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Abstract  

Background: The World Anti-Doping Agency (WADA) bans the use of recombinant 

human erythropoietin (rHuEpo) in sports, challenging to detect with the Athlete Biological 

Passport (ABP) that monitors haematological data longitudinally. Since 2009, the ABP 

has identified potential doping trends, but the individual variability in transcriptomic 

signatures related to rHuEpo, high altitude, and exercise among non-doping individuals is 

still uncertain. This study seeks to create a biobank of non-doping samples to improve 

ABP's detection capabilities and establish transcriptomic reference ranges to reduce false 

doping results. 

 

Methods: Four blood and urine samples were collected from 108 university students 

based in Eldoret, Kenya (~2100 above sea level) and Kisumu, Kenya (~1000 m above 

sea level) with 4 to 6 weeks between each collection. The students included Eldoret 

males (21±2 years), Eldoret females (22±2 years), Kisumu males (22±2) and Kisumu 

females (22±2 years). Blood was collected into a K2EDTA and a Tempus™ Blood RNA 

Tube for haematological and transcriptomic analysis, respectively. Haematological 

variables used as blood doping markers in the ABP include Red Blood Cells (RBC), 

Haematocrit (HCT), Haemoglobin (HGB), Mean Corpuscular Haemoglobin (MCH), Mean 

Corpuscular Haemoglobin Concentration (MCHC), Mean Corpuscular Volume (MCV), 

Number of Reticulocytes (RET#) and Reticulocytes percentage (RET%). The Off-score 

was calculated for each sample using the formula: Hgb x 10 - 60(√RET%). The “clean” 

status of athletes was assessed using an ABP style model, created in MATLAB (version 

6.1.0 with Statistics Toolbox version 3.0). Cut-off was applied with an adaptive Bayesian 

model to calculate individualized upper and lower limits for these variables, incorporating 

factors such as mean subject variance, between-subject variance, sex, and baseline 

data. This method aimed to distinguish between drug-free samples, which stayed within 

these personalized limits and suspicious samples which deviated significantly. Statistical 

analysis of haematological variables such as HGB, RET% and OFF-score, crucial for 

doping detection, were performed using R (R Studio, Version 1.2.5042, ABPS package, 

Vienna, Austria). 

Results: Males from both Eldoret and Kisumu consistently exhibited higher (p<0.05) 

haematological variables than their female counterparts. However, female participants 

from both Kisumu and Eldoret showed a significantly higher (p<0.05) RET% compared to 

males. None of the participants from Eldoret exceeded the Bayesian cut-off for any 

haematological variable. Participants from Kisumu exceeded the cut-offs at only three 

time points for both sexes, OFF-score values, for females HGB values. Sixty participants 

surpassed the ABPS cut-off. Transcriptomic analysis has not yet been conducted, but 

results are anticipated by July 2024.  

 

Conclusions: The blood samples collected in this study offer invaluable insights into the 

haematological reference values for healthy, non-doping Kenyan student-athletes and 

serve as the critical establishment of a control group. This foundational step is crucial for 

the next phase of this research, which involves developing transcriptomic tests designed 

to improve the detection of rHuEpo doping. 
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Abbreviations  

ABP  Athlete Biological Passport 

CAS Court of Arbitration for Sport 

EAAS Externally administered Anabolic Androgenic Steroids 

ESAS Erythropoiesis Stimulating Agents 

Hbmass Haemoglobin mass 

HCT Haematocrit 

HGB Haemoglobin 

MCH Mean Corpuscular Haemoglobin 

MCHC Mean Corpuscular Haemoglobin Content 

MCV Mean Corpuscular Volume 

OFF− hr Score Haemoglobin level and the percentage of Reticulocytes 

RBC Red Blood Count 

RET # Number of Reticulocytes 

RET % Reticulocytes Percentage 

rHuEpo Recombinant Human Erythropoietin 

RNA Ribonucleic Acid 

SARMS Androgen Receptor Modulators 

SD Standard Deviation 

V̇O2 MAX  Maximal Oxygen Consumption 

WADA  World Antidoping Agency 

    ⃰ Significant difference between sex within location 

 § Significant difference between location for the same sex
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Introduction 

Doping is commonly recognized as the use of prohibited substances and methods by 

athletes to enhance their performance in sports (Lippi et al., 1999). The origin of the 

term 'doping' is believed to derive from 'dope', a term once used for a basic alcoholic 

concoction utilized as a stimulant in ceremonial dances in South Africa (Lippi et al., 

1999). Doping in sports dates back to the Ancient Olympics, where athletes used figs for 

performance enhancement (Holt et al., 2009). In the 19th century, athletes 

experimented with drug mixtures to boost strength and endurance with no initial legal 

restrictions, but extensive records exist of such practices (Holt et.al, 2009). However, 

following several fatalities, regulations against performance-enhancing drugs were 

gradually introduced (Holt et al., 2009). Doping enables the creation of a "super athlete," 

but it does so by disregarding the principles of fair play in sports and it poses significant 

health risks to athletes (Brzeziańska et al., 2014). Survey conducted by Bamberg et al., 

(1997) among athletes, revealed that 98% of respondents would be willing to use doping 

if they were guaranteed an Olympic medal without the risk of detection. When asked if 

they would take doping although it meant risking their lives, but with a guarantee of 

winning every competition for the next 5 years without getting caught, 50% answered 

affirmatively (Bamber et al., 1997). 

 

According to the World Anti-Doping Agency (WADA), blood doping is characterized as the 

manipulation of blood or its components through physical or chemical methods (WADA, 

2011). With a history of abuse in sports, spanning over fifty years (Lundby et al., 2012), 

the prevalence of blood doping can largely be attributed to the relative simplicity of the 

methods used, the significant enhancement to athletic performance (Lundby et al., 2012) 

and the relative ease with which one can avoid detection by anti-doping efforts 

(Ashenden et al., 2011).  

  

By the early 1990s, Erythropoietin (EPO) has become the preferred performance 

enhancing drug among endurance athletes, due to its logistical ease compared to blood 

doping and its low detectability, being a naturally occurring hormone (Sawka et al., 

1996).  

Regrettably, EPO remains one of the most abused substances in sports to enhance 

endurance performance (Debeljak et al., 2012). EPO use led to numerous scandals, 

notably in the Tour de France. The 2012 United States Anti−Doping Agency (USADA) 

report on Lance Armstrong, who admitted use of doping after initially denying it. It 

culminated in a lifetime ban and stripped titles, highlighting the controversial issue of 

EPO in sports (Atkinson et al., 2020). EPO serves as the primary hormonal controller of 

red blood cell production (Bieber et al., 2001). It is a glycoprotein hormone, primarily 

produced in the kidney (Bieber et al., 2001). It is released by renal cortical interstitial 

cells in reaction to tissue oxygen deficiency and promotes the production of haemoglobin 

(Bieber et al., 2001). Synthetic EPO known as recombinant EPO, has emerged as the 

predominant medication for managing anemia deriving from various sources (Jelkman et 

al., 2013).  

Detection of the recombinant human erythropoietin (rHuEpo) is troublesome since it is 

structurally alike endogenous erythropoietin and rapidly disappears from circulation 

(Durussel et al., 2016). Despite improvements in detection methods over the years, 
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significant challenges persist, particularly in identifying microdoses of blood doping 

substances (Ashenden et al., 2011). 

 

The race between doping athletes and scientists has been ongoing throughout the history 

of competitive sports (Azzazy et al., 2007). In 2009, WADA adopted the Athlete Biological 

Passport (ABP) as a new method to detect blood doping (WADA, 2023). The ABP 

longitudinally monitors specific haematological variables, Red blood cells (RBC), 

Haematocrit (HCT), Haemoglobin concentration (HGB), Mean Corpuscular Haemoglobin 

(MCH), Mean Corpuscular Haemoglobin Content (MCHC), Mean Corpuscular Volume 

(MCV), Number of Reticulocytes (RET#), Reticulocytes percentage (RET%) and Off-score 

(Hgb x 10 – 60(√RET%)) which serves as an indicator of blood doping (WADA, 2023). 

The ABP programme consists of two modules haematological and steroid (WADA, 2023). 

The haematological module (Figure 1), aims to detect enhancements in oxygen 

transport, encompassing the usage of erythropoiesis-stimulating agents (ESAs) such as 

rHuEpo and other forms of blood manipulation or transfusion (WADA, 2023).  

     

Figure 1. Illustration of the haematological module of the ABP (Schumacher et al., 2014).   

              

The ABP uses a Bayesian method for the evaluation of the doping based on several 

variables and/or factors which can be used as evidence of doping (Sottas et al., 2008, 

2010). The ABP estimates the probability of blood doping based on previous individual 

test history and heterogeneous factors known to influence blood parameters such as sex, 

ethnicity, altitude exposure, age, and sporting discipline (Sottas et al., 2008, 2010). 

Although it is noteworthy in a sporting context, strenuous exercise can make changes in 

blood parameters (Ashenden et al., 2004).  

 

The effectiveness of the ABP in detecting rHuEpo has been a topic of immense debate 

within the anti-doping community. Research conducted by Mørkeberg et al. and 

Pottgiesser et al., in 2011 highlighted that the ABP when analysing haemoglobin mass 
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(Hbmass) and RET%, showed superior sensitivity in detecting the highest dosages of 

transfused blood. However, the OFF-score or “stimulation index” which is calculated with 

haemoglobin level and reticulocytes percentage level using the formula: (Hgb x 10 – 

60(√RET%) (Zorzoli et al., 2011),  demonstrated equal or superior sensitivities at 

detecting lower dosages of doping (Mørkeberg et al. and Pottgiesser et al., 2011). 

Further investigations by Bornø et al., (2010) and Ashenden et al., (2011) revealed that 

athletes could enhance their performance significantly through microdoses of rHuEpo 

without triggering the ABP, highlighting the system's limitations. These findings support 

an urgent need for the development of more advanced and effective methods to detect 

blood doping. The scientific validity and interpretation of ABP data has been the subject 

of disagreement, particularly among athletes. The Court of Arbitration for Sport (CAS) in 

2016 noted that athletes sometimes challenge the findings of their ABP by arguing that 

natural physiological variability, such as the effects of altitude, diet, hydration, and 

illness, could mimic the haematological markers of doping. In the case of Kristina 

Ugarova, significant deviations in HGB, RET%, and OFF-score suggested blood doping. 

However, Ugarova disagreed with these findings, attributing the anomalies to natural 

physiological responses to high-altitude training, thereby questioning the ABP's accuracy. 

While Ugarova’s case was ultimately unsuccessful, it demonstrates that athletes may use 

physiological adaptations to altitude to justify haematological changes.  

   

A previous study from (Haile et al., 2019) compared the performance benefits of rHuEpo 

in Kenyan runners training at moderate altitude to Caucasians training at sea level. The 

findings indicated similar relative improvements in performance for both groups, despite 

different baseline blood parameters. This finding suggests that the benefits from 

increased haemoglobin were not fully realized in performance gains, highlighting the 

complexity of detecting doping in athletes training at moderate altitudes. Notably, Bejder 

et al., (2021) demonstrated that the ABP's sensitivity to rHuEpo detection was higher at 

altitude than at sea level for most tested haematological parameters, emphasizing their 

importance to detect rHuEpo abuse.  

 

In the same year the ABP was implemented, Varlet-Marie et al., (2009) utilized SAGE 

(i.e., serial analysis of gene expression method) to identify differentially expressed genes 

associated with rHuEpo administration. This research demonstrated that gene expression 

patterns could serve as a novel means to detect the presence of rHuEpo, offering a 

promising direction for future anti-doping efforts. They also point toward the potential of 

advanced methods such as gene expression analysis, to enhance the efficacy of doping 

detection in sports.  

 

The impact of rHuEpo on blood parameters and athletic performance was assessed in a 

study by Durussel et al., (2013). Study observed significant improvements in 

performance, aerobic capacity (V̇O2 max), and Hgb mass over a 4-week rHuEpo injection 

regimen among 39 endurance-trained males. Subsequent transcriptomic analysis 

revealed significant changes in gene expression during and up to four weeks post rHuEpo 

administration, highlighting the potential of gene biomarkers to enhance anti-doping 

strategies (Durussel et al., 2016). 

 

As markers for rHuEpo doping are developed, it is imperative that potential co-founders 

of a transcriptomic test are investigated. For example, results from studies by Buttner et 

al., (2007) and Connolly et al., (2004) showed that exercise significantly influences gene 
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expression profile. Other factors have been theorised that could significantly alter gene 

expression profiles, such as exercise induce haemolysis (Lippi et al., 2019), injury 

immobility (Schumacher et al., 2008) and residence at altitude (Durussel et al., 2014). 

Furthermore, Wang et al., (2017) recruited 14 healthy, endurance-trained individuals and 

administered weekly microdoses of rHuEpo for seven weeks. In addition to pilot studies 

investigating the effects of altitude exposure and exercise on gene expression. As 

hypothesised, gene expression was significantly altered following rHuEpo use, exercise 

and altitude, indicating the potential to develop transcriptomic signatures for these co-

founders (Wang et al., 2017). This work was furthered by Sutehall et al., (2022) who 

identified a transcriptomic signature of acute altitude exposure in whole blood and 

peripheral blood mononuclear cells.  

 

While significant work has been developed to address co-founders of a transcriptomic 

test for rHuEpo abuse, additional research is needed to develop normative reference 

ranges, to account for individual variations in gene expression. 

 

Aims 

The primary aim of the present study was to establish and exploit a biobank of samples 

from non-doping individuals. Through the collection and analysis of blood and urine 

samples, the limitations of the current ABP haematological method will be adressed. 

Secondary aim of this research was to create transcriptomic reference ranges of doping-

free individuals to be used in the future as a comparison with athlete samples. 

 

Hypothesis  

Hypothesis 1: The establishment of a non-doping cohort through the collection and 

analysis of blood samples will reveal specific hematological and genetic markers that are 

consistent among non-doped individuals. It will distinguish them from those who may 

have engaged in doping practices. 

Hypothesis 2: Creation of the cohort group for reference ranges, will help in future to 

make transcriptomic profiles, which will account for individual variations related to 

population, sex, age, and physiological conditions, thereby reducing false positives and 

negatives in doping tests. 
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Methods 

Participants 

One hundred and twenty-one university students were recruited for this study, 61 from 

Eldoret, at moderate altitude (~2100 - 2700 m above sea level) and 61 from Kisumu 

(~1000 m above sea level). One hundred and eight participants fulfilled study 

requirements. Age and sex distribution for the recruited group is available in Table 1. 

None of the participants were elite athletes, but engaged in a range of sporting activities, 

including athletics, soccer, rugby, tennis, basketball, and badminton. The inclusion 

criteria required participants to be healthy students or athletes (self-reported good 

health) of both sexes, with an equal distribution of 50% male and 50% female. 

Participants found to have any health conditions (Anisocytosis, Microcytosis, Iron 

Deficiency, Anemia, PLT clump, fragments, NRBC, Atypical Lymph, Eosinophilia, 

Lymphocytosis, Abnormal Lymph) identified through haematological screening, if not 

influencing the ABP haematological variables cut off and ABPS results will not be 

excluded from the study. Participants were excluded from the study if they missed any of 

the four scheduled sample collection visits, or if they were found to be using drugs 

prohibited by the WADA code, such as erythropoietin or steroids. Participants in this 

study were non-professional athletes from a wide range of sports modalities, therefore 

weight, height, Body Mass Index as well as V̇O₂max were not relevant for the study and 

were not measured. Information about the menstrual cycle was not collected from female 

participants. As the primary objective of the study was to establish a biobank of the clean 

samples for future genetic analysis, information about menstrual cycle is not relevant for 

the study neither for the future analysis. 

 

Potential participants were approached by members of the research staff, who visited the 

local sporting facilities and hostels in the colleges and universities in Eldoret and Kisumu. 

Those who met the study’s eligibility criteria received full written (Appendix 1) and verbal 

overview of the study’s objectives, procedures and intended outcome. Their level of 

comprehension was assessed through a structured interview process. It ensured 

participants fully understood the study's requirements and procedures. After confirming 

their comprehension, written informed consent was collected from each participant. 

 

Table 1. Age and sex distribution of the participants recruited for the study. 

 

 
Age data is presented as mean ± SD.        
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Study design 

Participants provided blood and urine samples four times over a 6-month period. For 

participants from Eldoret, the second (T2), third (T3), and fourth (T4) samples were 

collected at median (IQR) intervals of 29 (4), 77 (2), and 98 (0.25) days, respectively, 

after the first sample (T1) was collected. For participants from Kisumu, the second (T2), 

third (T3) and fourth samples (T4) were collected at median (IQR) of 59 (9), 90 (2) and 

112 (14) days after the initial sample (T1) was collected (Figure 2). Approximately 10mL 

of urine was collected in a sterile urine bottle and stored at -20°C freezer for further 

analysis. A 3 mL whole blood sample from an antecubital vein was collected into a 

Tempus™ Blood RNA Tube (Thermo Fisher Scientific, Massachusetts, USA). It was stored 

at -80°C freezer within 12 hours from the time of collection to preserve RNA for 

subsequent extraction, while a 3 mL whole blood sample was also collected into K2EDTA 

tube for haematological analysis.  

 

Sample analysis 

Figure 2. Distribution of samples collected over the duration of the study. 

Box indicates the interquartile range, with the horizontal line indicating the range.  

 

Blood samples collected for haematological analysis were transported to the laboratory, 

in a cold box, and processed within 12 hours from the time of collection as WADA 

protocol for the blood transportation and storage demands (WADA, 2021). Blood samples 

were analysed for haematological parameters assessed by the ABP, using fluorescence 

flow cytometry (Mindray Auto Haematology Analyzer BC-6800, Shenzhen, China) at the 

Haematology Laboratory within Moi Teaching & Referral Hospital (MTRH), Eldoret, Kenya. 

The Mindray Auto Haematology Analyzer is designed for various blood analysis tasks in 

clinical settings (Wang et al., 2019). This includes counting blood cells, classifying types 

of white blood cells, and measuring haemoglobin levels (Wang et al., 2019). It operates 

on the Coulter principle, which assesses the number and size distribution of white blood 

cells, basophils, red blood cells, and platelets. Haemoglobin levels are determined 

through colorimetric analysis (Wang et al., 2019). Additionally, it employs semiconductor 

laser flow cytometry for a comprehensive four-category statistical analysis of white blood 

cells (Wang et al., 2019). Based on these measurements, the device further computes 

other relevant parameters (Wang et al., 2019). 
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Specifically, RBC, HCT, HGB, MCH, MCHC, MCV, RET#, and RET% were determined. The 

Off-score was calculated for each sample using the formula: Hgb x 10 – 60(√RET%) 

(WADA,2014). The blood samples collected for RNA analysis were stored in the biobank 

on −80 Celsius in the preparation for gene expression analysis, results are expected in 

July 2024. 

 

Adaptive Bayesian model 

In the present study, drug-free status of the participants was determined using Bayesian 

networks (integrating prior information about doping prevalence with the results of 

current tests), applied to derive population reference ranges and individual test result 

history (Sottas et al., 2010). By inputting variables such as mean subject variance, 

between-subject variance, gender, gender tabulation, sequence, and baseline data into 

MATLAB (inhouse software developed), I attempted to replicate some of the key 

functionality of the official WADA ABP software. Specifically, MATLAB (version 6.1.0. with 

Statistics Toolbox version 3.0) was used to calculate the upper and lower individual limits 

by applying the adaptive Bayesian model to HGB, RET%, OFF-score, and the ABP score. 

ABP score (ABPS) was determined in R (R Studio, Version 1.2.5042, ABPS package, 

Vienna, Austria). This test can be repeated by other package users (Schütz et al., 2018). 

Haematological variables that were outside the reference dataset within the ABPS 

package were modified to the maximum or minimum acceptable value (Schütz et al., 

2018). The initial limits are based on African population epidemiology and subsequent 

limits are adapted to the collected data including mean subject variance (me), between-

subject variance (bsvar), sex (s), sex tabulation (st), sequence (seq), and baseline data 

(bd) (Sottas et al.,2006). Sequences within limits were considered to be drug-free 

(Schütz et al., 2018). On the other hand, sequences with significant deviations and out of 

limits were considered suspicious (Table 2). An example of a 'normal' biological profile, 

reflecting no irregularities or deviations from established physiological norms is 

presented in Figure 3. 

 

Table 2. Number of participants who fulfilled study requirements, who exceeded the 
upper or lower limits of the ABP-style Bayesian model, for each haematological variable. 

 Eldoret Kisumu 

 Male 

(n=27) 

Female 

(n=25) 

Male 

(n=33) 

Female 

(n=23) 

HGB 0 0 0 1 

RET% 0 0 0 0 

OFF-score 0 0 1 1 

ABPS 15 13 18 14 

Data are presented as number of participants who exceeded the upper or lower limit of the 

ABP-style Bayesian model, for each haematological variable (HGB, RET%, OFF-score) and 

ABPS values. Model was created in MATLAB. 
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Figure 3. Normal biological profile in the ABP-style Bayesian model. 

ABP-style Bayesian model, created in MATLAB. Blue lines indicate the participant’s 

haematological variables and red lines indicate the upper and lower limits as determined 

by the Bayesian statistics. Y axis shows haematological variables in each figure from left 

to right (HGB, RET%, OFF-score) and ABPS values, X axis shows results of each of four 

collection points. 

   

Statistical analysis 

To assess the normality of the distribution, the Shapiro-Wilk test was applied. The 

Kruskal-Wallis test was used to evaluate differences in age across locations and sexes, 

since this test is designed to examine whether there are differences among multiple 

groups (Walters et al., 2021). This research has four groups (Kisumu females, Kisumu 

males, Eldoret female, and Eldoret males), their age are independent and non-parametric 

continuous data. Furthermore, the Chi-squared test was applied to examine the 

variations in the distribution of male and female participants and the prevalence of health 

conditions across the two locations. As for distribution of sex and health conditions, data 

are categorical and non-parametric and reasonably large (Walters et al., 2021), that is 

why Chi-squared test was used. To compare haematological data between various 

locations and sexes, the Mann-Whitney U test was used. Statistical significance was 

established at a p-value ≤ 0.05. The choice of a one-sided test was driven by its 

suitability where the research goal is to confirm a specific condition (Walters et al., 2021) 

in this case, the non-use of doping. This approach efficiently allocates statistical power 

towards demonstrating the lack of doping, thus directly supporting the study's objective 

to confirm the groups are doping-free. All analyses were conducted using the R 

programming language (R Studio, Version 1.2.5042, R Foundation for Statistical 

Computing, Vienna, Austria). Haematological data are presented as medians and 

interquartile ranges. Power calculations for this study were not done. In the context of 

this research, the primary objective is to establish reference values for a forthcoming 

diagnostic method. Given the exploratory nature of this study, the determination of an 

effect size, is not directly applicable. This limitation arises from the necessity to first 
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identify and understand the "normal" reference data before specific genes can be 

selected for the test. Consequently, power calculations rely on effect sizes to estimate the 

necessary sample size to detect a statistically significant effect, are not feasible at this 

stage. Notably, existing literature has documented variations from baseline levels for 

certain genes, providing effect sizes that could potentially inform power analyses. 

However, the application of these findings to the present study is constrained by the fact 

that the genes contributing to the diagnostic test have yet to be determined.  
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Results 

Recruitment 

Of the 121 recruited university students, 12 participants missed at least one of the four 

scheduled visits (due to personal engagements) and one participant’s samples were 

compromised, and therefore were excluded from the final analysis. Leaving a total of 108 

participants who fulfilled study requirements (Eldoret: 25 females, 27 males), (Kisumu: 

23 females and 33 males). Participants found to have any health conditions 

(Anisocytosis, Microcytosis, Iron Deficiency, Anemia, PLT Clump, fragments, NRBC, 

Atypical Lymph, Eosinophilia, Lymphocytosis, Abnormal Lymph) identified through 

haematological screening did not significantly influence the ABP haematological variables 

cut off and ABPS results and were not excluded from the study. There were no 

statistically significant difference in age and sex between location (Table 3). 

 

Table 3. Demographics of participants who completed all four sample collections.  

  

Age data is presented as mean ± SD. There were no significant differences in age and 

sex. 

 

Haematological Analysis 

Haemoglobin concentration 

Men had a higher median HGB than women at first collection period (T1) (16.4 g/dL vs 

14.9 g/dL in Eldoret and 15.9 g/dL vs 14.2 g/dL in Kisumu, p<0.001, respectively). 

Second collection period (T2) (15.7 g/dL vs 14.8 g/dL in Eldoret and 15.4 g/dL vs 14.0 

g/dL in Kisumu, p<0.05). Third collection period (T3) (15.7 g/dL vs 14.5 g/dL in Eldoret 

and 15.6 g/dL vs 13.9 g/dL in Kisumu, p<0.05. Fourth collection period (T4) (15.9 g/dL 

vs 14.1 g/dL in Eldoret and 15.3 g/dL vs 13.8 g/dL in Kisumu, p<0.001) (Figure 4, Table 

4).  
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Figure 4. Haemoglobin grams per decilitre (HGB g/dl) over the four samples period. 

 
Data are presented as median and range. Dashed horizontal lines indicate male (in blue) 
and female (in red) cut-offs. X axis stands for collection period (T1, T2, T3, T4). Y axis 

stands for HGB (g/dL) values. 
 

Table 4. HGB (g/dL) across the timepoints collected. 

  T1 T2 T3 T4 

E
ld

o
r
e
t 

Male 

 

Female 

16.4 
(15.2-17.1)* 

 
14.9 

(13.7-15.4) 

15.7 
(14.6-16.6)* 

 
14.8 

(13.7-15.3) 

15.7 
(14.5-16.8)* 

 
14.5 

(13.5-15.1) 

15.9 
(14.3-16.5)* 

 
14.1 

(13.2-14.8) 

K
is

u
m

u
 Male 

 

Female 

15.9 

(15.4-16.7)* 
 

14.2 
(13.6-14.6) 

15.4 

(14.9-15.9)* 
 

14.0 
(13.3-14.45) 

15.6 

(15.0-16.4)* 
 

13.9 
(13.5-14.6) 

15.3 

(14.3-16.1)* 
 

13.8 
(12.6-14.5) 

Data are presented as median (range). * Indicates significant difference between sex 
within location(p<0.05). 

 
Haematocrit 

Men had higher median HCT than women in Kisumu and Eldoret at T1 (49.8% vs 45.0% 

in Eldoret and 47.2% vs 42.9% in Kisumu, p<0.001, respectively). T2 (46.8% vs 43.4% 

in Eldoret and 48.4% vs 42.9% in Kisumu, p<0.05). T3 (47.3% vs 42.6 % in Eldoret and 

47.3% vs 42.8% in Kisumu, p<0.05). T4 (47.0% vs 42.4 % in Eldoret and 46.2% vs 

42.1% in Kisumu, p<0.001 (Figure 5, Table 5). Similarly, the median of HCT in male 

participants from Kisumu were higher than those from Eldoret at T2 (48.4% vs 46.8%, 

p<0.01).  
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Figure 5. Haematocrit percentage (HCT %) over the four samples period. 

 

Data are presented as median and range. Dashed horizontal lines indicate male (in blue) 
and female (in red) cut-offs. X axis stands for collection period (T1, T2, T3, T4). Y axis 
stands for HCT (%) values. 

 
 Table 5. HCT (%) across the timepoints collected. 

Data are presented as median (range). * Indicates significant difference between sex 
within location and § indicates significant difference between location for the same sex 

(p<0.05). 
 
Reticulocyte 

Female participants in Kisumu had significantly higher median RET % values compared to 

females in Eldoret at T1 (0.98% vs 0.79%, p<0.05) and T4 (0.96% vs 0.75%, p<0.05) 

(Figure 5, Table 6). Additionally, the analysis also identified that females had higher 

reticulocytes than males at T1 in Eldoret (0.79% vs 0.60%, p<0.05) and in Kisumu 

(0.98% vs 0.67, p<0.05) (Figure 6, Table 6).  

  T1 T2 T3 T4 

E
ld

o
r
e
t Male 

 
 

Female 

49.8 
(45.3-50.8)* 

 
45.0 

(41.6-46.6) 

46.8 
(43.8-48.8)*§ 

 
43.4 

(41.0-46.1) 

47.3 
(44.6-49.5)* 

 
42.6 

(40.7-46.0) 

47.0 
(43.0-49.6)* 

 
42.4 

(40.2-43.7) 

K
is

u
m

u
 Male 

 
 

Female 

47.2 

(45.8-49.3)* 
 

42.9 
(41.6-45.0) 

48.4 

(47-50.3)* 
 

42.9 
(41.8-46.3) 

47.3 

(45.7-49.8)* 
 

42.8 
(41.8- 45.3) 

46.2 

(44.2-47.9)* 
 

42.1 
(38.9-45.0) 
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Figure 6. Reticulocytes percentage (RET%) over the four samples period. 

 

Reticulocytes percentage (RET%) over the four samples collected are presented as 
median and range. Dashed horizontal lines indicate male (in blue) and female (in red) 
cut-offs. X axis stands for collection period (T1, T2, T3, T4). Y axis for RET% values. 
 

Table 6. RET% (%) across the timepoints collected. 

Data are presented as median (range). * Indicates significant difference between sex 

within location and § indicates significant difference between location for the same sex 

(p<0.05). 

 
OFF-score 

Men had higher OFF-score than women at T1 (115.7 vs 96.7 in Eldoret and 108.0 vs 82.7 

in Kisumu, p<0.001). T2 (107.5 vs 95.1 in Eldoret and 100.7 vs 84.7 in Kisumu, p<0. 

001) (Figure 6, Table 7). T1 (96.7 vs 82.7, p<0.01), T2 (95.1 vs 84.7, p<0.05) and T4 

(91.7 vs 81.4, p<0.05) women at Eldoret demonstrated higher OFF-score of median than 

women in Kisumu (Figure 7, Table 7). 

 

    T1 T2     T3     T4 

E
ld

o
r
e
t 

Male 
 
 

Female 

0.60 
(0.53-0.73)* 

 
0.79 

(0.63-0.88)§ 

0.68 
(0.60-0.78) 

 
0.70 

(0.61-0.91) 

0.63 
(0.57-0.78) 

 
0.80 

(0.63-0.92) 

0.63 
(0.57-0.80) 

 
0.75 

(0.53-0.93)§ 

K
is

u
m

u
 Male 

 
 

Female 

0.67 
(0.63-0.89)* 

 
0.98 

(0.79-1.20) 

0.75 
(0.57-0.83) 

 
0.83 

(0.63-1.01) 

0.79 
(0.55-0.89) 

 
0.91 

(0.69-1.14) 

0.69 
(0.55-0.87) 

 
0.96 

(0.77-1.16) 
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Figure 7. OFF-score over the four samples period. 

 

Data are presented as median and range. Dashed horizontal lines indicate male 
participants (in blue) and female participants (in red) cut-offs. X axis stands for collection 
period (T1, T2, T3, T4). Y axis stands for OFF-score values. 

 

 Table 7. OFF-score across the time points collected. 

Data are presented as median(range). * Indicates significant difference between sex 

within location and § indicates significant difference between location for the same sex 
(p<0.05). 

 

Sample Storage and Future Analysis  

As part of our comprehensive research protocol, we have ensured that all collected 

samples are securely stored for future analysis. RNA will be extracted from Tempus™ 

Blood RNA Tube according to manufacturer’s protocol. Quantity and quality will be 

assessed using Nanodrop 2000 (Thermo Fisher Scientific, Massachusetts, USA) and 2100 

Bioanalyzer (Agilent Technologies, California, USA). Samples that pass the quality 

controls parameters (260/280 ratio of ~2.0 and RIN value ~10) will be analysed using an 

RNA-seq platform (DNBSEQ-G400RS, MGI Tech, Shenzhen, China) to allow comparison 

with previously published research (Wang et al., 2021). This analysis will allow to 

determine the individual variation in transcriptomic expression of key genes previously 

identified as indicators of rHuEpo doping or co-founders (e.g., Durussel et al., 2016, 

Wang et al., 2017 and Sutehall et al., 2022). 

  T1 T2 T3        T4 

E
ld

o
r
e
t 

Male 
 
 
Female 

115.7 
(97.7-123.6)* 

 
96.7 

(85.7-103.7) 

107.5 
(98.3-116.5)* 

 
95.1 

(85.4-105.5) 

103.7 
(98.7-117.5)* 

 
88.7 

(80.7-104.4) 

112.2 
(89.8-118.0)* 

 
91.7 

(82.5-95.7) 

K
is

u
m

u
 Male 

 
 
Female 

108.0 
(96.3-117.9)* 

 
82.7 

(73.7-90.0)§ 

100.7 
(95.2-112.1)* 

 
84.7 

(71.8-93.9) § 

105.7 
(95.7-112.0)* 

 
83.7 

(70.9-91.5) 

108.3 
(91.0-110.8)* 

 
81.4 

(59.8-89.4)§ 
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Analysis of Urine Samples 

The collection of urine samples in this study was primarily conducted to complement our 

haematology findings. These urine samples have been securely stored in the biobank to 

assure the integrity of the samples (stable temperature on -80 Celsius) and ready for 

analysis at a later stage to confirm the absence of doping. As such, urine samples are 

being stored for future analysis of urinary EPO using the standard WADA method (WADA, 

2010). 
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Discussion 

The purpose of this study was to establish a cohort of non-doping participants whose 

blood sample data can be used to determine the individual variation of genes used to 

create a transcriptomic test. Both cohorts recruited to this study (Eldoret and Kisumu) 

reside at low (~1000 m above sea level) or moderate altitude (~2100 – 2700 m above 

sea level) and therefore, no sea level participants were recruited. Since determining the 

individual variation of specific transcriptomic markers is the purpose of this study, both 

cohorts can be combined, regardless of altitude of residence. 

In order to determine the clean status of the participants of this study, we created an 

ABP-style model in MATLAB. Using this model, which replicates the Bayesian statistics 

used in the ABP, we are able to verify the clean status of each participant and use the 

data generated in the transcriptomic analysis with confidence. As highlighted in Table 2, 

only three of 108 participants exceeded the haematological limits, over the duration of 

this study, suggesting the majority of the participants recruited in this study are currently 

not blood doping. Those participants who had samples that exceeded the Bayesian limits, 

will have their profiles reviewed, and if it confirmed that the profile is suspicious, they will 

be removed from the transcriptomic analysis. Our findings are in agreement with the 

study conducted by Pitsiladis et al., (2006), who observed Kenyan athletes residing at 

high altitudes exhibit HGB and HCT concentrations in the normal to high range compared 

to lowlanders. This alignment further validates our results, reinforcing the conclusion that 

the majority of this study group consists of participants who do not engage in doping 

practices.  

The efficacy of the ABP is subject to various influencing factors, including ethnicity, sex, 

and the precision of measurement equipment, as highlighted by WADA in 2019. Notably, 

the impact of altitude exposure remains unstandardized within the ABP framework, 

posing significant challenges to its integrity (Sottas et al., 2008). Exercise induces 

significant changes in blood volume, with endurance exercise leading to an expansion of 

both plasma and erythrocyte volumes, suggesting a universal response to endurance 

training that is consistent across age and gender (Sawka et al., 2000). However, this 

physiological adaptation introduces analytical variation that poses significant challenge 

for the haematological module of the ABP. 

The use of substances like rHuEpo by athletes can further complicate the detection of 

doping by modifying haematological variables (Sanchiz et al., 2009). Furthermore, the 

use of microdoses of rHuEpo, which often does not trigger the ABP detection thresholds, 

adds another layer of complexity to the doping detection challenge (Ashenden et al., 

2011). In study by Ashenden et al., (2011) involving ten subjects administered 

microdoses of rHuEpo over up to 12 weeks reveals significant findings. Despite a notable 

10% increase in Hgb mass, similar to approximately two bags of reinfused blood the ABP 

software did not flag any of the subjects as suspicious of doping while receiving rHuEpo 

treatment. This outcome illustrates the potential for athletes to use rHuEpo without 

triggering abnormal changes in the blood variables that the ABP currently monitors, 

further complicating the efforts to detect doping practices effectively (Ashenden et al., 

2011). A prominent illustration of these challenges is the controversial case of Italian 

cyclist Franco Pellizotti, who was accused of doping based on his ABP data, resulting in 

his initial suspension (Sanchis et al., 2011). However, the Italian anti-doping tribunal 

later considered the evidence insufficient, a verdict subsequently reversed by a two-year 

suspension from the Court of Arbitration for Sport, following an appeal by the Union 
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Cyclists Internationale (UCI). This case underscores the critical need for standardization 

within the ABP, particularly in how altitude training's effects on blood profiling are 

interpreted, as Pellizotti's case vividly demonstrates (Sanchis et al., 2011). 

Our findings support existing literature (Sharp et al., 2002; Gore et al., 2003) indicating 

significant gender differences in HGB (Figure 4, Table 4), HCT (Figure 5, Table 5), OFF 

score (Figure 7, Table 7) with male participants exhibiting higher values than female 

participants. This aligns with the physiological understanding that males typically have 

higher HGB and HCT levels due to hormonal influences. The higher production of 

androgens in men, compared with females, enhances erythropoiesis through direct 

stimulation in the bone marrow and by increasing erythropoietin production in the 

kidneys (Murphy et al., 2014). Conversely, the higher of oestrogen in women inhibits 

these processes (Murphy et al., 2014). It is therefore expected that females 

haematological variables will be significantly lower than men. However, females from 

Kisumu in our study, had significantly higher RET% compared to males in Kisumu and 

both genders in Eldoret (Figure 6, Table 6). This gender difference in RET% distribution 

has also been reported elsewhere (Lombardi et al., 2013), where female athletes to 

exhibit higher RET% values across multiple seasons. This discrepancy highlights how a 

range of factors influence RET% in athletes, including training season, sports discipline, 

and individual biological differences. Given the significant differences in RET% observed 

between female participants in Kisumu and Eldoret, altitude may serve as a contributing 

factor (Lombardi et al., 2013). However, without controlling for variables such as diet, 

altitude history prior to sampling, and menstrual cycle phases, pinpointing the exact 

cause of these differences remains challenging. This limitation underscores the 

complexity of haematological analysis in athletes and the potential impact of various 

uncontrolled environmental and physiological factors. 

Future Transcriptomic analysis  

In the current phase of our study, we have laid the groundwork for an extensive analysis 

of 'omics' profiles, with a particular emphasis on transcriptomic variations. Specifically, 

plan is to sequence all samples (n>1200) from the previously funded/associated WADA 

studies with particular focus on altitude, rHuEpo and blood transfusion (Figure 8). 
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Figure 8. The planned sequencing analysis. 

  

The planned sequencing analysis of all samples (n>1200), from previously 

funded/associated WADA studies and comparison between altitude, rHuEpo and blood 

transfusion illustrated with a Venn diagram.  

While this analysis is scheduled to be conducted March to July 2024, this section outlines 

anticipated approach. Hypotheses suggest that differential gene expression responses 

will be evident, reflecting the participants' adaptations to their respective environments. 

Particular attention will be paid to how living at different altitudes might affect gene 

expression. Additionally, it is planned to explore potential gender-specific genetic 

expression responses.  

In this upcoming analysis, it is planned to identify specific genes and pathways involved, 

thereby enriching our understanding of transcriptomic adaptations to various external 

and internal factors. The detailed analysis will also explore potential biomarkers for 

diverse applications, ranging from medical research to athletic performance optimization 

in varying environmental conditions. 
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Conclusions  

The findings from this study will significantly enhance our understanding of the molecular 

changes induced by rHuEpo and its detection. The identification of a unique molecular 

signature associated with rHuEpo use marks as a crucial advancement in anti-doping 

research. This signature will provide a more nuanced and sophisticated method of 

detecting rHuEpo, which will surpass the current limitations faced by standard detection 

methods of the ABP.  

 

The variability in HCT and RET%, particularly among female participants from Kisumu, 

demonstrates the complexity of interpreting haematological markers in the context of 

doping. This variability highlights the necessity for more nuanced approaches like omics 

profiling, which can differentiate between the effects of environmental factors, 

physiological conditions, and doping use. The implications of this research extend well 

beyond the confines of sports science. It signifies a critical advancement towards more 

ethical and effective anti-doping practices, aligning closely with the goals of preserving 

athlete health and ensuring fair competition on a global scale. The aim is to refine these 

innovative methods and adapt them for practical application in the dynamic arena of 

competitive sports.  
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