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SYSTEMATIC REVIEW

Factors Confounding the Athlete Biological 
Passport: A Systematic Narrative Review
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Abstract 

Background:  Through longitudinal, individual and adaptive monitoring of blood biomarkers, the haematological 
module of the athlete biological passport (ABP) has become a valuable tool in anti-doping efforts. The composition 
of blood as a vector of oxygen in the human body varies in athletes with the influence of multiple intrinsic (genetic) 
or extrinsic (training or environmental conditions) factors. In this context, it is fundamental to establish a comprehen-
sive understanding of the various causes that may affect blood variables and thereby alter a fair interpretation of ABP 
profiles.

Methods:  This literature review described the potential factors confounding the ABP to outline influencing factors 
altering haematological profiles acutely or chronically.

Results:  Our investigation confirmed that natural variations in ABP variables appear relatively small, likely—at least 
in part—because of strong human homeostasis. Furthermore, the significant effects on haematological variations 
of environmental conditions (e.g. exposure to heat or hypoxia) remain debatable. The current ABP paradigm seems 
rather robust in view of the existing literature that aims to delineate adaptive individual limits. Nevertheless, its objec-
tive sensitivity may be further improved.

Conclusions:  This narrative review contributes to disentangling the numerous confounding factors of the ABP to 
gather the available scientific evidence and help interpret individual athlete profiles.
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Key Points

•	 Through longitudinal, individual and adaptive moni-
toring of blood biomarkers, the haematological 
module of the athlete biological passport (ABP) has 
become a valuable tool in anti-doping efforts

•	 This literature review described the potential factors 
confounding the ABP to outline influencing factors 
altering haematological profiles acutely or chroni-
cally.

•	 While our results support the current ABP paradigm 
as rather robust to delineate adaptive individual lim-

its, our work may contribute to disentangling the 
numerous confounding factors of the ABP to gather 
the available scientific evidence.

Introduction
The concept of an athlete biological passport (ABP) 
was developed in the early 2000s and officially intro-
duced in 2009 [1], marking a turning point in the anti-
doping field. With the haematological and steroidal 
modules of the ABP, blood and urine variables were no 
longer utilised exclusively as direct screening param-
eters but as robust markers of either erythropoietic 
stimulation or steroid intake in individual, longitudinal 
monitoring [2]. This indirect screening approach is per-
tinent because indirect biological markers may reveal 
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abnormal variations in blood and urine potentially 
induced by doping [3].

The ABP is implemented with an adaptive probabil-
istic model based on a Bayesian approach [4] to deter-
mine the probability that an athlete’s haematological 
variations are of prohibited origin [5]. Therefore, the 
effect of doping is not directly examined via the modifi-
cation of the biological parameters but via the variation 
in the mean and standard deviation of these biomarkers 
[3]. When a first sample is collected, upper and lower 
thresholds are determined with population-based aver-
age benchmarks [5]. These individual limits are then 
subsequently and progressively adapted based on each 
athlete’s values as additional samples are taken [5].

Fourteen parameters are currently recorded and 
analysed as part of the ABP haematological module in 
the online Anti-Doping Administration and Manage-
ment System (ADAMS), which was developed and sup-
ported by the World Anti-Doping Agency (WADA). 
In ADAMS, two primary markers are monitored with 
remarkably strict operating guidelines [1]: haemo-
globin concentration ([Hb]) and the erythropoiesis 
stimulation index ‘OFF-Score’ (OFFs), calculated as 
OFFs = [Hb] − 60 × √Ret%, including the percentage 
of reticulocytes (Ret%) and [Hb] in g  L−1. An atypical 
passport finding (ATPF) is generated when a primary 
marker value falls outside the athlete’s intra-individual 
range or when a longitudinal profile of primary marker 
values is outside expected ranges (sequence deviations), 
assuming a normal physiological condition’ [1]. A level 
of specificity of 99% (outliers correspond to the values 
outside the 99%-range i.e. at least 1:100 chance that this 
result is due to natural physiological origin) is required 
for the system to notify an ATPF.

The ABP uses this quantitative Bayesian model to 
detect an ATPF. Then, a qualitative expert review by the 
Athlete Passport Management Unit (APMU) handles 
administration of the individual passport before even-
tually requesting an evaluation by three independent 
ABP experts [4].

The latter expert review is essential because factors 
other than doping, such as physiological variations of 
biological origin or the results of an athlete’s activity 
[3], may explain variations in haematological biomark-
ers. Interestingly, the plasma volume (PV) is at the core 
of many haematological changes [6], and [Hb], which 
is, by definition, measured as a concentration, may 
significantly vary and become difficult to interpret if 
PV changes [7]. In an athletic context, red blood cells 
diluted in plasma will be affected differently by condi-
tions such as acute and chronic exercise, environmental 
factors or certain illnesses [8], and these conditions can 

be defined as confounding factors leading to a potential 
misinterpretation of the ABP biomarker variations [9].

The variability caused by confounders can, however, 
be significantly reduced by understanding the nature of 
these factors [3]. Four main sources of variation may be 
outlined: pre-analytical and analytical conditions, physi-
cal exercise, environmental conditions and individual 
characteristics. Currently, very strict guidelines for blood 
collection and analyses [10, 11] address the effect of pre-
analytical and analytical variations. In the current ABP 
operating guidelines [1], the notion of confounding fac-
tors is outlined only for the steroidal module (i.e. urine 
testing) of the ABP with reference to a recent review of 
confounders by Kuuranne et al. [12]. However, to the best 
of our knowledge, no systematic review has thoroughly 
examined the potential confounders affecting biomarkers 
of the haematological module. We hypothesise that the 
scientific evidence of confounders impacting blood pro-
files may challenge the current ABP approach. A review 
of the factors confounding hematological variables may 
thus help experts in their interpretation of abnormal ABP 
profiles.

Therefore, this systematic review investigates the exist-
ing literature regarding the various factors influencing 
haematological markers. Its results, presented in a nar-
rative format, aim to enhance ABP experts’ prevailing 
understanding of these confounders.

Methodological Approach
Information Sources
Nine potential confounding factors of the haematological 
module were identified at the beginning of this review: 
doping practices, acute exercise, chronic training, expo-
sure to a hot environment, exposure to a cold environ-
ment, exposure to a hypoxic environment, individual 
disorders or diseases, athlete characteristics and pre-ana-
lytical factors (Fig. 1).

A literature search was conducted in June 2020 on the 
PubMed and Google Scholar platforms with the above 
factors as research terms used in various combinations 
with the following terms: (haemoglobin OR haematocrit 
OR reticulocyte OR plasma volume) AND (haematology 
OR haematology OR haematological variation OR hae-
matological parameter) AND (athlete) AND (sport).

Study Selection
From the results, the authors selected the most rel-
evant articles considering the broad spectrum of dif-
ferent confounding factors potentially involved in 
blood variations. The main findings are presented 
in the result tables. Initially, all resulting titles and 
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abstracts (n = 2325) were screened with adequate arti-
cles retained for further evaluation (n = 535). Grey 
literature was included by screening the references of 
the most relevant articles. Only studies in English with 
human subjects were considered for inclusion.

Eligibility Criteria
Studies where the effects of at least two confound-
ing factors could not be clearly discriminated were 
excluded. Studies including both of the two primary 
ABP biomarkers (i.e. [Hb] and Ret%) were identified in 
a first selection round (n = 124). At this stage, however, 
no studies related to climatic conditions (heat and 
cold exposure) matched with the above-mentioned 
inclusion criteria, despite the fact that these condi-
tions exhibit an impact on PV variations affecting ABP 
markers. Hence, several articles related to environ-
mental conditions but reporting no direct measure-
ments of Ret% or [Hb] were included in this review 
when PV changes (with a subsequent impact on [Hb]) 
were deemed pertinent. The process resulted in the 

selection of 82 pertinent studies in an anti-doping con-
text where added value for the interpretation of ABP 
profiles was identified (as illustrated in the PRISMA 
flow diagram below in Fig. 2).

Data Extraction
With the existence of strict WADA guidelines ruling 
out confounders mentioned in the doping control forms 
[1], this narrative review will, however, focus mainly on 
confounding effects not addressed by the latter WADA 
rules. By reviewing the multiple confounders identified 
(Fig. 1), some pre-analytical factors (e.g. acute exercise or 
exposure to various extreme environments) may exert a 
significant influence on the haematological biomarkers, 
increasing the risk of misinterpretation of blood profiles. 
The period of influence these factors ranges from a few 
minutes (e.g. body position during sampling [13]) to a 
few hours (e.g. intense exercise [14]), and can, therefore, 
alter blood variables. For this review, we have considered 
the relative changes observed after an intervention or in 
a specific condition for the following physiological vari-
ables: [Hb], Ret%, OFF-Score, haematocrit (Hct) and PV.

Fig. 1  Illustration of initially identified confounding factors
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Results
The literature review indicates that doping practices rep-
resent a major confounder altering the ABP haematologi-
cal variables most significantly (Tables  1 and 2). Other 

significant changes were observed after prolonged exer-
cise (Tables 3 and 4), exercise training (Table 5), training 
periodisation (Table  6), thermal acclimation (Table  7) 
and hypoxic training (Table  8). Athlete characteristics 

Fig. 2  “PRISMA” flow diagram (Moher et al., 2009) Haemoglobin concentration ([Hb]); reticulocytes percentage (Ret%)
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Table 1  Changes of haematological variables related to rhEPO doping protocol

Numbers represent the relative changes during the most significant measurement: haemoglobin concentration ([Hb]), reticulocytes percentage (Ret%), OFF-Score 
(OFFS), haematocrit (Hct) and plasma volume (PV). Values in italics correspond to absolute variations

Authors Subjects Interventions [Hb] Ret% OFFs Hct PV

rhEPO doping

Bejder, Aachmann-
Andersen et al. [15]

Recreational athletes 
(n = 16)

Sixteen subjects received 
either 65 IU rhEPO·kg−1 
every second day for 
2 weeks (G1/normal-dose) 
or 390 IU rhEPO·kg−1 on 
3 consecutive days (G2/
high-dose) for 13 d in a 
randomised, placebo-
controlled, double-blind 
crossover design

=/= ↑ + 81% ↓ − 14% – –

(NS) ↑ + 135% (11 d) ↓ − 21% (11 d)

↓ − 26% ↑ + 18%

↓ − 21% ↑ + 13%

(25 d) (25 d)

Bornø et al. [16] Recreational athletes 
(n = 24)

Twenty-four human 
subjects divided into three 
groups with eight subjects 
each were injected with 
rhEPO. The G1 and G2 
groups received rhEPO 
for a 4-week period 
with 2 weeks of boost-
ing followed by 2 weeks 
of maintenance and a 
washout period of 3 weeks. 
G3 received rhEPO for a 
10-week period: boost 
(3 weeks/T1), maintenance 
(7 weeks/T2) and washout 
(1 week/T3)

= ↑ ↓ – –

(T1) (T1) (T1)

↑ ↓ ↑
(T3) (T3) (T3)

Clark et al. [17] Recreational athletes 
(n = 16)

Eight subjects were 
assigned to receive six 
subcutaneous high-doses 
of 250 IU·kg−1 of rhEPO 
over 2 weeks (G1) while 
eight other subjects were 
assigned to receive six 
high-doses plus nine 
rhEPO micro-doses over a 
further 3 weeks (G2)

↑ + 1.5  + 0.7% ↓ − 37pt ↑ + 6% ↓ − 6dL

↑ + 2.8 g·dL−1  + 1.0% ↓ − 17pt ↑ + 10% ↓ − 2dL

(2 weeks) (2 weeks) ↑ (2 weeks) (2 weeks) (2 weeks)

↑ (4 weeks)

Ashenden et al. [18] Recreational athletes 
(n = 10)

Ten subjects were given 
twice-weekly intravenous 
micro-dose injections of 
rhEPO for up to 12 weeks. 
All subjects received the 
same total quantity of 
rhEPO (adjusted for body 
weight) during the titration 
phase

= = = – –

(NS) (NS) (NS)

Haile et al. [19] Runners (n = 20) Twenty well-trained 
Kenyan endurance run-
ners living and training 
at approximately 2150 m 
received rhEPO injections 
of 50 IU·kg−1 body mass 
every 2 d for 4 weeks. This 
cohort (KEN) was com-
pared with a previously 
published cohort (SCO) 
of 19 Scottish endurance-
trained men based at or 
near sea level

↑ + 10% ↑ ↓ ↑ + 10% –

(4 weeks) (4 weeks) (4 weeks) (4 weeks)

↑
(6 weeks)



Page 6 of 30Krumm and Faiss ﻿Sports Med - Open            (2021) 7:65 

Ta
bl

e 
2 

C
ha

ng
es

 o
f h

ae
m

at
ol

og
ic

al
 v

ar
ia

bl
es

 re
la

te
d 

to
 v

ar
io

us
 d

op
in

g 
pr

ac
tic

es

N
um

be
rs

 re
pr

es
en

t t
he

 re
la

tiv
e 

ch
an

ge
s 

du
rin

g 
th

e 
m

os
t s

ig
ni

fic
an

t m
ea

su
re

m
en

t: 
ha

em
og

lo
bi

n 
co

nc
en

tr
at

io
n 

([H
b]

), 
re

tic
ul

oc
yt

es
 p

er
ce

nt
ag

e 
(R

et
%

), 
O

FF
-S

co
re

 (O
FF

S)
, h

ae
m

at
oc

rit
 (H

ct
) a

nd
 p

la
sm

a 
vo

lu
m

e 
(P

V
). 

Va
lu

es
 in

 it
al

ic
s 

co
rr

es
po

nd
 to

 a
bs

ol
ut

e 
va

ria
tio

ns

A
ut

ho
rs

Su
bj

ec
ts

In
te

rv
en

tio
ns

[H
b]

Re
t%

O
FF

s
H

ct
PV

Bl
oo

d 
tr

an
sf

us
io

n 
do

pi
ng

D
am

sg
aa

rd
 e

t a
l. 

[2
0]

Re
cr

ea
tio

na
l a

th
le

te
s 

(n
 =

 1
0)

H
ae

m
at

ol
og

ic
al

 p
ar

am
et

er
s 

w
er

e 
m

ea
su

re
d 

in
 

10
 h

ea
lth

y 
m

al
e 

su
bj

ec
ts

 a
t b

as
el

in
e 

an
d 

af
te

r 
th

e 
w

ith
dr

aw
al

 o
f 2

0%
 (1

.3
 L

) o
f t

he
 s

ub
je

ct
s’ 

bl
oo

d 
vo

lu
m

e 
on

 d
 0

, +
 1

, +
 3

, +
 7

, +
 1

4,
 +

 2
1 

an
d 
+

 2
8 

(W
) a

nd
 a

ft
er

 re
in

fu
si

on
 o

f 0
.8

 L
 o

f 
pa

ck
ed

 R
BC

s 
on

 d
 0

, +
 1

, +
 3

, +
 7

, +
 1

4 
an

d 
+

 2
1 

(R
)

↓ 
−

 1
4%

 (W
 +

 1
)

↑ 
+

 4
5%

 (W
 +

 1
)

↓ 
−

 3
8%

 (W
 +

 1
)

↓ 
−

 1
5%

 (W
 +

 1
)

–

↑ 
+

 4
%

 (R
 +

 1
)

↓ 
−

 3
8%

 (R
 +

 7
)

↑ 
+

 1
0%

 (R
 +

 1
)

↑ 
+

 4
%

 (R
 +

 1
)

La
m

be
rt

i e
t a

l. 
[2

1]
Re

cr
ea

tio
na

l a
th

le
te

s 
(n

 =
 2

4)
Bl

oo
d 

sa
m

pl
es

 w
er

e 
ta

ke
n 

fro
m

 th
e 

su
bj

ec
ts

 
at

 b
as

el
in

e 
an

d 
af

te
r w

ith
dr

aw
al

 a
nd

 re
in

fu
-

si
on

 o
f 4

50
 m

L 
of

 re
fri

ge
ra

te
d 

or
 c

ry
op

re
-

se
rv

ed
 b

lo
od

. M
ea

su
re

m
en

ts
 w

er
e 

ta
ke

n 
at

 
ba

se
lin

e 
(D

-4
0)

, w
ith

dr
aw

al
 (D

-2
5)

, r
ei

nf
us

io
n 

(D
-0

) a
nd

 D
 +

 3
, D

 +
 6

 a
nd

 D
 +

 1
5

↓ 
−

 6
%

 (−
 2

5 
d)

↑ 
+

 5
7%

 (−
 2

5 
d)

↓ 
−

 2
5%

 (−
 2

5 
d)

↓ 
−

 6
%

 (−
 2

5 
d)

–

↑ 
+

 6
%

 (3
 d

)
↓ 
−

 2
3%

 (6
 d

)
↑ 
+

 1
0%

 (3
 d

)
↑ 
+

 6
%

 (3
 d

)

Be
jd

er
 e

t a
l. 

[2
2]

Cy
cl

is
ts

 (n
 =

 9
)

N
in

e 
hi

gh
ly

 tr
ai

ne
d 

m
al

e 
su

bj
ec

ts
 d

on
at

ed
 

tw
o 

45
0 

m
L 

bl
oo

d 
ba

gs
 e

ac
h 

(B
T)

 o
r w

er
e 

sh
am

 p
hl

eb
ot

om
is

ed
 (P

LA
). 

Fo
ur

 w
ee

ks
 la

te
r, 

a 
65

0-
kc

al
 ti

m
e 

tr
ia

l (
n 
=

 7
) w

as
 p

er
fo

rm
ed

 3
 

d 
be

fo
re

 a
nd

 2
 h

 a
ft

er
 re

ce
iv

in
g 

ei
th

er
 ~

 5
0%

 
(1

35
 m

L)
 o

f t
he

 R
BC

 o
r a

 s
ha

m
 tr

an
sf

us
io

n

↑ 
+

 3
%

 (2
 h

)
=

 (N
S)

–
↑ 
+

 3
%

 (2
 h

)
–

Ca
rb

on
 m

on
ox

id
e 

ex
po

su
re

Sc
hm

id
t e

t a
l. 

[2
3]

Re
cr

ea
tio

na
l a

th
le

te
s 

(n
 =

 2
2)

Su
bj

ec
ts

 in
ha

le
d 

a 
pr

e-
de

te
rm

in
ed

 C
O

 b
ol

us
 

fiv
e 

tim
es

 p
er

 d
ay

, s
ta

rt
in

g 
at

 8
 a

.m
. a

nd
 

th
en

 e
ve

ry
 4

 h
 u

nt
il 

m
id

ni
gh

t. 
Su

bj
ec

ts
 w

er
e 

al
lo

w
ed

 to
 s

le
ep

 fr
om

 m
id

ni
gh

t t
o 

8 
a.

m
. 

w
ith

ou
t t

ak
in

g 
a 

CO
 b

ol
us

↑ 
+

 4
%

 (2
 w

ee
ks

)
↑ 
+

 1
6%

 (1
 w

ee
ks

)
=

 (N
S)

↑ 
+

 4
%

 (2
 w

ee
ks

)
=

 (N
S)

D
es

m
op

re
ss

in
 u

se

Sa
nc

hi
s-

G
om

ar
 e

t a
l. 

[2
4]

Re
cr

ea
tio

na
l a

th
le

te
s 

(n
 =

 8
)

Ve
no

us
 b

lo
od

 s
am

pl
es

 w
er

e 
ob

ta
in

ed
 

fro
m

 e
ig

ht
 p

hy
si

ca
lly

 a
ct

iv
e 

m
al

es
 o

n 
tw

o 
oc

ca
si

on
s. 

O
n 

th
e 

fir
st

 o
cc

as
io

n,
 th

e 
su

bj
ec

ts
 in

ge
st

ed
 1

.5
 L

 o
f m

in
er

al
 w

at
er

 a
nd

 
4.

3 
μg

·k
g−

1  o
fd

es
m

op
re

ss
in

 (T
1)

. O
n 

th
e 

se
co

nd
 o

cc
as

io
n,

 th
e 

su
bj

ec
ts

 in
ge

st
ed

 1
.5

 L
 

of
 m

in
er

al
 w

at
er

 (T
2)

↓ 
−

 9
%

 (T
1)

=
 (N

S)
↓ 
−

 1
0%

 (T
1)

↓ 
−

 8
%

 (T
1)

–

Xe
no

n 
us

e

D
ia

s 
et

 a
l. 

[2
5]

Re
cr

ea
tio

na
l a

th
le

te
s 

(n
 =

 2
2)

Th
re

e 
in

de
pe

nd
en

t e
xp

er
im

en
ta

l p
ro

to
co

ls
 

w
er

e 
co

m
pl

et
ed

 to
 a

ch
ie

ve
 th

e 
in

di
vi

du
al

 
ai

m
s 

of
 th

is
 s

tu
dy

. T
o 

de
te

rm
in

e 
th

e 
ch

ro
ni

c 
eff

ec
ts

, e
ig

ht
 s

ub
je

ct
s 

br
ea

th
ed

 F
iX

e 
70

%
 fo

r 
2 

m
in

 o
n 

7 
co

ns
ec

ut
iv

e 
da

ys

↓ 
−

 7
%

 (1
5 

d)
=

 (N
S)

–
↓ 
−

 8
%

 (1
5 

d)
↑ 
+

 1
4%

 (1
5 

d)



Page 7 of 30Krumm and Faiss ﻿Sports Med - Open            (2021) 7:65 	

Ta
bl

e 
3 

C
ha

ng
es

 o
f h

ae
m

at
ol

og
ic

al
 v

ar
ia

bl
es

 re
la

te
d 

to
 p

ro
lo

ng
ed

 a
nd

 m
ul

tid
ay

 e
ve

nt
s 

in
 a

m
bi

en
t c

on
di

tio
ns

N
um

be
rs

 re
pr

es
en

t t
he

 re
la

tiv
e 

ch
an

ge
s 

du
rin

g 
th

e 
m

os
t s

ig
ni

fic
an

t m
ea

su
re

m
en

t: 
ha

em
og

lo
bi

n 
co

nc
en

tr
at

io
n 

([H
b]

), 
re

tic
ul

oc
yt

es
 p

er
ce

nt
ag

e 
(R

et
%

), 
O

FF
-S

co
re

 (O
FF

S)
, h

ae
m

at
oc

rit
 (H

ct
) a

nd
 p

la
sm

a 
vo

lu
m

e 
(P

V
). 

Va
lu

es
 in

 it
al

ic
s 

co
rr

es
po

nd
 to

 a
bs

ol
ut

e 
va

ria
tio

ns

A
ut

ho
rs

Su
bj

ec
ts

In
te

rv
en

tio
ns

[H
b]

Re
t%

O
FF

s
H

ct
PV

Pr
ol

on
ge

d 
ex

er
ci

se
 in

 n
or

m
al

 a
m

bi
en

t c
on

di
tio

ns

M
ill

er
, B

eh
ar

ry
 e

t a
l. 

[2
6]

Tr
ia

th
le

te
s 

(n
 =

 1
9)

Co
m

pl
et

e 
bl

oo
d 

co
un

t t
es

ts
 w

er
e 

co
nd

uc
te

d 
on

 
19

 Ir
on

m
an

 tr
ia

th
le

te
s 

be
fo

re
 a

nd
 a

ft
er

 a
n 

Iro
nm

an
 

tr
ia

th
lo

n 
to

 c
ha

ra
ct

er
is

e 
ch

an
ge

s 
in

 h
ae

m
at

ol
og

ic
al

 
pa

ra
m

et
er

s

↓ 
(2

 d
)

↓ 
(2

 d
)

↓ 
(2

 d
)

↓ 
(2

 d
)

↑ 
+

 1
6%

 (2
 d

)

Sc
hu

m
ac

he
r e

t a
l. 

[2
7]

Cy
cl

is
ts

 (n
 =

 3
9)

Tw
en

ty
-t

hr
ee

 m
al

e 
pr

of
es

si
on

al
 c

yc
lis

ts
 a

nd
 1

6 
in

ac
tiv

e 
co

nt
ro

l s
ub

je
ct

s 
w

er
e 

in
ve

st
ig

at
ed

 d
ur

in
g 

a 
5 

d 
ro

ad
 c

yc
lin

g 
st

ag
e 

ra
ce

 a
t s

ea
 le

ve
l. 

Sa
m

pl
es

 
w

er
e 

ob
ta

in
ed

 e
ve

ry
 m

or
ni

ng
 p

rio
r t

o 
th

e 
ra

ce
 a

nd
 

be
tw

ee
n 
+

 1
 a

nd
 +

 3
 h

 a
ft

er
 th

e 
en

d 
of

 e
ac

h 
st

ag
e

↓ 
−

 6
%

 (5
 d

)
=

 (N
S)

↓ 
−

 1
5%

 (4
 d

)
↓ 
−

 5
%

 (4
 d

)
↑ 
+

 5
%

 (5
 d

)

Fa
llo

n 
et

 a
l. 

[2
8]

Ru
nn

er
s 

(n
 =

 9
)

Bl
oo

d 
sa

m
pl

es
 w

er
e 

ob
ta

in
ed

 fr
om

 s
ev

en
 m

al
e 

an
d 

tw
o 

fe
m

al
e 

pa
rt

ic
ip

an
ts

 in
 a

 1
60

0 
km

 u
ltr

am
ar

at
ho

n 
fo

ot
 ra

ce
 b

ef
or

e 
(T

1)
, a

ft
er

 +
 4

 d
 (T

2)
 a

nd
 +

 1
1 

d 
(T

3)
 

of
 ru

nn
in

g 
an

d 
at

 th
e 

en
d 

of
 th

e 
ra

ce
 (T

4)

↓ 
−

 1
0%

 (T
3)

↑ 
+

 6
3%

 (T
3)

–
–

↑ 
+

 1
7%

 (T
3)

M
ør

ke
be

rg
 e

t a
l. 

[2
9]

Cy
cl

is
ts

 (n
 =

 2
8)

Fr
om

 D
ec

em
be

r 2
00

6 
to

 N
ov

em
be

r 2
00

7,
 3

74
 b

lo
od

 
sa

m
pl

es
 a

nd
 2

87
 u

rin
e 

sa
m

pl
es

 w
er

e 
ob

ta
in

ed
 fr

om
 

28
 e

lit
e 

m
al

e 
cy

cl
is

ts
 fr

om
 th

e 
D

an
is

h 
cy

cl
in

g 
te

am
, 

Te
am

 C
SC

. S
ev

en
 ri

de
rs

 w
er

e 
m

ea
su

re
d 

on
ce

 b
ef

or
e 

th
e 

ra
ce

 a
nd

 tw
ic

e 
du

rin
g 

th
e 

To
ur

 d
e 

Fr
an

ce

↓ 
−

 1
2%

 (1
9 

d)
=

 (N
S)

↓ 
(1

9 
d)

↓ 
(1

9 
d)

↑ 
(1

9 
d)

Vo
ss

 e
t a

l. 
[3

0]
Cy

cl
is

ts
 (n

 =
 1

2)
Tw

el
ve

 h
ig

hl
y 

tr
ai

ne
d 

cy
cl

is
ts

 ta
pe

re
d 

fo
r 3

 d
 b

ef
or

e 
6 

d 
of

 s
im

ul
at

ed
 in

te
ns

e 
st

ag
e 

ra
ci

ng
. S

am
pl

es
 w

er
e 

ta
ke

n 
in

 th
e 

m
or

ni
ng

 a
nd

 a
ft

er
no

on

↓ 
−

 1
3%

 (8
 d

)
=

 (N
S)

–
↓ 

(8
 d

)
↑ 
+

 2
4%

 (8
 d

)

Co
rs

et
ti 

et
 a

l. 
[3

1]
Cy

cl
is

ts
 (n

 =
 9

)
N

in
e 

pr
of

es
si

on
al

 c
yc

lis
ts

 e
ng

ag
ed

 in
 th

e 
20

11
 G

iro
 

d’
Ita

lia
 s

ta
ge

 ra
ce

. H
ae

m
at

ol
og

ic
al

 p
ar

am
et

er
s 

w
er

e 
m

ea
su

re
d 

d 
−

 1
 (p

re
-r

ac
e)

, d
 +

 1
2 

an
d 

d 
+

 2
2 

du
rin

g 
th

e 
ra

ce

↓ 
−

 9
%

 (1
2 

d)
=

 (N
S)

–
↓ 
−

 7
%

 (1
2 

d)
↑ 
+

 2
%

 (1
2 

d)

Lo
m

ba
rd

i, 
La

nt
er

i, 
Fi

or
el

la
 e

t a
l. 

[3
2]

Cy
cl

is
ts

 (n
 =

 2
53

)
Th

e 
st

ud
y 

po
pu

la
tio

n 
w

as
 c

om
pr

is
ed

 o
f m

al
e 

pr
of

es
-

si
on

al
 c

yc
lis

ts
 c

om
pe

tin
g 

in
 th

e 
20

10
 (n

 =
 1

44
) a

nd
 

20
12

 (n
 =

 1
09

) G
iro

Bi
o 

10
-d

 s
ta

ge
 ra

ce
s. 

Bl
oo

d 
sa

m
-

pl
es

 w
er

e 
ta

ke
n 

be
fo

re
 th

e 
st

ar
t o

f t
he

 ra
ce

 (T
1)

, a
t 

m
id

-r
ac

e 
(T

2)
 a

nd
 a

t t
he

 e
nd

 o
f t

he
 ra

ce
 (T

3)
. R

es
ul

ts
 

ar
e 

th
e 

av
er

ag
e 

of
 th

e 
tw

or
ac

es

↓ 
−

 9
%

 (T
2)

↓ 
−

 6
%

 (T
2)

↓↑
 (T

2)
 (T

3)
↓↑

 (T
2)

 (T
3)

–

↑ 
+

 1
5%

 (T
3)



Page 8 of 30Krumm and Faiss ﻿Sports Med - Open            (2021) 7:65 

Ta
bl

e 
4 

C
ha

ng
es

 o
f h

ae
m

at
ol

og
ic

al
 v

ar
ia

bl
es

 re
la

te
d 

to
 p

ro
lo

ng
ed

 a
nd

 m
ul

tid
ay

 e
ve

nt
s 

in
 s

pe
ci

fic
 c

on
di

tio
ns

N
um

be
rs

 re
pr

es
en

t t
he

 re
la

tiv
e 

ch
an

ge
s 

du
rin

g 
th

e 
m

os
t s

ig
ni

fic
an

t m
ea

su
re

m
en

t: 
ha

em
og

lo
bi

n 
co

nc
en

tr
at

io
n 

([H
b]

), 
re

tic
ul

oc
yt

es
 p

er
ce

nt
ag

e 
(R

et
%

), 
O

FF
-S

co
re

 (O
FF

S)
, h

ae
m

at
oc

rit
 (H

ct
) a

nd
 p

la
sm

a 
vo

lu
m

e 
(P

V
). 

Va
lu

es
 in

 it
al

ic
s 

co
rr

es
po

nd
 to

 a
bs

ol
ut

e 
va

ria
tio

ns

A
ut

ho
rs

Su
bj

ec
ts

In
te

rv
en

tio
ns

[H
b]

Re
t%

O
FF

s
H

ct
PV

Pr
ol

on
ge

d 
ex

er
ci

se
 in

 h
ot

 c
on

di
tio

ns

Ra
m

a 
et

 a
l. 

[3
3]

Ru
nn

er
s 

(n
 =

 1
9)

Th
e 

ra
ce

 w
as

 c
on

du
ct

ed
 o

ve
r fi

ve
 s

ta
ge

s 
(5

 d
) t

ot
al

lin
g 

a 
di

st
an

ce
 o

f 2
30

 k
m

. T
he

 d
ai

ly
 m

ax
im

um
 te

m
pe

ra
tu

re
 

ra
ng

ed
 b

et
w

ee
n 

32
 a

nd
 4

0 
°C

. P
re

-s
ta

ge
 b

lo
od

 s
am

pl
es

 
w

er
e 

co
lle

ct
ed

 w
ith

in
 th

e 
ho

ur
 p

rio
r t

o 
th

e 
st

ar
t o

f e
ac

h 
ru

nn
in

g 
st

ag
e

↓ 
−

 7
%

 (5
 d

)
–

–
↓ 
−

 8
%

 (5
 d

)
↑ 
+

 1
8%

 (5
 d

)

Za
pp

e 
et

 a
l. 

[3
4]

Cy
cl

is
ts

 (n
 =

 9
)

N
in

e 
su

bj
ec

ts
 w

er
e 

as
si

gn
ed

 to
 o

ne
 o

f t
w

o 
ex

pe
rim

en
-

ta
l t

re
at

m
en

ts
: e

uh
yd

ra
te

d 
(E

) a
nd

 h
yp

oh
yd

ra
te

d 
(H

). 
Fo

llo
w

in
g 

20
 m

in
 o

f a
 s

ea
te

d 
te

st
 in

 a
 w

ar
m

 e
nv

iro
n-

m
en

t, 
ea

ch
 s

ub
je

ct
 c

yc
le

d 
in

 a
 s

em
i-r

ec
lin

in
g 

po
st

ur
e 

fo
r 6

0 
m

in
 a

t t
hr

ee
 s

uc
ce

ss
iv

e 
in

te
ns

iti
es

, r
ep

re
se

nt
in

g 
22

%
 (T

1)
, 3

7%
 (T

2)
 a

nd
 5

3%
 (T

3)
 o

f t
he

 V
O

2m
ax

↑/
↑ 

(T
3)

–
–

↑/
↑ 

(T
3)

↓ 
−

 1
1%

↓ 
−

 1
1%

 (T
3)

G
ae

be
le

in
 a

nd
 S

en
ay

 [3
5]

Re
cr

ea
tio

na
l a

th
le

te
s 

(n
 =

 4
)

Fo
ur

 m
al

es
 w

er
e 

st
ud

ie
d 

du
rin

g 
cy

cl
e 

er
go

m
et

er
 e

xe
r-

ci
se

 a
nd

 s
ta

ir 
st

ep
pi

ng
 in

 a
 h

ot
, w

et
 e

nv
iro

nm
en

t (
32

 °C
) 

af
te

r e
xe

rt
io

n.
 V

en
ou

s 
bl

oo
d 

sa
m

pl
es

 w
er

e 
ob

ta
in

ed
 

24
 h

 b
ef

or
e 

ea
ch

 e
xe

rc
is

e 
an

d 
be

fo
re

 a
nd

 a
t l

0 
m

in
 

in
te

rv
al

s 
du

rin
g 

ea
ch

 e
xe

rc
is

e

↑ 
(1

0 
m

in
)

–
–

↑ 
(1

0 
m

in
)

↓ 
(1

0 
m

in
)

Pr
ol

on
ge

d 
ex

er
ci

se
 in

 h
yp

ox
ic

 c
on

di
tio

ns

G
ar

vi
ca

n-
Le

w
is

 e
t a

l. 
[3

6]
Cy

cl
is

ts
 (n

 =
 3

0)
Fo

ur
 te

am
s 

pa
rt

ic
ip

at
in

g 
in

 th
e 

20
13

 T
ou

r o
f Q

in
gh

ai
 

La
ke

 a
gr

ee
d 

to
 p

ar
tic

ip
at

e 
in

 th
e 

st
ud

y.
 H

ae
m

at
ol

og
i-

ca
l v

ar
ia

bl
es

 o
f s

ea
-le

ve
l (

SL
) a

nd
 a

lti
tu

de
 (A

LT
) c

yc
lis

ts
 

w
er

e 
m

ea
su

re
d 

du
rin

g 
a 

14
-d

 c
yc

lin
g 

ra
ce

, h
el

d 
at

 
11

46
–4

12
0 

m
, a

s 
w

el
l a

s 
du

rin
g 

a 
si

m
ul

at
ed

 to
ur

 n
ea

r 
se

a 
le

ve
l (

SI
M

)

↓ 
−

 4
%

 (1
0 

d)
↑ 
+

 2
8%

–
↓ 
−

 7
%

 (6
 d

)
↑ 
+

 1
5%

 (6
 d

)

↓ 
−

 8
%

↑ 
+

 2
4%

 (1
0 

d)
↓ 
−

 6
%

↑ 
+

 1
7%

↓ 
−

 7
%

 (1
4 

d)
↓ 
−

 1
8%

↓ 
−

 7
%

 (1
4 

d)
↑ 
+

 1
6%

 (1
4 

d)

↓ 
−

 3
5%

 (1
4 

d)

Sc
hu

m
ac

he
r e

t a
l. 

[3
7]

Cy
cl

is
ts

 (n
 =

 2
5)

Fo
ur

te
en

 s
ea

-le
ve

l (
SL

) a
nd

 e
le

ve
n 

al
tit

ud
e-

na
tiv

e 
(A

LT
), 

hi
gh

ly
 tr

ai
ne

d 
at

hl
et

es
 p

ar
tic

ip
at

ed
 in

 a
 1

4-
d 

cy
cl

in
g 

st
ag

e 
ra

ce
 ta

ki
ng

 p
la

ce
 a

t a
n 

av
er

ag
e 

al
tit

ud
e 

of
 2

49
6 

m
 

ab
ov

e 
se

a 
le

ve
l (

m
in

. 1
01

4 
m

, m
ax

. 4
12

0 
m

). 
Ra

ce
 

di
st

an
ce

s 
ra

ng
ed

 b
et

w
ee

n 
96

 a
nd

 2
27

 k
m

 d
−

1 . B
lo

od
 

sa
m

pl
es

 w
er

e 
ta

ke
n 

on
 d

 −
 1

, +
 3

, +
 6

, +
 1

0,
 +

 1
4 

(S
L)

 
an

d 
−

 1
, +

 9
, +

 1
5 

(A
LT

)

↓ 
(1

4 
d)

↑ 
(1

4 
d)

↓ 
(1

4 
d)

–
↑ 

(1
4 

d)



Page 9 of 30Krumm and Faiss ﻿Sports Med - Open            (2021) 7:65 	

Table 5  Changes of haematological variables related to various forms of chronic training

Authors Subjects Interventions [Hb] Ret% OFFs Hct PV

Endurance training

Spodaryk [38] Various sports 
(n = 39)

Haematological 
and iron-related 
parameters were 
measured at rest 
in 39 male athletes 
from the Polish 
team who partici-
pated in the 1988 
Seoul Olympics. 
The athletes were 
divided into two 
groups: endurance-
trained subjects 
(EN: cyclists, canoe-
ists and rowers) and 
strength-trained 
subjects (ST: wres-
tlers and judoka)

Lower (EN) Higher (EN) – – –

Bejder et al. [39] Cyclists (n = 11) Eleven high-level 
competitive 
cyclists were 
investigated for 
3 weeks. After initial 
measurements 
in week 1 (T1), 
training load was 
increased ~ 250% 
in week 2 (T2) 
followed by a 
reversion to the 
baseline training 
load in week 3 (T3). 
PV and haemato-
logical variables 
were determined 
frequently during 
all weeks

↓ − 6% (T2) ↑ + 15% (T2) ↓ − 16% (T2) ↓ − 5% (T2) ↑ + 10% (T2)

Green et al. [40] Recreational ath-
letes (n = 8)

Eight healthy, active 
but untrained 
males volunteered 
for the training 
study. The training 
program involved 
8 weeks of cycle 
exercise, with each 
training session 
lasting for 2 h and 
with the intensity 
initially set at 62% 
of each subject’s 
VO2max. Training 
was performed on 
a 3-l-3 cycle, with 
exercise conducted 
for 3 consecutive 
days followed by 1 
d of inactivity and 
another 3 consecu-
tive days of exercise

↓ − 4% (4 weeks) = (NS) – ↓ − 5% (4 weeks) ↑ + 14% (4 weeks)
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(Tables 9 and 10) also produced significant changes. Less 
evident  changes occurred due to pre-analytical condi-
tions (Table 11) and acute exercise (Table 12).

First, differences observed in [Hb] related to doping 
practices ranged from + 10% following rhEPO doping 
[19] to − 14% after blood withdrawal [20]. Otherwise, 
the range of increase or decrease in [Hb] was − 5% due to 
certain pre-analytical conditions [79], + 16% after acute 
exercise [87], − 13% after prolonged exercise [30], − 8% 
after exercise training [41], − 2% after heat acclimation 
[51], + 9% after cold acclimation [57], + 4% after hypoxic 
training [60] and − 12% after blood donation [71].

Subsequently, a large amplitude was observed in the 
relative changes in Ret% with increases up to + 135% 
after rhEPO doping [15] and decreases of − 38% observed 
after blood transfusions [20]. The range of increase or 
decrease in Ret% notwithstanding doping was + 5% due 
to pre-analytical conditions [78], + 25% after acute exer-
cise [83], + 63% after prolonged exercise [28], − 44% after 
apnea training [42], + 350% after hypoxic training [66] 
and + 27% after blood donation [70].

Differences in the OFF-Score as a result of doping 
practices ranged from + 18% after rhEPO doping [15] 
to − 38% after blood transfusion [20]. The margin of 
increase or decrease in the OFF-Score related to other 
factors was − 4% for pre-analytical conditions [80], − 15% 
after prolonged exercise [27], − 16% after exercise train-
ing [39] and + 22% after hypoxic training [58].

Hct differences ranged from + 10% after rhEPO intake 
[19] to − 15% after blood transfusion [20]. The range of 
Hct variations related to other confounding factors was 
+ 4% [13] and − 4% [79] for pre-analytical conditions, 
+ 12% after acute exercise [87], − 8% after prolonged 
exercise [33], − 7% after exercise training [41], − 2% after 
heat acclimation [52], + 5% after hypoxic training [58] 
and + 11% [72] and − 11% [71] after blood donation.

Finally, PV increased by 14% after chronic xenon inha-
lation [25]. The range of increase or decrease in PV linked 
to other parameters was + 4% for pre-analytical condi-
tions [80], − 20% after acute exercise [87], + 24% after 
prolonged exercise [30], + 16% after exercise training 

Table 5  (continued)

Authors Subjects Interventions [Hb] Ret% OFFs Hct PV

Montero et al. [41] Untrained athletes 
(n = 9)

Nine healthy, 
untrained vol-
unteers under-
went supervised 
endurance training 
consisting of 
3–4 × 60 min cycle 
ergometry ses-
sions per week for 
8 weeks. Haema-
tological markers 
were determined 
before and at weeks 
+ 2 (T1), + 4 (T2) 
and + 8 (T3) of 
training

↓ − 8% (T1) = (NS) – ↓ − 7% (T1) ↑ + 16% (T1)

Apnea training

Revelli et al. [42] Divers (n = 6) Six scuba divers 
were tested before, 
during and after 
a 14-d Guinness 
saturation dive 
(8–10 m). During 
the dive, athletes 
breathed air at 
1.8–2 ATA under the 
control of a team of 
physicians. Serum 
parameters were 
measured before 
(T0), during (T1, T2) 
and after the dive 
(T3, T4)

= (NS) ↓ − 44% (T3) – ↓ − 6% (T2) –

Numbers represent the relative changes during the most significant measurement: haemoglobin concentration ([Hb]), reticulocytes percentage (Ret%), OFF-Score 
(OFFS), haematocrit (Hct) and plasma volume (PV). Values in italics correspond to absolute variations
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Table 6  Changes in haematological variables related to training periodisation

Authors Subjects Interventions [Hb] Ret% OFFs Hct PV

Training content

Banfi and Del Fabbro [43] Various sports (n = 63) The behaviour of reticu-
locyte and immature 
reticulocyte fraction (IRF) 
were analysed in top-level 
athletes practising rugby 
(RUG), ski (SKI), soccer (SOC) 
and cycling (CYC) through-
out a competitive season. 
Data were collected three 
to four times: before the 
start of the training period 
(T1), at the beginning (T2), 
in the middle (T3) and at 
the end of the competitive 
season (T4)

Lower (RUG​) Lower (RUG​) (CYC​) 
(SOC) Higher (SKI)

– – –

Abellan, Ventura, Pichini 
et al. [44]

Various sports (n = 246) Haematological parameters 
were measured in 96 elite 
athletes of various sports. 
Elite athletes participated in 
different sports (swimming, 
synchronised swimming, 
taekwondo,rhythmic gym-
nastics, soccer, triathlon and 
weightlifting)

= (NS) = (NS) = (NS) = (NS) = (NS)

Malcovati et al. [45] Football players (n = 923) This study tested the effect 
of age, ethnicity, exercise 
modalities and training 
phases on haematologic 
parameters and then 
estimated components 
of variation. Differences 
between low- (T1), int- (T2) 
and high-season (T2) were 
analysed

↓ (T2) ↓ (T2) – ↓ (T2) –

Banfi et al. [46] Rugby players (n = 19) Blood samples were col-
lected at four consecutive 
training camps during a 
whole competitive sea-
son—first, at the start of the 
training period (T1), then 
after the training meeting 
(T2), after the first part of 
the championships (T3) 
and finally, at the end of the 
championships (T4)

↓ − 3% (T3) ↓ − 21% (T4) – ↓ − 5% (T3) –

Banfi et al. [47] Skiers (n = 18) Haematological variations 
of elite skiers were moni-
tored over four seasons. The 
study sample included 18 
alpine skiers of the Italian 
National Alpine Ski Team 
(10 men and eight women). 
Skiers began training in July 
(T1) and competed from 
November till April (T2)

↓ (T2) ↑ (T1) – – –

Taper period
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[41], + 18% after heat acclimation [53] and − 14% after 
blood donation [72].

Discussion
Our study confirmed that the most obvious factor con-
founding the ABP biomarkers is blood doping. Dop-
ing protocols for erythropoiesis-stimulating substances 
(such as rhEPO injections) were generally structured 
with a treatment phase causing an increase in [Hb] and 
Ret% (ON-phase), followed by a reversal trend when 
treatment was stopped (OFF-phase) [15–17], although 
significant inter-individual variability was observed [16]. 
Following blood withdrawal there should be a decrease 
in [Hb] and increase in Ret%, with the opposite effect 
occurring after re-infusion [20, 21]. In addition, chronic 
exposure to low doses of carbon monoxide was recently 
shown to positively influence erythropoiesis and alter 
markers sensitive to PV variations [23, 94]. Conversely, 
repeated intake of desmopressin or chronic xenon inha-
lation induced haemodilution and decreased concentra-
tion-based biomarkers sensitive to PV shift [24, 25, 95]. 
However, micro-dosing doping schemes complicate the 
analysis of blood profiles due to limited haematological 
variations [22]. Indeed, the efficiency of the ABP appears 
significantly lower with low-volume autologous transfu-
sion protocols due to several factors that may influence 
its sensitivity (e.g. timing of the sample collection) [22]. 
The current findings outline, for instance, the need for a 
strategy able to detect minor blood manipulations [96].

Numerous studies have highlighted specific blood vari-
ations as the result of pre-analytical factors including cir-
cadian modifications [73, 78] and prevention strategies 
such as sodium intake [79], overhydration [80] or pos-
ture adjustments [13]. In the same way, a temporary [Hb] 
increase caused by PV reduction was usually observed 
following acute exercise [7, 83, 85, 86] without affect-
ing Ret% in most cases [84]. Similarly, acute exposure to 
extreme environmental conditions, such as heat [87–90], 
cold [91, 92] or hypoxia [93], was reported to cause tran-
sitory PV shifts. Nevertheless, the strict WADA guide-
lines incorporate various pre-analytical precautions (e.g. 
reporting any exposure to hypoxia or extreme environ-
ment and other pathological conditions) to account for 
possible pre-analytical variations. However, other factors 
are not considered in the current model and may alter a 
proper interpretation of ABP profiles.

Prolonged exertion may affect an athlete’s blood values 
with temporary but delayed effects persisting for several 
days [26], and these effects may occur and persist inde-
pendent of environmental conditions. A progressive 
decrease of [Hb] was observed during multiday events 
(e.g. cycling stage races) [27, 29, 30, 36, 37], although 
other studies observed a stabilisation over time [31, 33] 
or even an increase towards the end of the competition 
[32]. The Ret% was mostly unaffected by participation in 
multiday events [27], although some variations (unrelated 
to an erythropoietic stimulation) were reported [26, 28].

Table 6  (continued)

Authors Subjects Interventions [Hb] Ret% OFFs Hct PV

Mujika et al. [48] Runners (n = 8) After 15 weeks of training, 
athletes completed a low-
volume taper, consisting 
of either a 75% progressive 
reduction in pre-taper, 
low-intensity continuous 
training or high-intensity 
interval training. Blood sam-
ples were obtained before 
(T1) and after (T2) the taper 
period

↓ − 3% (T2) ↑ + 44% (T2) – = (NS) –

Mujika et al. [49] Runners (n = 10) After 18 weeks of training, 
nine male runners were 
assigned to a high-
frequency taper (HFT) or a 
moderate frequency taper 
(MFT), consisting of training 
daily or resting every third 
day of the taper. Blood sam-
ples were obtained before 
(T1) and after (T2) the taper 
period

= (NS) = (NS) – = (NS) –

Numbers represent the relative changes during the most significant measurement: haemoglobin concentration ([Hb]), reticulocytes percentage (Ret%), OFF-Score 
(OFFS), haematocrit (Hct) and plasma volume (PV). Values in italics correspond to absolute variations
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In contrast to transient variations caused by acute 
exercise, PV was shown to expand over a few weeks of 
endurance training, thereby reducing [Hb] [39–41]. 
Interestingly, multiple studies also reported a noticeable 
variation in Ret% after a few weeks of training [39–41]. 
Furthermore, acute and chronic training loads, the com-
petition calendar and training periodisation were shown 
to significantly alter blood variables included in the ABP 
[43, 48, 49, 97], with [Hb] decreases most likely during 
periods with the highest training loads [46]. In a recent 

12-month longitudinal study of elite cyclists addressing 
the influence of training on ABP variables, no ATPF was 
observed, underlining the relative robustness of the ABP 
adaptive model in incorporating varying training loads 
[97].

Various environmental conditions (e.g. hypoxic or 
hot environments) are currently gaining popularity as 
additional training stimuli [98] with a putative effect 
on fluid balance [99]. PV increase represents one of the 
main physiological adaptations that occur during heat 

Table 10  Changes in haematological variables related to athletes’ characteristics

Numbers represent the relative changes during the most significant measurement: haemoglobin concentration ([Hb]), reticulocytes percentage (Ret%), OFF-Score 
(OFFS), haematocrit (Hct) and plasma volume (PV). Values in italics correspond to absolute variations

Authors Subjects Interventions [Hb] Ret% OFFs Hct PV

Genetic characteristics

Robinson et al. [73] Track and 
field athletes 
(n = 3683)

Reference ranges in top‐level 
track and field athletes were 
determined for biomarkers of 
altered erythropoiesis considering 
various factors such as gender 
(M/F), age, endurance (E) or 
non‐endurance (NE) disciplines, 
detailed sport disciplines, the ori-
gin of the athletes (African [AFR], 
South America [SAF], European 
[EUR], Oceania [OCE]) and the 
time of blood sampling

Higher (M) (AFR) 
(SAF) Lower (OCE)

Lower (M) = (NS) – –

Mullen et al. [74] Recreational 
athletes 
(n = 17)

Seventeen women with regular 
menses were included. Blood 
samples were collected once a 
week for two consecutive cycles 
and analysed for haematological 
parameters. Menstrual phases 
were hormonally determined: fol-
licle (T1), ovulatory (T2) and luteal 
phases (T3)

= (NS) Lower − 19% (T1) = (NS) = (NS) –

Lobigs [75] Recreational 
athletes 
(n = 2222)

Reference intervals of healthy 
athletes were established for 
13 haematological parameters. 
Participants were subsequently 
characterised into five major 
ethnic groups: Arabic (G1), Asian 
(G2), Black (G3), White (G4) and 
Mixed (G5)

Lower (G1) Lower (G3) – Lower (G1) –

Steiner and Wehrlin [76] Endurance 
athletes 
(n = 92)

Blood parameters were measured 
in three endurance athlete 
groups: AG16 (n = 14), AG21 
(n = 14) and AG28 (n = 16), as well 
as in three age-matched control 
groups (< 2 h endurance training 
per week): CG16 (n = 16), CG21 
(n = 15) and CG28 (n = 16)

Lower − 6% (AG16) = (NS) = (NS) Lower − 6% (AG16) = (NS)

Steiner et al. [77] Endurance 
athletes 
(n = 22)

Several venous blood param-
eters were assessed in ten male 
adolescent endurance athletes 
(five XC-skiers and five triathletes) 
at seven time points in 6-month 
intervals, resulting in a monitoring 
phase of 3 years

= (NS) = (NS) – = (NS) ↑ (3 y.)
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acclimation strategies [8, 100], and this increase is, in 
turn, often linked to [Hb] reduction [50–54]. Although 
PV varies after heat acclimatisation, such variation may 
also occur without influencing ABP values [55], depend-
ing on the type of acclimatisation strategy and subjects 
involved. Another form of exposure to extreme environ-
ments is dry sauna bathing [101], which resulted in some 
heat acclimation with a significant PV expansion (up to 
~ 15%) [52, 53]. A recent systematic review minimises 
the confounding risk of heat acclimation because no sig-
nificant change in PV variations was reported after vari-
ous acclimation protocols [102, 103]. Conversely, several 
sessions of whole-body cryotherapy were proposed to 
decrease [Hb] [56].

Hypoxia is another environmental condition now 
widely used by athletes [104] where [Hb] may be either 
not [58, 59] or only slightly affected [60] depending on 
the timing of blood sampling after living high-training 
high (LHTH) periods. Moreover, an increase in Ret% 
was reported during hypoxic exposure [59, 61], while 
Ret% decreased upon return to a lower altitude [58]. 
Similar blood variations were reported following liv-
ing high-training low (LHTL) protocols with, however, a 
more pronounced increase in [Hb] [62–65]. Variations 
due to hypoxic training observed immediately after alti-
tude exposure were reported to persist three weeks after 
returning to sea level [58, 62]. In addition, intermittent 
hypoxic exposure (IHE) or training (IHT) may positively 
influence Ret% [66]. Nevertheless, the rationale for the 
use of IHE for erythropoietic purposes in athletes is lim-
ited [105], and the response is inconsistent when hypoxic 
exposure is not prolonged [67, 68]. Prolonged exposure 
to simulated or real altitude was reported to induce simi-
lar and prominent changes in total haemoglobin mass 
(Hbmass) [106, 107]. Nevertheless, haematological vari-
ations following hypoxic training are contradictory [59, 
104] and not systematically reported [63, 108], possibly 
due to initial fitness, initial fatigue or iron status [36, 
109]. It seems unlikely, then, that training in a hypoxic 
environment could lead to a misinterpretation of an ath-
lete’s blood profiles [65] if duly reported in the doping 
control forms as requested by WADA.

Finally, specific individual characteristics were also 
shown to impact haematological components in ath-
letes. Some haematological disorders were reported to 
alter [Hb], with these athletes exhibiting lower values 
than those of healthy athletes [69]. With some athletes 
suffering from haemochromatosis (a pathological condi-
tion requiring the withdrawal of large amounts of blood), 
[Hb] was decreased immediately after withdrawal [110] 
while a measurable increase in reticulocytes was some-
times delayed for a few days [70]. However, most hae-
matological disorders observed in athletes were not 

associated with exceeding the limits of the model used to 
detect rhEPO [69]. Thus, the potential of these disorders 
to cause misinterpretation of the ABP profiles is limited. 
Finally, in contrast to Ret%, which is frequently higher 
among women [73, 111], [Hb] is known to be higher in 
men than in women. Ret% was also shown to vary during 
the menstrual cycles of active women with lower values 
reported in the follicular phase [74]. Still, most of these 
variations remained within the individual ABP limits. 
Furthermore, one should be aware that individual char-
acteristics (e.g., sex or ethnicity) used to define initial 
individual limits (i.e. possible inter-individual variance) 
then become irrelevant since the adaptive model focuses 
on intra-individual variation for the correct interpreta-
tion of an athlete’s hematological profile.

Finally, while anti-doping blood samples are collected 
and analyzed following very strict guidelines [1], pre-
analytical and analytical variations [112] should not be 
excluded from the studies included in this review since 
results for hematological variables originate from differ-
ent analysers and/or varying pre-analytical procedures.

Conclusion
As this review shows, the effects of ABP confounders vary 
widely in amplitude and duration depending on the type 
of effector (i.e. doping, environmental condition, training 
or pre-analytical condition). Nevertheless, the absolute 
effects of the factors described in this review appear to be 
relatively limited when taken together. Furthermore, true 
and systematic effects of environmental conditions (i.e. 
heat acclimation or hypoxic training) on haematological 
biomarkers remain debatable due to significant differences 
in individual responses [103, 104]. Studies investigat-
ing specific ABP confounders generally report variations 
within individual limits of the adaptive model [13, 63, 65, 
97]. The scientific level of ABP experts reviewing passports 
and their efforts to do so with the latter factors in mind can 
further limit misinterpretations of ABP profiles caused by 
the confounding factors identified in this review. Never-
theless, many authors have noted an important inter- and 
intra-variability concerning haematological biomarkers 
[111, 112], highlighting the need to improve the sensitiv-
ity of the ABP while interpreting confounders carefully. 
The present review contributes to a detailed understanding 
of confounding factors that could affect ABP biomarkers. 
By reporting limited variation in haematological variables 
through the selected studies of this review, our findings 
support the blood module of the ABP as an efficient instru-
ment to deter and indirectly detect doping. Nevertheless, 
further studies on the confounders that affect blood vari-
ables may contribute to improving the module and thus 
fighting doping more effectively.
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