
that a high dose of rHUEPO increased RPE compared
with the placebo group (p<0.05).%

Short-term outcome

One study reported no significant difference in RPE
between the placebo group and the groups that received
low, medium or high doses of rHuEPO under both testing
conditions.”
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Table 1 Summary of included studies

Study Design Sample size Participants Main interventions Outcomes measured
Annaheim Double-blind, RCT with 4 40 total; high-dose Healthy, endurance- rHUEPO or placebo (0.9% NaCl) injection Red cell parameters (hct%,
etal® arms: receiving high-dose  rHUEPO (n=10), trained men; none of every 2-3 days for 4 weeks; dosages Hb), plasma volume, VO,
rHUEPO, medium-dose medium-dose the participants suffered were 10 000 IU, 5000 IU and 2500 IU for max, time limit of constant-
rHUEPO, low-dose rHUEPO rHUEPO (n=10), low- from cardiovascular and high-dose, medium-dose and low-dose load test, maximum power,
and placebo. dose rHUEPO (n=10), ventilatory diseases or groups, respectively; all subjects were given rate of perceived exertion,
placebo (n=10). allergies; ferritin (30-400 intravenously 100 mg of Fe-lll-saccharate. time to exhaustion.
pg/L), het% <50%.
Birkeland et Double-blind, RCT with 20 total; rHUEPO Healthy, well-trained rHUEPO (5000 U) or placebo (1 mL NaCl, Hct%, Hb, VO2 max, serum
al'® 2 arms: rHUEPO and (n=10), placebo male athletes (cycling, 9 g/L) subcutaneous injection three times EPO concentration, serum

placebo; matched for type
of sport and training level.

Caillaud et a** RCT with 2 arms: rHUEPO

and placebo.

Connes et al”® Double-blind, RCT with
2 arms: rHUEPO and

placebo.

(n=10).

12 total; rHUEPO
(n=6), placebo (n=6).

16 total; rHUEPO
(n=9), placebo (n=7).

orienteering, running,
triathlon, swimming,
cross-country skiing) with
normal haematological
parameters, no history of
thromboembolic disease
and no risk factors for
cardiovascular disease.

Healthy aerobically trained
men with no comorbidities.

Endurance-trained men
(cyclists, runners and
triathletes).

weekly for 30 days (4 weeks) or until hct%
greater than or equal to 50%; all subjects
were given iron supplementation with 270
mg/day Fe?* in liquid formula.

rHUEPO (50 U/kg) or placebo (0.9% NaCl)
subcutaneous injection three times weekly
for 4 weeks; all subjects given appropriate
oral dose of iron sulfate, vitamin B9 and
vitamin B12.

rHUEPO (50 1U/kg) or placebo (0.9% NaCl)
subcutaneous injection three times weekly
for 4 weeks; oral dose of 200 mg iron sulfate
during 4 weeks.

ferritin concentration, time
course to soluble transferrin
receptor levels.

Hct%, Hb, respiratory
exchange ratio, substrate
utilisation, body weight, %
fat, max power, VO2 max,
submaximal VO,, training
load.

Hct%, Hb, VO, max and
POmax via incremental
maximal exercise test vs
submaximal exercise.

Heuberger Double-blind, RCT with 49 total, 2 dropouts.  Healthy male cyclists, age  rHUEPO or placebo (0.9% NaCl) Hct%, Hb, VO, max, POmax,
et al 2 arms: rHUEPO and 48 participants 18-50. subcutaneous injection once weekly for 8 lactate threshold VO,, lactate
placebo. included in the weeks; rHUEPO group received 5000 IU per threshold power, ventilatory
analyses: rHUEPO injection for the first 4 rHUEPO injections; if ~ threshold, gross efficiency,
(n=24), placebo Hb was below the target range, then dose heart rate, tidal volume,
(n=24). increased to 6000 IU, 8000 IU or 10 000 IU;  respiratory frequency,
if it was in target range, dose decreased to  respiratory minute ventilation,
2000 IU, and if it was above target range respiratory quotient, average
placebo was administered; all subjects were power output, average
given open-label, daily oral doses of 200 mg VO, average heart rate,
ferrous fumarate and 50 mg ascorbic acid. submaximal lactate, cycling
economy, treatment-
emergent adverse events.
Ninot et af*' Double-blind, RCT with 3 17 total; rHUEPO Endurance-trained rHUEPO or placebo (0.9% NaCl) Hct%; Hb; psychological
arms: rHUEPO, placebo (n=6), placebo (n=5), men, same middle- subcutaneous injection three times weekly measures of global self-
and no treatment. no treatment (n=6). class socioeconomic for 6 weeks; rHUEPO group was given 50 U/ esteem, physical self-worth
background, no psychiatric kg three times weekly for the first 4 weeks and 4 physical subdomains
disorder or acute medical  followed by 20 U/kg three times weekly (physical condition, sport
illness, no negative life for the remaining 2 weeks; treatment was competence, physical
events occurring over stopped if hct% >50%; all subjects were strength and attractive body)
a 3-month period, no given a daily oral dose of 200 mg of iron using the Physical Self
comorbidities. sulfate during the 6 weeks of injections. Inventory-6 Scale; VO, max,
training load.
Rasmussen Double-blind, crossover 15 total; Healthy men, age 18-34. rHUEPO (30 000 IU) or placebo (saline) Hct%, VO, max, respiratory
et al”® RCT with 2 arms: rHUEPO 3 days group (n=7), 3 subcutaneous injection once daily for three  frequency, tidal volume, EPO
and placebo. months group (n=8); consecutive days; washout period of 3 assay, blood glucose and
however, participants months. lactate content, voluntary
from the 3 months activation, RPE, visual
group were excluded perception, visual memory,
due to the lack of selective attention, mental
placebo. concentration, visual
scanning abilities, perceptual
speed.
Sieljacks et Single-blind, RCT with 4 38 total, 2 dropouts;  Healthy, non-smoking, rHUEPO or placebo (isotonic saline) Hct%, Hb, reticulocytes,
al® arms: sedentary placebo, sedentary placebo untrained men, age 18-35; subcutaneous injection once weekly for 10 mean cell volume, VO2
sedentary rHUEPO, training (n=9), training BMI: 18-29 kg/m?, BP: weeks; dosing variable; all subjects were max, wattmax, total training
placebo and training placebo (n=10), <135/85 mm Hg, hct%: given 100 mg of oral iron daily. workload and estimated
rHUEPO. sedentary rHUEPO <45%, VO, max:<50 mL/ energy consumption.
(n=9), training kg/min.
rHUEPO (n=8).
Thomsenet  Single-blind, controlled 16 total; rHUEPO Healthy men of reasonable rHUEPO (5000 IU) or placebo (saline) Hct%, Hb, VO, max, time to
al'® clinical trial with 2 arms: (n=8), placebo (n=8). age, weight and height. subcutaneous injection every other day exhaustion, VO,, VCO,, Sa0,
rHUEPO and placebo. for the first 2 weeks, 3 injections on three (arterial oxygen saturation).
consecutive days for the third week, 1
injection weekly for weeks 4-13; all subjects
were given 100 mg iron daily for 2 weeks
prior and throughout treatment.
Continued
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Table 1 Continued

Main interventions Outcomes measured

Study Design Sample size Participants
Wilkerson et Double-blind, RCT with 2 15 total; rHUEPO Healthy men, age 25+4
al”® arms: experimental and

placebo.
baseline.

(n=8), placebo (n=7). years, recreationally active, subcutaneous injection once weekly for 4
no hypertension or hct%

rHUEPO (150 IU/kg) or placebo (saline) Hct%, Hb, blood pressure,
VO, consumption rate,
pulmonary gas exchange,
ventilation, lactate levels,
pulmonary VO,, heart rate,
peak VOZ, time to exhaustion,
peak power output.

weeks; all subjects given appropriate iron
tablets and vitamin C tablets.

BMI, body mass index; BP, blood pressure; EPO, erythropoietin; Hb, haemoglobin concentration; hct%, haematocrit percentage; 1U/kg, IU per kilogram body mass; POmax, maximal power output; RCT,
randomised controlled trial; rHUEPO, recombinant human erythropoietin; RPE, Borg Scale Rating of Perceived Exhaustion; VO, max, maximal oxygen consumption.

Time to exhaustion

There are three studies in this category.”” ® ¥ Outcomes
were attained through submaximal testing for two
studies' ' and maximal testing for the remaining study."®

Immediate-term outcome

One study reported no significant difference between the
placebo group and the groups that received low, medium
or high doses of rHuEPO."

Short-term outcome

Low dose

One study reported no significant difference in TTE
between the placebo group and the rHuEPO group."

Medium dose

One study reported no significant difference between
the placebo group and the rHUEPO group.'” In contrast,
a different study reported that TTE was longer in the

Records identified through Additional records identified
database searching through other sources
(n=3399) (n=0)

] [ Identification ]

Records after duplicates removed
(n=2851)

Screening

Records excluded
(n=2765)

Records screened
(n=2851)

[

J

!

Full-text articles assessed

for eligibility
(n=86)

Full-text articles excluded,
with reasons
(n=76)

Eligibility

l

Studies included in
qualitative synthesis
(n=10)

!

Studies included in
quantitative synthesis
(meta-analysis)
(n=10)

J

Included

—J

Figure 1 PRISMA flow diagram depicting 2851 studies
screened following the removal of search duplicates. Eighty-
six studies underwent full-text screening, of which 10 eligible
studies were included in both qualitative and quantitative
syntheses. Adapted from Moher et al.*2 PRISMA, Preferred
Reporting Items for Systematic Reviews and Meta-Analyses.

rHuEPO group in comparison with the placebo group
(p<0.05)."

Heterogeneity between the two studies is low (I’=0%).
Test for overall effect: Z=2.46 (p=0.01) (SMD=0.87 (0.18
to 1.56)). The forest plot suggests that medium-dose
rHuEPO improves TTE more than placebo in the short
term (figure 2.1.1).

High dose

Two studies reported that TTE was longer for the
rHuEPO group compared with the placebo group
(p<0.05, p=0.04). Heterogeneity between the two studies
is substantial (I°=71%); hence, quantitative analysis was
not performed.'”'®

Training load

There are three studies in this category that measured
training load.”” *' * This outcome was assessed by using
the questionnaire of Millet et al”®> which asked athletes
to report the volume and intensity of their training (in
swimming, cycling, running and miscellaneous).

Short-term outcome

All studies reported no significant difference between
the placebo group and the medium-dose rHuEPO
group 20212

Maximal power output

There are four studies in this category.’* '°* Outcomes
were attained through maximal testing for all
studies, 8131520

Immediate-term outcome

One study reported no significant difference between
the placebo group and the groups receiving either low,
medium or high dose of rHUEPO."

Short-term outcome
Low dose
Two studies reported no significant difference between
the placebo group and the rHUEPO group.” ¥ In
contrast, another study reported that POmax was signifi-
cantly higher in the rHUEPO group compared with the
placebo group (p=0.0040).°

Heterogeneity between the three studies is low (I’=0%).
Test for overall effect: Z=2.82 (p=0.005) (SMD=0.63
(0.19-1.07)). The forest plot suggests that low-dose

Trinh KV, et al. BMJ Open Sp Ex Med 2020;6:e000716. doi:10.1136/bmjsem-2019-000716 5



Open access

EPO Control Std. Mean Difference Std. Mean Difference
Study or Subgroup _Mean _SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% C1
211 TTE - Short Term - Medium Dose

Annaheim 2016 1120 481 10 796 175 10 559% 0.86 [0.07, 1.78] —
Thomsen 2007 325 165 8 211 8 B 441% 0.8 [0.16,1.93] ——
Subtotal (95% Cl) 18 18 100.0% 0.87 [0.18, 1.56] -

Heterogeneity: Tau = 0.00; ChiF= 0.00, df=1 (P = 0.87); F= 0%
Testfur overall effect 2= 2.46 (P = 0.01)

-2 2 4
Favours [cantrol] - Favours [experimental]

EPO Control Std. Mean Difference Std. Mean Difference
Study or Subgroup __Mean _ SD Total Mean  SD_Total Weight IV, Random, 95% CI v, Random, 95% CI
2.2.1 POmax - Short Term - Low Dose

Annaheim 2015 26 40 10 321 65 10 248% 010078, 0.98) -
Heuherger 2017 35156 1179 24 3123 1179 24 542% 0.66[0.27, 1.45] ——
Sigljacks 2015 /0 45 9 NT 81 9 210% 0.65[0.30, 1.61] -
Subtotal (95% Cl) 43 43 100.0% 0.6310.19,1.07] <>

Heterogeneity: Taus = 0.00; ChiF= 1.98, df=2 (P = 0.37); F= 0%
Testfur overall effect: 2= 2.82 (P = 0.005)

2.2.2 POmax - Short Term - Medium Dose

Annaheim 2018 40 B2 10 3 65 10 6RA% 031 [0.47,1.19) —
Connes 2003 431 45 9 HE 3438 7 439% 0,35 [0.65,1.35] — =
Subtotal (95% Cl) 19 17 100.0% 0.33[-0.33,0.99] -

Heterogeneity: Tau®= 0.00; Chi

.00, df=1 (P =0.86) F= 0%

Testfor overall effect Z=0.97 (P = 0.33)
& 3 2 H
Favours [control] Favours [experimental]

EPO Control Std. Mean Difference Std. Mean Difference
Study or Subgroup__Mean __SD_Total Mean _ SD Total Weight IV, Random, 85% CI IV, Random, 95% €1
2.3.1 Het% - Immediate Term - Medium Dose
Annaheim 2015 436 26 10 428 17 10 577% 0.35 10.54,1.23] H—
Wilkerson 2005 46 2 B 45 37 423% 0.47 [0.56, 1.50] o
Subtotal (95% Cl) 18 17 1000%  0.40[-027,1.07] -
Heteragenelty: Taw'= 0.00; Chi*= 0.03, df=1 (P = 0.86) = 0%
Testfor overall effect Z=1.17 (P = 0.24)
2.3.2 Het% - Immediate Term - High Dose
Annaheim 2015 4832 10 428 17 10 738% 1.20(0.23,2.17) ——
Rasmussen 2010 473 23 3 456 13 4 263% 081 F0.682, 2.44] =
Subtotal (95% CI) 13 14 100.0% 1.09[0.26, 1.93] -
Heterageneity: Taue= 0.00; Chi*= 0.16, df= 1 (P = 0.69 F= 0%
Testfor overall effect: Z= 258 (P = 0.010)
2.3.3 Het% - Short Term - Low Dose
Annaheim 2016 455 23 10 421 17 10 337% 166 [0.61,2.70] —
Heuberger 2017 476 1377 24 443 1377 24 466% 236 [1.61,3.11] —o—
Sieljacks 2015 472 15 9 418 15 9 197% 343 [1.26,5.00) e
Subtotal (95% CI) 43 43 100.0% 233[153,314] -
Heteragenelty: Taw'= 0.22; Chit= 3.4, df=2 (P = 0.18) = 42%
Testfor overall effect Z=5.67 (F < 0.00001)
2.3.4 Het% - Short Term - Medium Dose
Annaheim 2016 4821 10 421 17 10 203% 1.96 [0.85, 3.06] —
Caillaud 2015 494 37 B 442 41 B 151% 1.23 [0.05,2.51] —
Connes 2003 481 38 436 212 7 17.9% 160 [0.42,2.78] —_—
Hinot 2006 493 32 B 436 2 5 104% 1.91 [0.36, 3.46] _—
Thomsen 2007 488 4 8 448 23 B 211% 116 [0.08,2.24] —
Wilkerson 2005 49 2 B 4 3 7 153% 1.87 [0.59,3.15] —_—
Subtotal (95% CI) a7 43 100.0% 1.60[1.10,2.09] <>
Heterogeneity: Taw= 0.00; Chi*= 1.68, df= § (P = 0.89), = 0%
Testfor overall effect Z= 6,28 (F < 0.00001)
235 [Hb] - Immediate Term - Medium Dose
Annaheim 2015 184 10 148 06 10 58.8% 0.23 F0.65,1.11) -—
Wilkerson 2005 183 08 8 167 08 7 413% 0,66 [0.39, 1.71] =
Subtotal (95% Cl) 18 17 1000%  0.41[-0.27, 1.08] -
Heterogeneity: Taw= 0.00; ChiF= .37, df=1 (P = 0.54), = 0%
Testfor overall effect: Z=1.19 (P = 0.24)
2.3.6 [Hb] - Short Term - Medium Dose
Annaheim 2016 156 08 10 145 07 10 235% 1.40 [0.40,2.40] —_—
Caillaud 2015 182 1 B 145 15 B 144% 1.23 10,05, 2.51] ——
Connes 2003 16 08 8 145 079 7 1BT% 166 [0.47, 2.85] —_—
Minot 2006 16.1 16 144 08 5 114% 162 [0.17,3.08] —
Thomsen 2007 1584 134 B 1456 32 8 19.0% 1.34(0.22, 2.45) —
Wilkerson 2008 188 07 % 187 0B 7 183% 1.72 0,48, 2.86] —_—
Subtotal (95% CI) a7 3 100.0% 1.48[1.00, 1.97] <>
Heteragenelty: Taw= 0.00; Chi*= 0.50, df= 5 (P = 0.89); I*= 0%
Testfor overall effect Z= 5.98 (P =« 0.00001)
2.3.7 [Hb] - Short Term - High Dose
Annaheim 2016 162 07 10 145 07 10 448% 233[1.14,3.52) —a—
Birkeland 2000 173 18 10 152 14 10 553% 1.25[0.27,2.22) —a—
Subtotal (95% CI) 20 20 100.0% 1.7310.68, 2.78] ———
Heterogenetty: Tawr= 0.27, Chit= 1.89, df= 1 (P=0.17) F= 47%
Testfor overall effect 2= 3.23 (P = 0.001)

R R
Favours [control] Favours [xperimental

EPO Control Std. Mean Difference Std. Mean Difference
Study or Subgroup __Mean __SD_Total Mean _ SD_Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.4.1 VOZ max - Short Term - Low Dose
Annaheim 2015 4048 484 10 3837 514 10 24.9% 040 -0.48,1.29) =
Heuberger2017 4,578 2435 24 4354 2435 24 551% 0.90[0.31,1.50] -
Sieljacks 2015 41 0B9 8 341 063 9 200% 0.95 [0.04,1.94] —
Subtotal (95% CI) 43 43 100.0% 0.79[0.35,1.23] <>
Heterogeneity: Tar= 0.00; Chi*= 0.97, df= 2 (P = 0.62) F= 0%
Testfor overall effect: Z= 3.50 (P = 0.0005)
2.4.2V02 max - Short Term - Medium Dose:
Annaheim 2016 4273 778 1D 3837 514 10 20.9% 063 }0.27,1.54] T
Caillaud 2015 658 59 B 62 64 b 18.0% 057 F0.60,1.74) =
Connes 2003 684 57 9 B4E 520 7 234% 065 F0.37,1.67) =
Ninot 2006 06 44 B B2 4 5 106% 15210.30,3.34) e
Thomsen 2007 4370 200 & 3750 400 8 1BA% 1,56 0,38, 2.71] —_—
Subtotal (95% CI) 39 36 100.0% 0.92[0.42, 1.41] >
Heterogeneity: Taw= 0.00; ChiF= 3.49, df= 4 (P = 0.48); I*= 0%
Testfor overall effect 2= 3.64 (P = 0.0003)
2.4.3V02 max - Short Term - High Dose
Annaheim 2016 4135 425 10 3837 514 10 537% 01 [0.30,1.51] -
Bifkeland 2000 681 54 10 B12 32 10 463% 1.48 [0.47,2.51] —a—
Subtotal (95% CI) 20 20 100.0% 1.010.15, 1.88] e
Heterogeneity: Taw*= 0.15; Chi*= 1.63, df= 1 (P = 0.20) = 38%
Testfor overall effect 2= 2.30 (P = 0.02)
2.4.4 Submaximal VO2 - Short Term - Low Dose
Annaheim 2015 2612 154 1D 2478 125 10 343% 092 10.02,1.85) I
Heuberger 2017 3,821 2856 24 3788 2566 14 GAT% 0.24 10,33, 0.81) -
Subtotal (95% Cl) 3 34 1000%  0.47[-0.15 1.10] -
Heterogeneity: Taw*= .07, ChiF= 1.4, df=1 (P=0.23), F= 31%
Testfor overall effect Z=1.48 (P = 0.14)

B

-2 2 4
Favours [control] Favours [experimental]

Figure 2 Summary of all meta-analyses completed for relevant outcomes. The black diamond represents the overall effect
size of each meta-analysis. The right side of the forest plot favours experimental (rHUEPO), while the left side favours control
(placebo). EPO, erythropoietin; Hb, haemoglobin concentration; hct%, haematocrit percentage; POmax, maximal power
output; rHUEPO, recombinant human erythropoietin; TTE, time to exhaustion; VO2 max, maximal oxygen consumption; IV,
inverse variance.
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rHuEPO improves POmax more than placebo in the
short term (figure 2.2.1).

Medium dose
One study reported no significant difference between
the placebo group and the rHUEPO group."” The other
study reported that POmax was significantly higher in
the THUEPO group compared with the placebo group
(p<0.05).%

Heterogeneity between the two studies is low (I"=0%).
Test for overall effect: Z=0.97 (p=0.33) (SMD=0.33 (-0.33
to 0.99)). The forest plot suggests that medium-dose
rHuEPO does not improve POmax more than placebo in
the short term (figure 2.2.2).

High dose

One study reported that POmax was significantly higher
in the rHuEPO group compared with the placebo group
(p<0.01)."?

Submaximal power output
There is only one study in this category.” This outcome
was attained through submaximal exercise testing.’

Short-term outcome

This study reported no significant difference between
the placebo group and the low-dose rHUEPO group
(p=0.086).°

Total work
There is one study in this Category.zz This outcome was
attained through incremental exercise testing.z2

Immediate-term outcome
This study reported no significant difference between the
placebo group and the high-dose rHuEPO group.*

Mont Ventoux race time
There is one study in this category.’” This outcome was
attained through a timed trial.’

Short-term outcome
This study reported no significant difference between the
placebo group and the low-dose rHUEPO group.’

Haematological parameters
Haematocrit percentage

There are 10 studies in this catos:gory.6 1915 1824

Immediate-term outcome

Three studies examined the immediate-term effect.'®22%

Low dose
One study reported no significant difference between the
placebo group and the rHUEPO group."

Medium dose

Two studies reported no significant difference between

the placebo group and the rHuEPO group.'”*
Heterogeneity between the two studies was low (I12=0%).

Test for overall effect: Z=1.17 (p=0.24) (SMD=0.40 (-0.27

to 1.07)). The forest plot suggests that medium-dose
rHuEPO does not improve hct% more than placebo in
the immediate term (figure 2.3.1).

High dose
One study reported that hct% was significantly higher in
the THUEPO group compared with the placebo group
(p<0.01)." In contrast, another study reported that hct%
was similar between the rHUEPO and placebo groups.*
Heterogeneity between the two studies is low (I’=0%).
Test for overall effect: Z=2.58 (p=0.01) (SMD=1.09 (0.26—
1.93)). The forest plot suggests a high dose of rHUEPO
improves hct% more than placebo in the immediate
term (figure 2.3.2).

Short-term outcome

Eight of these studies examined the shortterm
effects. 1815 19-21 28 24
Low dose

Three studies reported that hct% was significantly higher
in the rHUEPO group compared with the placebo group
(p<0.001, p<0.00001, p<0.001).° 11>

Heterogeneity was moderate (I’=42%). Quantitative
analysis was performed, but results should be considered
with caution. Test for overall effect: Z=5.67 (p<0.00001)
(SMD=2.33 (1.53-3.14)). The forest plot suggests low-
dose rHUEPO improves hct% more than placebo in the
short term (figure 2.3.3).

Medium dose
Six studies reported that hct% was significantly
higher in rHuEPO group compared with the placebo
group (p<0.001, p<0.01, p<0.01, p<0.05, p<0.05,
p<0.01).1319-2123 24

Heterogeneity between the studies was low (I°=0%).
Test for overall effect: Z=6.28 (p<0.00001) (SMD=1.60
(1.10-2.09)). The forest plot suggests medium-dose
rHuEPO improves hct% more than placebo in the short
term (figure 2.3.4).

High dose

One study reported that hct% was significantly higher
in tTHUEPO group compared with the placebo group
(p<0.001)."

Haemoglobin concentration

i ies 1 : 13 15 19-21 28 24
There are eight studies in this Category.6 519-21232

Immediate-term outcome

There are two studies in this category."” **

Low dose

One study reported that Hb was significantly higher in
the rTHUEPO group compared with the placebo group
(p<0.01).”

Medium dose
Two studies reported no significant difference between
the placebo group and the rHuEPO group."” *
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Heterogeneity between the two groups is low (I12=0%).
Test for overall effect: Z=1.19 (p=0.24) (SMD=0.41 (-0.27
to 1.08)). The forest plot suggests that medium-dose
rHuEPO does not improve Hb more than placebo in the
immediate term (figure 2.3.5).

High dose

One study reported that Hb was significantly higher in
the rHUEPO group compared with the placebo group
(p<0.05)."

Short-term outcome
Low dose
Three studies reported that Hb was significantly higher
in the rHuEPO group compared with the placebo group
(p<0.01, p<0.0001, p<0.001).°1*15

Heterogeneity is substantial (I>=62%); hence, quantita-
tive analysis was not performed.

Medium dose
Six studies reported that Hb was significantly higher in
the rHUEPO group compared with the placebo group
(p<0.01,p<0.01,p<0.01,p<0.05, p<0.05, p<0.01) 13197212324
Heterogeneity was low (I’=0%). Test for overall effect:
7=5.98 (p<0.00001) (SMD=1.48 (1.00-1.97)). The forest
plot suggests medium-dose rHUEPO improves Hb more
than placebo in the short term (figure 2.3.6).

High dose
Two studies reported that Hb was significantly higher in
the THUEPO group compared with the placebo group
(p<0.001, p<0.05)." '®

Heterogeneity is moderate (I>=47%). Quantitative
analysis was performed, but results must be considered
with caution. Test for overall effect: Z=3.23 (p=0.001)
(SMD=1.73 (0.68-2.78)). The forest plot suggests high-
dose rHUEPO improves Hb more than the placebo in the
short term (figure 2.3.7).

Pulmonary measures

Pulmonary ventilation

There is only one study in this category.”* Outcomes were
attained through submaximal and maximal testing.*

Immediate-term outcome
This study reported that pulmonary ventilation was
significantly higher in the high-dose rHuEPO group
compared with the placebo group.” This difference was
observed in settings of submaximal low-intensity exer-
cise in normoxia (p<0.01) and submaximal low-intensity
exercise in hypoxia (p<0.001).22

However, no significant between-group difference was
observed when pulmonary ventilation was measured
during maximal high-intensity exercise in normoxia."”

Maximal oxygen consumption

There are eight studies in this category (VO,
max).® P 1202 Outcomes were attained through
maximal testing for all studies.® ' 17 15721 24

Immediate-term outcome

One study reported that VO, max was significantly higher
in the groups receiving low, medium or high doses of
rHuEPO compared with the placebo group (p<0.05,
p<0.01, p<0.05)."

Short-term outcome

Low dose

There are three studies in this category.’ *'° One study
reported no significant difference in VO, max between
the placebo group and the rHUEPO group.'® However,
the other two studies reported that VO, max was signifi-
cantly higher in the rHuUEPO group compared with the
placebo group (p=0.0026, p<0.01).°"

Heterogeneity is low (I?=0). Test for overall effect:
7=3.50 (p=0.0005) (SMD=0.79 (0.35-1.23)). The forest
plot suggests low-dose rHUEPO improves VO, max more
than placebo in the short term (figure 2.4.1).

One of these studies also reported that if training level
was kept constant (ie, both rHuEPO and placebo group
received training over the duration of the observation
period), there was no significant difference in VO, max
between the two groups.'

Medium dose
Five studies reported that VO, max was significantly
higher in the rHUEPO group compared with the placebo
group (p<0.01, p<0.05, p<0.05, p<0.05, p<0.05)."> 1921 24
Heterogeneity is low (I’=0%). Test for overall effect:
7=3.64 (p=0.0003) (SMD=0.92 (0.42-1.41)). The forest
plot suggests medium-dose rHUuEPO improves VO, max
more than placebo in the short term (figure 2.4.2).

High dose
Two studies reported that VO, max was higher in the
rHuEPO group compared with the placebo group
(p<0.01, p<0.001)."*1®

Heterogeneity is low (I?=38%). Test for overall effect:
7=2.30 (p=0.02) (SMD=1.01 (0.15-1.88)). The forest plot
suggests high-dose rHUEPO improves VO, max more
than placebo in the short term (figure 2.4.3).

Submaximal oxygen consumption
There are two studies in this Category.(’ ¥ Outcomes were
attained through submaximal testing for both studies.® **

Immediate-term outcome

One study reported no significant difference between the
placebo group and the groups that received low, medium
or high doses of rHUEPO."

Short-term outcome

Low dose

Two studies reported no significant difference between

the placebo group and the rHuEPO group.®"?
Heterogeneity between the two studies is low (I’=31%).

Test for overall effect: Z=1.48 (p=0.14) (SMD=0.47 (-0.15

to 1.10)). The forest plot suggests low-dose rHUEPO does
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not improve submaximal VO, more than placebo in the
short term (figure 2.4.4).

Medium dose
One study reported no significant difference between the
placebo group and the rHUEPO group."”

High dose
One study reported no significant difference between the
placebo group and the rHUEPO group."”

DISCUSSION

Quantitative analyses revealed moderate-quality evidence
that in the immediate term, a high dose of rHuEPO
(>13 750 TU/week) significantly increases hct% more
than placebo. Additionally, moderate-quality evidence
revealed that in the short term, low and high doses
(<6875 and >13 750 IU/week) significantly improve
VO2 max; low doses (<6875 IU/week) increase hct%;
and low doses (<6875 IU/week) do not significantly
increase submaximal VOQ (table 2). Furthermore, there
was low-quality evidence that in the immediate term low
doses significantly increase Hb. Additionally, low-quality
evidence revealed that in the short term low doses signifi-
cantly improve POmax; medium doses (6875-13 750 U/
week) do not significantly increase POmax, but signifi-
cantly improve TTE, hct%, Hb and VO, max; and high
doses (>13 750 IU/week) increase Hb (table 2). More-
over, quantitative and qualitative analyses revealed that
most outcomes measured under submaximal conditions
appeared similar between groups (table 2).

It has been argued that submaximal performance
testing may be more clinically relevant to athletic competi-
tion conditions.’*® For instance, endurance competitions
are performed at a wide range of submaximal intensities
rather than strictly at maximal intensity."> Unfortunately,
only 4 of the 10 studies conducted submaximal exercise
tests.” 1 19 #* While outcomes measured using submax-
imal exercise tests were similar between rHuEPO and
placebo groups for RPE, TTE, power output, Mont
Ventoux race times and VO,, only one meta-analysis
for submaximal VO, could be performed. The results
revealed moderate-quality level of evidence that in the
short term a low dose of rHUEPO did not improve abso-
lute submaximal VOQ.6 " In contrast, there were only 3
out of 23 outcomes measured under submaximal testing
conditions which yielded significant between-group
differences.'” ' * The first study that reported significant
differences under submaximal conditions reported that
high doses of rHUEPO improved TTE in the short term,
and a second study found similar results but for medium
doses.”” ' A third study reported that pulmonary venti-
lation was significantly higher in the high-dose rHUEPO
group compared with the placebo group.”” However, the
first and third studies possessed a limited sample size and
used a relatively higher dose compared with any compar-
isons that generated non-significant submaximal testing
results.”” ** The second study possessed a limited sample

size and suffered from a high risk of bias."’ The first and
second studies also used tests that required participants to
pedal until failure, which is similar to a maximal exercise
test; therefore, the submaximal test used may be a poor
representative of competition-like settings.’ "’ ** Despite
this limitation, outcomes measured during maximal
exercise intensities are still important and should not
be disregarded when assessing performance. Endur-
ance sports still involve instances of maximal effort, for
instance sprinting to the finish line of a long race. Due to
the limited number of studies investigating the ergogenic
effects of rHUEPO during submaximal versus maximal
exercise intensities, there remains uncertainty and more
original research needs to be conducted.

Haematological parameters, hct% and Hb generally
increased with rHuEPO treatment as expected, likely
attributed to increased haemoconcentration.”” Mean-
while, improvements in VO, max at similar treatment
durations and dosages were also observed. These find-
ings confirm previous notions that i 1mpr0vements in VO,
max are attributed to increases in Hb.*® Meanwhile, some
studies suggest that total red cell mass may be a more
relevant parameter given its closer correlation with VO,
max.”* However, no conclusions can be drawn as there
were no published data available.

Moreover, there does not appear to be a dose-
dependent relationship between rHuEPO and athletic
performance, and the specific dosage threshold for the
ergogenic effects of rHUEPO remains unclear. Addi-
tionally, only 6 of the 10 studies in this review recruited
participants who were trained athletes.® ' '* 22! # Tyo
studies used untrained participants.”” * Meanwhile,
two studies did not report training status of the partici-
pants.'?** The effects of rHUEPO may differ in endurance
trained athletes and untrained individuals."’ ** A priori
sensitivity analyses for training status were not conducted
given the limited number of studies per analysis. Hence,
more studies with larger sample sizes are needed in order
to better elucidate these relationships.

With regard to policy implications, it is important to
acknowledge that a substance’s potential to enhance
performance is only one of the three criteria that WADA
considers when determining its inclusion in the prohib-
ited list.”” Doping policymakers must also examine any
health risks to athletes and potential violations to the
‘spirit of sport’. Therefore, even if one of these dimen-
sions is inconclusive, prohibition may still be justifiable.

Limitations of this review include participant demo-
graphics, heterogeneity, risk of bias, dissimilar baseline
values and limitations in our search. First, the effects
of rHuEPO on athletic performance were solely
investigated in male participants, thus limiting gener-
alisability. Next, heterogeneity between the included
trials appeared at several levels, including study method-
ology, sample size, participant training status, duration
of the study, intervention and outcomes measured. As
a result of heterogeneity, stratification based on treat-
ment duration and dosages yielded very few studies in
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each category. With so few studies in each category and
small sample sizes in each study, the real estimate of

o the effect may be less confident. Moreover, all included
g studies except two were assessed to have a low risk of bias
% (table 3)."9% The first exception did not declare random
£ sequence generation, and the rHUEPO group was aware
gg that they were receiving rHuEP(O.19 The second excep-
Sx tion was completely unblinded.** Hence, both studies
¢S were downgraded to having a high risk of bias. Finally,

the meta-analyses were completed using a comparison
£ of final measurements between rHuEPO and placebo
2. groups. Despite how all our analyses included randomised
%'g controlled trials, baseline values between intervention
£3 and control groups may not have been truly balanced
8

given limited sample sizes. It was not possible to make
any adjustments because correlation coefficients between
pretreatment and post-treatment values were unknown,
and independence could not be assumed given the effects
of time, training and test-retest learning.”" Furthermore,
despite the aid of two librarians, some relevant studies
may still have been missed in this review as only literature
published in the English language was included. Finally,
experts, including several authors of included and
excluded studies, were contacted by email for guidance
and missing data. These authors either did not respond
or no longer had access to their original data and were
unable to provide additional help. This might have had
an effect on the grouping of our studies and the results
in each of the categories. Overall, results should be inter-
preted with caution due to heterogeneity among trials
and inclusion of only male participants.

rHUEPO, high-dose (>13 750 1U/

week)

CONCLUSION

There is low-to-moderate evidence suggesting that low,
medium and high doses of rHUEPO may be more bene-
ficial than placebo in enhancing athletic performance.
These ergogenic effects, however, are almost exclu-
sively seen during maximal exercise intensities. Athletic
performance mostly appears similar between placebo
and intervention groups during submaximal exercise

rHUEPO, medium-dose (6876-13 750 IU/

week)

rHUEPO, low-dose (<6875 IU/week)

impact on our confidence in the estimate of effect and may change the estimate; low quality (©@®00): further research is very likely to have an important impact on our confidence in the estimate of effect and is likely to

FNumber of participants and studies for outcomes that underwent quantitative analysis were listed below. For outcomes that underwent qualitative analysis, number of participants and studies were listed in the grey boxes.
YIGRADE Working Group grades of evidence: high quality (®®®®): further research is very unlikely to change our confidence in the estimate of effect; moderate quality (®@®®0°): further research is likely to have an important

GRADE, Grading of Recommendations Assessment Development and Education ; N/A, not available; rHUEPO, recombinant human erythropoietin; SMD, standard mean difference; TTE, time to exhaustion.
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