
•	 Athletes are exposed to many stressors that can increase injury and illness risk and cause excessive fatigue. These include physical workload, 
sleep loss, travel, and psychological stress. 

•	 Two synergistic approaches to blood biomarker analysis in sport, profiling and monitoring, offer an opportunity to gain insight into an athlete’s 
nutritional and physiological status.  These approaches may help to avoid overtraining, injury and illness when combined with other contextual 
information. 

•	 Common problems that can be identified via blood test data include: poor vitamin D and iron status, low energy availability, persistent 
inflammation, persistent oxidative stress, and decreased hormonal drive.

•	 Blood test data are easily compromised by poor pre-analytic approaches, for example, drawing blood following exercise or a meal. In order for data 
to be valid and reliable, a range of pre-analytic considerations must be adhered to.

•	 Clinical diagnostic normative ranges have limited application in sport. Sport specific and athlete adaptive ranges, however, enable the identification 
of meaningful within-athlete changes that can inform nutrition and recovery strategies.
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INTRODUCTION
The applied sport science and medicine team is tasked with protecting 
or enhancing an athlete’s health and resilience to injury or illness, while 
attempting to maximize the performance gains arising from physical 
conditioning. Some of the key variables that can be adjusted or 
influenced are the physical workload, diet and recovery strategies 
including sleep, nutrition, compression and cryotherapy etc. Subjective 
tools for monitoring athletes in order to inform how these variables 
should be adjusted can be convenient and cost effective, but can be 
compromised by inaccuracy, falsification or poor adherence over time. 
By contrast, blood biomarkers offer an objective approach to prioritizing 
the efforts of practitioners. However, these data can also be 
compromised by poor pre-analytic approaches, infrequent sampling 
and an inappropriate selection of biomarkers.

The evidence base supporting the use of blood biomarker analysis in 
sport has accumulated over the past 30 years or more (Pedlar et al., 
2019). This Sports Science Exchange article describes some of the 
established and emerging biomarkers of most interest to sport science 
and medicine practitioners. Guidelines on how to collect the best 
possible quality data are provided, together with guidance on 
appropriate statistical techniques to assess longitudinal changes in 
biomarkers in athletes.

WHAT TO MEASURE?
Biomarker data collection and analysis provides grounds for 
interdisciplinary communication and collaboration between sports 
medicine and sport science staff. For example, vitamin D status is of 
significant interest to both medical and nutritional staff in the care of an 
athlete with a history of bone injury. Similarly, energy status markers 

are of interest to physiology, nutritional and medical staff in the case of 
a fatigued endurance athlete.

Biomarkers of Nutritional Status

Broadly, a host of nutrition-related biomarkers can be assessed within 
the blood with certain limitations and caveats surrounding each nutrient. 
Measuring nutrients in blood components (red cells, white cells, serum) 
can reduce time-consuming dietary recall and analysis approaches. 
Larson-Meyer et al. (2018) provided a comprehensive guide to 
assessing each nutrient via the analysis of biomarkers; in the subsequent 
section we review some of the selected examples of interest. 

Iron 

Adequate iron intake and storage underpins erythropoiesis or the 
production of new red blood cells (RBC) and the maintenance or 
increase in total hemoglobin mass with endurance training, particularly 
at altitude. If left unchecked, low iron stores can lead to iron-deficient 
anaemia with profound effects on endurance performance. Females 
are particularly at risk of iron deficiency due to menstrual blood losses 
(Pedlar et al., 2018). Iron status is typically assessed via the 
measurement of serum ferritin, which is broadly the best marker of iron 
storage; however, it is possible that ferritin can be relatively low and the 
athlete can continue to adapt (Pedlar et al., 2013). Hemoglobin 
concentration is also a key variable which can appear low due to the 
hemodilution (plasma volume expansion) that accompanies training. 
Therefore, total hemoglobin mass measurements are recommended, 
but when not available, RBC morphology markers, to identify microcytic 
(low volume) and/or hypochromic (low hemoglobin) cells, are 
recommended to identify a functional iron deficiency (Archer & 
Brugnara, 2015; Burden et al., 2015). Recently hepcidin has emerged 
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as a key marker of iron metabolism, providing an indicator of iron 
absorption. Supplementing with iron results in an acute increase in 
hepcidin, orchestrating a reduced iron absorption. It is feasible that it is 
not worth supplementing with iron with a raised hepcidin present, since 
absorption will be compromised (Stoffel et al., 2020). However, it is 
important to note that exercise also transiently increases hepcidin, 
particularly when exercise inflammation is present (Peeling et al., 
2014). Further work is needed in this area and hepcidin measurement 
is not yet widely available in clinical laboratories. 

Vitamin D 

Vitamin D has emerged as an important biomarker for athletes (Owens 
et al., 2018). Low vitamin D status, particularly common in northern 
latitudes where sunlight exposure is low, has been linked to poor 
immune function and compromised bone health and muscle repair. 
Recent work has highlighted the limitations of the established vitamin D 
assay (25-OHD), in the context of bone health, since black individuals 
have been observed to have comparable free bioavailable vitamin D 
concentrations despite significantly lower total 25-OHD levels (Allison 
et al., 2018). Therefore, where the assay is available, it is the vitamin D 
bioavailable form (vitamin D-binding protein) that should be measured. 
Vitamin D deficiency is clearly associated with compromised immunity 
and increased upper respiratory tract infections (He et al., 2016), and is 
easily corrected via nutritional approaches.

Fatty Acids

The assessment of the fatty acids, docosahexaenoic acid (DHA, C22:6) 
and eicosapentaenoic acid (EPA, C20:5), that are incorporated into 
RBC membranes has become common in athletes, despite a relatively 
sparse evidence base. The omega-3 index (OM3I), a validated, reliable 
and reproducible biomarker for the assessment of omega-3 status, 
represents the percentage of the long chain omega fatty acids EPA and 
DHA as a proportion (%) of the total RBC fatty acids (Harris, 2010). Red 
cell fatty acids reflect dietary intake over the previous month, and as 
such these can provide valuable insights into the quality of an athlete’s 
diet. Early work identified the potential for fatty acids to modify 
inflammation (Calder, 2017); however, several systems and/or functions 
may be influenced by fatty acid status including mood and cognition 
(Fontani et al., 2005), muscle recovery (Black et al., 2018), lung 
function (Mickleborough et al., 2003), concussion (Oliver et al., 2016) 
and cardiovascular function (Hingley et al., 2017). The research 
evidence as it pertains to athletes is summarized in a recent systematic 
review (Lewis et al., 2020a).

Energy Availability

Maintaining energy availability is critical for avoiding the many possible 
negative outcomes associated with energy deficiency, as recently 
proposed in the Relative Energy Deficiency in Sport (RED-S) framework 
(Mountjoy et al., 2018). There are several peptide hormones and 
cytokines that serve as indicators of energy availability and have been 
associated with prolonged endurance training including leptin, ghrelin, 
Interleukin (IL)-6 and tumour necrosis factor alpha (Jurimae et al., 

2011). Reduced total triiodothyronine has more recently been clearly 
related to energy status and training adaptation in female swimmers 
(Vanheest et al., 2014), and demonstrably responds to reduced energy 
intake in males (Friedl et al., 2000). Testosterone also declines with 
energy deficiency (Friedl et al., 2000) and is rapidly restored with 
increased dietary carbohydrate ingestion (Lane et al., 2010).

Monitoring biomarkers to inform training load

Understanding when to increase training load and when to reduce 
training load is a perennial challenge for coaches and athletes. Using 
point of care (POC) blood tests offers an opportunity for rapid results 
that can be immediately accessible to the sport scientist to assess 
recovery, if consistently collected. Biomarkers of oxidative stress (for 
example lipid and protein hydroperoxides, isoprostanes, protein 
carbonyls), inflammation (e.g., IL-6, C-reactive protein), muscle damage 
(e.g., creatine kinase) and hormonal drive (e.g., testosterone, cortisol) 
can inform the decision to increase or decrease training load. 
Unfortunately, only a few of these are available as POC tests. 

Hormesis is a term used in toxicology which refers to a dose response 
curve where a low dose provides inadequate stimulation, and a high 
dose has an inhibitory or toxic effect. Consider a hormetic set point for 
the athlete in training, that is influenced by the sum of all stressors 
(broadly increasing hormesis) including metabolic, environmental, 
mechanical, psychological, immunological stressors and the sum of all 
practices which support recovery (broadly reducing the hormetic set 
point) including nutrition, sleep, compression, cryotherapy. If the 
aforementioned biomarkers are measured frequently, they can provide 
an indicator of the hormetic set point. Clearly this is a simplified 
framework and more research is needed to define the influence of each 
of these variables. However, hormetic models have been described by 
several authors who have asserted that drifting too far above this 
hormetic set point increases the risk of overtraining, injury and illness, 
and decreases the capacity to adapt (Peake et al., 2015; Pingitore et 
al., 2015; Slattery et al., 2015). Our recent work demonstrated that with 
evidence of higher oxidative stress, the risk of illness and injury 
increases proportionally (Lewis et al., 2020b). Several other studies 
have demonstrated an interaction between training load and these 
biomarkers, including: 1) continuously increasing training load with 
insufficient recovery in cyclists, resulting in elevated oxidative stress 
and a performance plateau (Knez et al., 2014); 2) increasing training 
load in female swimmers with low energy availability resulting in 
reduced bioenergetic hormones (total triiodothyronine, insulin-like 
growth factor) and maladaptation (Vanheest et al., 2014); and 3) various 
biomarkers (oxidative stress, immune function and nutritional status) 
fluctuating throughout a season in professional rugby players, with 
greatest disturbances observed during intensified training (Finaud et 
al., 2006). 

Adaptation to aerobic exercise training can be quantified by measuring 
the blood lactate response to controlled exercise bouts, i.e., a lower 
blood lactate response at a similar exercise intensity. Furthermore, 
reactive oxygen and nitrogen species (RONS) are becoming well 
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established as important signalling molecules for training adaptation 
(Margaritelis et al., 2018). Measuring biomarkers of oxidative stress in 
response to exercise can offer insight into an athlete’s adaptive 
potential. A recent study stratified a large group (n=100) into low, 
moderate and high exercise-induced oxidative stress. Greater 
adaptations to a 6 week training programme were observed in the 
moderate and high groups in both aerobic and anaerobic exercise 
variables, indicating that at least a transient alteration in redox 
homeostasis, in this case described as oxidative stress, is required to 
stimulate adaptation (Margaritelis et al., 2018).

Risk of injury and illness

In a study by Lewis et al. (2020b), injury and illness were associated 
with a higher oxidative stress index in Olympic oarsmen. More 
specifically, the total antioxidant biomarker decreased with illness and 
a hydroperoxide biomarker increased with injury. Using a Cox 
proportional hazard model, a 0.5 mmol L-1 increase in the total anti-
oxidant biomarker exerted a ~30% protective effect on illness (Lewis et 
al., 2020b). It is important to note that although these assays are well 
suited to the applied sport science setting, with high precision and POC 
convenience (Lewis et al., 2016), the over-simplification of establishing 
an index of oxidative stress from these types of assays has been 
cautioned against (Cobley et al., 2017) and therefore the data should be 
interpreted with similar caution (Lewis et al., 2016).  

In a sample of elite male and female distance runners, low T3 and low 
testosterone were associated with an increased risk of injury (Heikura 
et al., 2018). In particular, male athletes with testosterone values in the 
lower quartile of the sample, had a 4.5-fold higher stress fracture rate 
(Heikura et al., 2018). Interestingly, these athletes were within the 
normal clinical range for testosterone, demonstrating the poor utility of 

population based clinical reference ranges (see ANALYZING 
BIOMARKER DATA section below). These biomarkers provide objective 
data to inform recovery strategies, for example, improving the 
periodization of carbohydrate intake to address poor energy status.

Whilst associations between injury or illness and biomarkers of energy 
status, sex hormones and oxidative stress are consistently reported, 
further work is needed to establish the predictive power of biomarker 
monitoring to reduce lost training days. However, this in itself is 
problematic due to the infrequent nature of injury and the many 
confounding variables in high-performance environments.

HOW TO SAMPLE BLOOD
Pre-analytic considerations 

It is of paramount importance to collect blood using a consistent 
methodology, adhering to pre-analytic rules, if data are to be useful for 
detecting changes across time. The distribution of the constituents of 
blood are dramatically altered with exercise. If the exercise is prolonged, 
unaccustomed or excessive, there can be evidence of this in the blood 
for several days afterwards (Hill et al., 2014). Posture also results in 
marked changes in hematocrit, e.g., prone vs. seated vs. standing 
(Lippi et al., 2015). An overview of all pre-analytic considerations 
together with a set of eight simple recommendations to improve the 
quality of blood test data is presented in Figure 1. 

It is advisable to remove as little blood as possible from the athlete. To 
give this context, it is well known that female athletes are at a higher 
risk of iron deficiency due to menstrual blood losses (light flow = < 
36.5 mL per cycle; heavy flow ~72.5 mL per cycle), which can be 
similar to the amount of blood lost with a comprehensive blood draw, 
depending on the efficiency of the lab.

Figure 1. Pre-analytic considerations for improving the quality of blood sampling together with recommendations for the practitioner. OCP = oral 
contraceptive pill. 

•
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ANALYZING BIOMARKER DATA
Normal Ranges 

The identification of departures from population-based reference 
ranges is a primary objective in individual-level monitoring of biomarkers 
in medicine and in elite sports. The time-evolution of the data is often 
ignored with individual data points compared against fixed population-
derived reference ranges (e.g., normal ranges) based on a healthy 
cross-sectional sample of the general population. In reality, typical 
biomarker levels in elite athletes are different compared to the “general” 
population at large, and normative ranges should therefore be derived 
from a population of elite athletes where possible. Accumulating sport-
specific or even position-specific data can be useful to establish more 
useful cutoffs to aid interpretation of biomarker data in the applied sport 
setting. Precious few examples of this exist in the literature, e.g., 
creatine kinase (Mougios, 2007) and iron status (Mettler and 
Zimmermann, 2010), although the Australian Institute of Sport (1999) 
published normative ranges for athletes some 20 years ago. 
Furthermore, athletes are often extreme phenotypic outliers with large 
intra-individual differences, and therefore even athlete based normative 
data can be of little practical use and individual ranges are likely more 
appropriate.

Longitudinal analysis

Repeated measurements on the same athletes offer a major statistical 
advantage, and analyses should capitalize on the frequency of data 
derived from longitudinal monitoring, with information on within athlete 
variability informing interpretation. Bayesian approaches are a natural 
choice where prior individual measurements are taken into account to 
construct personalized reference ranges from monitoring data, that 
adapt to an individual’s variability over time (Figure 2). 

Bayesian approaches for athlete monitoring have been employed to 
establish individual normative ranges, as is the case with the “Athlete 
Biological Passport” (Sottas et al., 2010). Some examples of this 

approach being deployed by sport scientists are appearing in the 
literature. Hecksteden and colleagues (2017) created individualized 
ranges for biomarkers of muscle recovery (creatine kinase and urea) in 
both “recovered” (pre-match) and “non-recovered” (post-match) states, 
providing the potential for superior diagnostic accuracy (i.e., poor 
recovery) within an individual athlete. In addition, through the application 
of critical difference values, meaningful changes can be identified 
within an individual since biological variation and measurement error 
are accounted for (Lewis et al., 2016).

PRACTICAL APPLICATIONS
•	 Select appropriate biomarkers for athlete profiling, including 

nutritional assessment. Since these comprehensive biomarker 
panels require a venous blood draw, they should only occur 
infrequently, e.g., 4 times per year. 

•	 Select appropriate biomarkers for monitoring, point of care tests 
where possible. These can provide an indication of an athlete’s 
recovery status on a more frequent basis, e.g., once per week. 

•	 Pre-analytic considerations for blood sampling are essential 
to ensure that good quality, reliable data are collected and 
increasing the chances of identifying a physiological change in an 
athlete. 

•	 Blood biomarkers only provide an indication of physiological 
status at the time of the test. They should be combined with 
other data including subjective, physical and metabolic data to 
truly inform practice.  
 

SUMMARY
Assessing biomarkers in athletes provides a collaborative space for 
sports nutrition, physiology and medicine staff to understand the 
recovery status of the athlete and prioritize strategic interventions, with 
the goal of reducing days lost to injury and illness and maximizing 
training outcomes. Clear evidence exists of the negative outcomes 
associated with poor vitamin D status, iron status and energy availability. 
Appropriate (selection, collection technique, measurement frequency, 
statistical interpretation) biomarker analysis can provide objective 
insight into these issues.
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