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The hematological module of the Athlete Biological Passport (ABP) is used in elite
sport for antidoping purposes. Its aim is to better target athletes for testing and to
indirectly detect blood doping. The ABP allows to monitor hematological variations
in athletes using selected primary blood biomarkers [hemoglobin concentration (Hb)
and reticulocyte percentage (Ret%)] with an adaptive Bayesian model to set individual
upper and lower limits. If values fall outside the individual limits, an athlete may be
further targeted and ultimately sanctioned. Since (Hb) varies with plasma volume (PV)
fluctuations, possibly caused by training load changes, we investigated the putative
influence of acute and chronic training load changes on the ABP variables. Monthly blood
samples were collected over one year in 10 male elite cyclists (25.6 £+ 3.4 years, 181
+ 4cm, 71.3 + 4.9kg, 6.7 + 0.8 W-kg~! 5-min maximal power output) to calculate
individual ABP profiles and monitor hematological variables. Total hemoglobin mass
(Hbmass) and PV were additionally measured by carbon monoxide rebreathing. Acute
and chronic training loads—-respectively 5 and 42 days before sampling—were calculated
considering duration and intensity (training stress score, TSS™). (Hb) averaged 14.2
+ 0.0 (mean + SD) gdL~" (range: 13.3-15.5 g-dI~") over the study with significant
changes over time (P = 0.004). Hbmass was 1030 + 87 g (range: 842-1116 g) with no
significant variations over time (P = 0.118), whereas PV was 4309 + 350mL (range:
3,688-4,751 mL) with a time-effect observed over the study time (P = 0.014). Higher
acute—but not chronic—training loads were associated with significantly decreased (Hb)
(P <0.001). Although individual hematological variations were observed, all ABP variables
remained within the individually calculated limits. Our results support that acute training
load variations significantly affect (Hb), likely due to short-term PV fluctuations, underlining
the importance of considering training load when interpreting individual ABP variations
for anti-doping purposes.
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FIGURE 2 | Representations of the Athlete Biological Passport (ABP) hematological profile for cyclist 2 with (A) (Hb): hemoglobin concentration; (B) OFF-score, (C)
Ret%: reticulocytes percentage; (D) ABPS: abnormal blood profile score; over the 12 months of the study design. Solid lines represent the athlete’s values, dotted
lines represent the upper limits and lower limits calculated by an adaptive Bayesian model (see methods section for details). (E) Triangles figure total hemoglobin
mass (g) and circles represent plasma volume (mL) over the last eight months of the study; (F) Acute training load (ATL) and chronic training load (CTL) represent the
load respectively 5 and 42 days before sampling. Vertical grey bars represent hypoxic exposure. ABP profile for cyclist 2 showing a prolonged state near the individual
limits calculated for (Hb). (Hb) decreased from December to June by 17.6% however, an increase in Homass of 3% between January and June was observed with an
increase of 28% of PV (4,461-5,719 mL) despite a decrease in chronic training load of —65% from January to August.

would additionally question the usefulness of including training
content in the interpretation of a profile with no noticeable
(Hb) variation notwithstanding significant changes in training
load. To summarize, despite statistically significant relations
obtained on aggregate data, there was no systematic association
between PV, Hbmass, and individually interpreted ABP variables.
Opverall, our results are the first, to our knowledge, suggesting that
the current individual limits of the ABP seem sufficiently robust
to prevent a falsely negative interpretation of an ABP profile even
though training load variations are present.

Bearing this in mind, blood doping remains attractive to
augment Hbmass and improve convective oxygen transport
capacity (Warburton et al, 2000) even with low-volume

transfusions that can have a significant performance enhancing
effect (Bejder et al, 2019). In a laboratory setting, minimal
changes in Hbmass, as low as 1 gkg™!, can be accompanied by
a significant change in aerobic capacity (Schmidt and Prommer,
2010). To that extent we confirmed the previously reported link
between absolute Hbmass and aerobic capacity in elite cyclists
(Garvican et al., 2011; Hauser et al., 2017). It could therefore
be argued that Hbmass would be a valid marker to complement
the ABP analysis. The lack of relative influence of Hbmass (in
g'kg~! bodyweight) on time-trial performance may support the
effect of a higher PV to reduce peripheral resistance to improve
oxygen delivery to the muscle (Warburton et al., 2000; Mairbéurl,
2013). The relative weight of variations in single biomarkers in
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FIGURE 3 | Representations of the Athlete Biological Passport (ABP) hematological profile for cyclist 6 with (A) (Hb): hemoglobin concentration; (B) OFF-score, (C)
Ret%: reticulocytes percentage; (D) ABPS: abnormal blood profile score; over the 12 months of the study design. Solid lines represent the athlete’s values, dotted
lines represent the upper limits and lower limits calculated by an adaptive Bayesian model (see methods section for details). (E) Triangles figure total hemoglobin
mass (g) and circles represent plasma volume (mL) over the last eight months of the study; (F) Acute training load (ATL) and chronic training load (CTL) represent the
load respectively 5 and 42 days before sampling. Vertical grey bars represent hypoxic exposure. ABP profile for cyclist 6 showing a high variability in hematological
parameters, especially for (Hb). Mean (Hb) was 13.5 + 0.77 g-dL~" for this cyclist with the highest SD among all the cyclists with values ranging from 12.2 to 14.4
gdL-" t (variation of 16%). Values close to the limits are also encountered for the OFF-score and Ret%. This cyclist went on holidays for 4 weeks at an average
altitude of 2,750 m in Peru before sample 3 (October). The hypoxic dose amounted to 1,782 km-h-' calculated according to (Garvican-Lewis et al., 2016) explaining
the increased Ret% value. Besides, Homass varied only by 2% between February until August (945-963 g) and only 3% variations in PV for the same period
(3,979-4,129 mL). Despite high variations in the ABP biomarkers, chronic training load did not significantly vary for this cyclist from January to August (+15%).

influencing the ABP markers should therefore be interpreted
with care. This underlines the key role of ABP experts for a
qualitative interpretation of suspicious profiles by accounting for
and discriminating all possible confounders properly.

Strengths and Limitations

The strength of this study is that our cohort was composed
exclusively of highly-trained elite cyclists and the first one
collecting and interpreting monthly blood samples together
with quantification of Hbmass and training load over 12

months. Half of the participating athletes were part of a
registered testing pool and subject to anti-doping testing and
ABP profiling. Our findings may thus adequately reflect the
situation found in an anti-doping context analyzing ABP profiles
of elite athletes. With an informed consent to participate
in the project, it can be reasonably assumed (but not fully
excluded) that the cyclists did not commit any anti-doping
rule violation during the study. We must however acknowledge
our small sample size limiting the power of our inferential
analyses and Hbmass missing values for the first months of
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FIGURE 4 | Representations of the Athlete Biological Passport (ABP) hematological profile for cyclist 7 with (A) (Hb): hemoglobin concentration; (B) OFF-score, (C)
Ret%: reticulocytes percentage; (D) ABPS: abnormal blood profile score; over the 12 months of the study design. Solid lines represent the athlete’s values, dotted
lines represent the upper limits and lower limits calculated by an adaptive Bayesian model (see methods section for details). (E) Triangles figure total hemoglobin
mass (g) and circles represent plasma volume (mL) over the last eight months of the study; (F) Acute training load (ATL) and chronic training load (CTL) represent the
load respectively 5 and 42 days before sampling. Vertical grey bars represent hypoxic exposure. ABP profile for cyclist 7 showing few variations. (Hb) varied from 12.8
to 14.4 (10%) with a 6% Hbmass variation (819-870 g) despite a 18% change in PV (3,413-4,012mL) and a chronic training load increase of 83% from January to
August. Cyclist 7 slept in a hypoxic tent for 36 nights with an average daily exposure of 9 h at an inspired oxygen pressure of 14.8% (simulating 2,500 m). The hypoxic
dose amounted to 972 km-h-" calculated according to Garvican-Lewis et al. (2014) with 459 km-h-" and 513 km'h-" before after and measurement 11, respectively,
explaining the sustained high Ret% with a delayed 3% Hobmass increase between measurement 11 and 12.

the study due to technical issues with the device. In addition, = was carefully verified, but this may however have resulted
our study cohort only included male cyclists; variations due  in artificially high Hbmass with no other confounder clearly
to menstrual cycles in women (Mullen et al, 2020) would identified (e.g., Figure2, June). Even though unidentified
need to be considered to further extend our observations. confounders other than exercise training may have influenced
Besides, even with strict measurement procedures for Hbmass  certain variables in single measurements, we feel confident
yielding an acceptable typical error of measurement, it cannot  that this does not alter the overall conclusion from our
be excluded that a bias occurred in very few individual inferential perspective.

measurements for the determination of COHb fraction if In addition, the quantification of training load is notoriously
a certain degree of hemolysis had occurred in the venous  difficult. Arguably our approach using TSS (combining intensity
sample collected (Lippi et al., 2013). Each single measurement  from power output and volume with training duration) was
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deemed the most pertinent when designing the study, with an
interface routinely used by all our cyclists and their trainers. We
decided to maintain the same FTP for each athlete during the
study time as it is often the case in real setting, however we
must admit that this choice might have affected the training load.
Characterizing objectively short periods of high acute training
load before a blood test definitely remains challenging with the
numerous training strategies possible. A simple declaration of
high ATL (as a pretended alternative to blood withdrawal) may
not be considered ultimately by an ABP expert as a unique
pertinent explanation for a drop in (Hb). Nevertheless, based
on our findings we see a rationale for the inclusion of more
complete information on training load on the days preceding
an ABP sampling procedure. While athletes would obviously
not agree to share training “secrets,” adding a simple question
to the doping control forms on training volume and intensity
during the days preceding a test could represent a first step
toward a more transparent and meaningful interpretation of
ABP profiles.

In conclusion, we consider the ABP as a powerful tool for
targeting anti-doping tests, and indirect detection of doping.
Our study suggests that variations of acute training load (i.e.,
the 5 days before a sample is collected) may influence the
ABP readings. Considering specific confounding factors (i.e.,
training load) is therefore certainly paramount in the qualitative
assessment of variations observed in ABP profiles to adequately
aim for cost-effective testing plans targeting the right athletes at
the right moment.
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