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Abstract: (1) Background: This study aimed to analyze the temporal dynamics of blood lactate concentration 
and oxygen consumption following supra-maximal efforts, providing insights into recovery kinetics and 
physiological responses. (2) Methods: Ten highly trained 100-meter sprinters participated. Each athlete 
completed a graded exercise test (GXT) and a 30-second Wingate Anaerobic Test. Blood lactate concentrations 
were measured before, immediately after, and at intervals up to 20 minutes post-exercise. Oxygen consumption 
(VO2) was continuously monitored during and after the GXT. (3) Results: Peak blood lactate concentration was 
reached around 3 minutes post-exercise, averaging 14.9 ± 3.5 mmol/L. Lactate clearance followed a bi-
exponential decay, with a rapid initial phase (τ1 = 60 seconds) and a slower secondary phase (τ2 = 300 seconds). 
Peak VO2 values were high (45.4 ± 4.1 ml/kg/min), reflecting significant aerobic capacity. VO2 recovery also 
showed a bi-exponential pattern, suggesting efficient recovery mechanisms. (4) Conclusion: The findings 
support previous research by demonstrating a high anaerobic glycolytic contribution during sprinting and 
rapid lactate clearance due to effective recovery. The bi-exponential models for both lactate and VO2 kinetics 
provide deeper insight into metabolic responses and recovery profiles, which are crucial for optimizing 
training in competitive sports. This study offers valuable data for improving recovery strategies and 
performance in sprint athletes. 

Keywords: Blood lactate; oxygen consumption; elite sprinters; recovery kinetics; graded exercise 
test; Wingate Anaerobic Test 

 

1. Introduction 

The kinetics of lactate release from muscle into the bloodstream and its subsequent removal 
following sprint training are critical determinants of athletic performance and recovery [1]. A 
biexponential four-parameter model based on blood lactate concentrations before and up to 30 
minutes after exercise effectively describes these kinetics [2]. This approach indicates the rates of 
lactate release from extravascular compartments into the blood and its subsequent removal from 
circulation, making it useful for comparing the physiological responses of highly fit athletes post-
sprint training [3]. Blood lactate concentration measurement is a widely accepted method for 
assessing anaerobic glycolysis involvement in energy production and indirectly evaluating exercise 
intensity [4]. It is well-established that blood lactate concentration results from both lactate 
production and removal [5]. During steady-state sub-maximal exercise where lactate production 
(influx) equals lactate removal (outflux), lactate concentration remains constant and oxygen 
consumption reflects whole-body energy expenditure regardless of lactate turnover or absolute 
concentration [6,7]. At exercise intensities above steady-state, an increase in lactate concentration may 
be due to either increased lactate production or decreased removal [8]. 

Following exercise, a reduction in intensity or the use of active recovery methods facilitates 
lactate oxidation, predominantly in the liver, where it is converted to glucose via the Cori cycle [9,10]. 
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Blood lactate concentration measurements are used in training to monitor exercise intensity, lactate 
threshold, and recovery status post-exertion, providing insight into the metabolic demands of various 
activities [11,12]. For example, during a 400-meter sprint, anaerobic contributions in men average 
63%, a critical factor for high performance. During a 100-meter sprint, which lasts around 10 seconds, 
oxygen consumption is minimal, with energy predominantly derived from 50% phosphocreatine and 
50% glycolysis. The lactate concentration of top elite sprint athletes is approximately 13.2 mmol/L 
[13,14]. Gupta et al. (2021) demonstrated a significant correlation between 400-meter runner 
performance and peak blood lactate levels, recommending the optimal measurement time for peak 
lactate to be within 3 to 5 minutes post-exercise [15]. This timeframe captures the highest lactate 
response following intense exertion. Zajac (2024) suggests that to gain valuable insights into the 
temporal changes in blood lactate concentration post-exertion, researchers should increase the 
measurement frequency (e.g., every 1–2 minutes) and extend the post-exertion monitoring period 
beyond 60 minutes. Despite extensive research, there is no consensus on the optimal interval for 
blood sample collection following all-out athletic performances to accurately capture peak lactate 
levels. Determining the optimal withdrawal time can reduce the inconvenience of multiple samplings 
[16]. The study of lactate responses across various track events holds significant importance, albeit in 
distinct manners. Shorter events such as the 200-meter and 400-meter runs prominently highlight the 
reliance on the glycolytic pathway for successful performance completion [17]. Therefore, the 
purpose of this study was to analyze the temporal changes in blood lactate concentration and 
determine the optimal time to measure peak blood lactate following an all-out test among highly 
trained sprint athletes in the 100-meter event. 

2. Materials and Methods 

Ten highly trained 100-meter sprinter athletes were recruited for this study. Detailed 
information regarding their ages, anthropometric characteristics, and peak oxygen uptake (VO2peak) 
prior to testing was recorded (see Table 1). All participants adhered to a consistent regimen of 
physical activity and were free from pharmacological interventions or specific dietary protocols. 
Informed consent was obtained from all participants or their legal guardians, following 
comprehensive explanations of the study’s objectives and associated risks. This study was conducted 
by the Declaration of Helsinki and received pre-approval from the local ethical committee of Istanbul 
Gedik University (Approval ID: E-56365223-050.02.04-2023.137548.20). 

Anthropometric Measurements 

Body height and body mass were measured using a stadiometer (Seca 213, Seca GmbH & Co. 
KG, Hamburg, Germany) with an accuracy of 1 mm and 0.1 kg, respectively. Body composition was 
assessed using the InBody MC780 Bioimpedance Analysis Scale (Tanita, Tokyo, Japan) to determine 
fat mass and lean body mass based on the electrical bio-impedance method [18,19]. 

Graded Exercise Test 

Each participant underwent a graded exercise test on an electrodynamically braked cycle 
ergometer (Monark 939 E, Sweden). The test began with a standardized warm-up consisting of 10 
minutes of cycling at 75 Watts and a cadence of 60–90 rpm [20]. Subsequently, an incremental load 
test was performed, starting at 100 W and increasing by 25 W every minute until volitional fatigue 
was reached (Figure 1). This test determined peak power (P_peak), peak oxygen uptake (VO2peak), 
and peak blood lactate concentration (BLC_peak). Heart rate (HR) throughout the protocol was 
monitored using a Polar heart rate monitor (Polar Electro Inc., Lake Success, NY, USA). Criteria for 
VO2max determination included an increase in VO2 of less than 150 mL/min with an increase in 
power, a rating of perceived exertion (RPE) greater than 18 on Borg’s Scale, and a heart rate (HR) 
exceeding 90% of the age-predicted maximal HR. 
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Figure 1. Protocol for the graded exercise testing (GXT). 

30-Second All-out Sprints of Cycling (Wingate Anaerobic Test) 

Participants performed a single 30-second Wingate Anaerobic Test on a mechanically braked 
cycle ergometer (894 E, Monark, Sweden). The standardized warm-up included 5 minutes of cycling 
at 0.5 W/kg, with two 3-second sprints performed at the end of the third and fourth minutes. 
Following a 10-minute rest, participants pedaled as fast as possible against a resistance equivalent to 
7.5% of their body weight for 30 seconds. Capillary blood samples were collected immediately before 
and after the test, as well as every two minutes up to the 14th minute (Figure 2), to measure blood 
lactate concentration using a Lactate Scout 4 analyzer (EKF, Germany). 

 

Figure 2. Schematic illustration of the experimental protocol for the GTX and 30-s sprints of cycling. 

Gas Analysis and Aerobic Threshold Determination 

VO2 and pulmonary ventilation (VE) were assessed using a semi-portable gas analysis system 
(Fitmate Pro Cosmed, Rome, Italy). Before each test, the Fitmate Pro underwent an automatic gas 
calibration cycle, and the turbine flow meter was calibrated using a 3 L syringe. VO2peak was 
determined as the highest recorded VO2 value during the test. Individual aerobic gas exchange 
threshold (AerTge) was identified offline by plotting VE/VO2 against VO2 and determining the point 
where the curve reached its lowest value, indicating the individual aerobic threshold. The O2 
(mL/kg/min) associated with each stage of the GXT was identified as the highest 30-s average O2 at 
each respective stage. Peak oxygen uptake ( O2peak, mL/kg/min) was determined as the highest 30-
s average O2 during the GXT. 

Laboratory Conditions and Pre-Testing Precautions 
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All testing was conducted in the Sports Performance Laboratory of the Department of Sports 
Science, Faculty of Sports Coaching, at Istanbul Gedik University, under controlled conditions 
(ambient temperature: 23 ± 1 °C; relative humidity: 44% ± 3%). Testing was scheduled between 1700 
and 1900 hours to minimize the influence of circadian rhythms. Participants refrained from 
consuming anything except water and from eating for at least 2 hours before testing, and they 
abstained from strenuous activities, caffeine, alcohol, or tobacco for 24 hours before testing. 

Data Analysis 

All data were examined to ensure they met the requirements of normality and homogeneity of 
variance using the Kolmogorov-Smirnov and Shapiro-Wilk tests. Descriptive results are reported as 
mean values and standard deviations (Mean ± SD). To compare the parameters statistically, used 
ANOVA (Analysis of Variance) a pairwise comparison using t-tests. Wingate performance metrics 
were determined as follows: Peak Power (PP) and Minimum Power (MP) were defined as the highest 
and lowest mechanical power outputs, respectively, calculated based on the average power over a 5-
second period. The Mean Power (AP) was the average power output sustained throughout the six 5-
second intervals. Power Drop (PD) was calculated as the difference between PP and MP, while the 
Fatigue Index represented the PD as a percentage of PP. All performance metrics were normalized to 
absolute and relative. The level of significance was set a priori to = 0.05 and all statistical analyses 
were performed with the SPSS Statistics for Windows (version 25; SPSS Inc., Chicago, Ill., USA). 

Mathematical Analyses 

The analysis method for blood lactate concentration using a bi-exponential model involves 
aggregating data from elite sprinters during recovery. This method employs the equation: [LA] (t) = 
LA0 + A1 (1−e−γ1t) + A2 (1−e−γ2t) where [LA] (t) represents lactate concentration at time t, LA0 is the 
initial concentration, A1 and A2 are amplitudes, and γ1 and γ2 are rate constants. Parameters are 
estimated using nonlinear least-squares regression, and model fit quality is assessed via the 
coefficient of determination (R²) [21]. 

VO2 Kinetics During Recovery 

The kinetics of oxygen uptake (VO2) during the recovery phase after a 30-second Wingate test 
were modeled using a single exponential equation [22]. This approach provides a detailed 
understanding of the physiological processes involved in the recovery period following high-
intensity exercise. 

Single Exponential Model 

The oxygen uptake kinetics were described using the following equation: 
V˙O2 (t) = A1⋅exp (−(t−TD)/τ1) + V˙O2, base 

Where: 
 V˙O2 (t) represents the oxygen uptake at time t. 
 V˙O2, the base is the baseline oxygen uptake before exercise. 
 A1 is the amplitude of the fast phase of oxygen uptake. 
 t is the time elapsed during the recovery phase. 
 TD is the time delay before the onset of the VO2 response. 
 τ1 is the time constant of the fast phase, indicating the rate at which VO2 increases during 

recovery. 

Parameters and Calculations 

To quantify the oxygen debt incurred during the recovery period, the following calculations 
were performed: 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 October 2024 doi:10.20944/preprints202410.1990.v1

https://doi.org/10.20944/preprints202410.1990.v1


 5 

 

1. Fast Oxygen Debt: The rapid phase of oxygen uptake, which primarily reflects the replenishment 
of phosphocreatine stores and the initial re-oxygenation of myoglobin, was calculated as Fast 
Oxygen Debt = A1⋅τ1 

2. Slow Oxygen Debt: In scenarios where a bi-exponential model was used, the slow phase, 
representing ongoing oxidative metabolism and clearance of metabolic by-products, was 
calculated as Slow Oxygen Debt = A2⋅τ2 Here, A2 and τ2 denote the amplitude and time constant 
of the slow phase, respectively.The Materials and Methods should be described with sufficient 
details to allow others to replicate and build on the published results. Please note that the 
publication of your manuscript implicates that you must make all materials, data, computer 
code, and protocols associated with the publication available to readers. Please disclose at the 
submission stage any restrictions on the availability of materials or information. New methods 
and protocols should be described in detail while well-established methods can be briefly 
described and appropriately cited. 
Research manuscripts reporting large datasets that are deposited in a publicly available database 

should specify where the data have been deposited and provide the relevant accession numbers. If 
the accession numbers have not yet been obtained at the time of submission, please state that they 
will be provided during review. They must be provided prior to publication. 

Interventionary studies involving animals or humans, and other studies that require ethical 
approval, must list the authority that provided approval and the corresponding ethical approval 
code. 

3. Results 

Participants’ recent 100-meter running performances, GXT results, and blood lactate kinetic 
parameters are detailed in Table 1. During the GXT, participants completed an average of 9 ± 1 stages. 
The post-exercise peak blood lactate concentration averaged 14.9 ± 3.5 mmol/L, illustrating the high 
intensity of the exertion and the anaerobic capacity of the participants. 

Table 1. The characteristics of participants. 

Variables Mean ± SD 

Age 15.6 ± 0.96 

Weight (kg) 70.3 ± 6.6 

Height (cm) 178.2 ± 6.6 

Body fat (%) 11.1 ± 0.6 

Body fat (kg) 10.2 ± 1.9 

Muscle mass (kg) 54 ± 3.8 

BMI 24.2 ± 2.6 

Vo2max (ml.kg.min) 45.4 ± 4.1 

Peak Power (w/kg) 14.2 ± 1 

Mean Power (w/kg) 9.9 ± 0.2 

Power Drop (%) 56.1 ± 6 

Time to Peak (ms) 2.1 ± 0.6 

Lactate before (mmol/L) 1.6 ± 0.5 

Lactate after (mmol/L) 14.9 ± 3.5 

Wingate 30-Second Test Results Summary 
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The peak power output recorded during the test was 14.2 ± 1 W/kg and 14.2 ± 1 W/kg. This value 
represents the highest power output achieved by the participants within the first few seconds of the 
test, indicating their maximum anaerobic power (Figure 3). The average power output over the entire 
30-second test period was 9.9 ± 0.2 W/kg and 9.9 ± 0.2 W/kg. This value provides an overall measure 
of the participants’ sustained anaerobic capacity throughout the test duration. The power drop, 
calculated as the percentage decrease in power from the peak to the lowest point at the end of the 
test, was 56.1 ± 6% and 56.1 ± 6%. This significant decline highlights the rapid onset of fatigue and 
the depletion of anaerobic energy stores as the test progressed. The time taken to reach peak power 
was 2.1±0.6 seconds2.1±0.6seconds. This measure indicates how quickly the participants could 
generate maximum power from the start of the test, reflecting their explosive strength and anaerobic 
performance. 

 
Figure 3. Mean power output and revolutions per minute (RPM) of sprinters following a 30-second 
Wingate test. 

The graph shows a rapid increase in power at the beginning, peaking at around 
14.2 W/kg14.2W/kg and then declining steadily to an average of 9.9 W/kg9.9W/kg. The RPM graph 
follows a similar pattern, with a quick rise to peak RPM followed by a steady decline, indicating the 
participants’ diminishing ability to maintain high-intensity cycling. 

Figure 4 indicates that the initial mean lactate concentration after the 30 Wingate test was 12.15 
mmol/L. The amplitude A1 of 12.26 suggests a significant initial increase in lactate concentration due 
to the release from muscles. The rate constant γ1 of 0.20 indicates the speed of this initial phase. The 
negative amplitude A2 of -6800.37 and the very small rate constant γ2 of 0.000125 describe a slower, 
prolonged clearance phase of lactate from the bloodstream. 
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Figure 4. Mean blood lactate clearance following a 30-second Wingate test. 

LA_0: 12.15 (initial lactate concentration) 
A_1: 12.26 (amplitude of the first phase) 
γ_1: 0.20 (rate constant for the first phase) 
A_2: -6800.37 (amplitude of the second phase) 
γ_2: 0.000125 (rate constant for the second phase) 

Biexponential Fit of Lactate Recovery for All Subjects 

The graph above shows the biexponential fits for each subject’s lactate recovery data, with 
different shapes representing different subjects (Subject 1 to Subject 10). The scatter points indicate 
the actual data, while the lines represent the fitted biexponential models (Figure 5). 

 

Figure 5. Blood lactate clearance following a 30-second Wingate test. 

Bi-Exponential Fit of VO2 

The graph illustrates the kinetics of VO2 (oxygen consumption) over 10 minutes following the 
30s Wingate test (Figure 5). The initial steep decline represents the fast phase of recovery, followed 
by a more gradual decline, representing the slow phase. The data points closely follow the model, 
indicating a good fit. The data is modeled using a bi-exponential function, which is a common method 
for describing the recovery kinetics of physiological variables. 
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Figure 5. Bi-exponential VO2 kinetics following a 30-second Wingate test. 

 Amplitude of Fast Phase (A1): 2.0 L/min 
 Amplitude of Slow Phase (A2): 1.0 L/min 
 Time Constant of Fast Phase (τ1): 60.0 seconds 
 Time Constant of Slow Phase (τ2): 300.0 seconds 
 Baseline VO2 (y0): 0.5 L/min 

4. Discussion 

The current study aimed to elucidate the temporal dynamics of blood lactate concentration and 
oxygen consumption following supra-maximal efforts in elite sprinters. Our findings contribute to 
the growing body of knowledge on the physiological responses and recovery kinetics in this 
specialized athletic population, offering substantial implications for training and performance 
optimization. Our results indicated that peak blood lactate concentration was achieved 
approximately 3 minutes post-exercise, consistent with previous research, such as Gupta et al. (2021), 
who reported similar peak lactate levels following intense 400-meter sprints [23]. This peak reflects 
the predominant anaerobic glycolytic contribution during all-out efforts, necessary for sustaining 
high power outputs over short durations [24]. The observed peak lactate concentration (14.9 ± 3.5 
mmol/L) aligns with values documented in other studies of elite sprinters, such as Zajac (2024), who 
reported peak values of 13.2 mmol/L [16]. The bi-exponential decay pattern observed in lactate 
concentration during the recovery phase, is characterized by an initial rapid decline followed by a 
slower phase [25]. The initial rapid phase likely corresponds to the clearance of lactate via oxidation 
and gluconeogenesis, facilitated by active muscles and other tissues [26]. The slower secondary phase 
likely represents the utilization of lactate by less active muscles and the liver [27]. This decay pattern 
underscores the complexity of lactate clearance and highlights the importance of monitoring recovery 
over an extended period [4]. The optimal timing for blood sample collection to capture peak lactate 
levels is critical for accurate assessment [26]. While our study supports a 3-minute post-exercise 
window, extending the sampling period up to 20 minutes, as recommended by Zajac (2024), provides 
a more comprehensive understanding of lactate kinetics and recovery profiles. This extended 
monitoring can aid in designing more effective training and recovery protocols, tailored to the 
individual metabolic responses of athletes, thereby enhancing performance and minimizing the risk 
of overtraining [16]. 

The VO2 kinetics observed in our study demonstrated a rapid initial increase during the graded 
exercise test, reaching a peak followed by a bi-exponential decline during the recovery phase. The 
fast phase of oxygen recovery, characterized by a time constant (τ1) of approximately 60 seconds, 
represents the rapid replenishment of phosphocreatine stores and the initial re-oxygenation of 
myoglobin [28,29]. This phase is crucial for immediate recovery and preparation for subsequent high-
intensity exercise bouts. The slower phase, with a time constant (τ2) of about 300 seconds, reflects 
ongoing oxidative metabolism and the clearance of metabolic by-products such as lactate and 
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hydrogen ions. The amplitude of the fast phase (A1 = 2.0 L/min) and the slow phase (A2 = 1.0 L/min) 
observed in our study are consistent with values reported in previous research on elite athletes, 
indicating a well-developed capacity for both rapid and prolonged recovery [6]. Our findings align 
with those of Dupont et al. (2004), who also observed significant fast and slow components in VO2 
recovery kinetics in trained athletes. The high VO2peak values (45.4 ± 4.1 ml/kg/min) recorded in our 
participants highlight the exceptional aerobic capacity of elite sprinters, which complements their 
anaerobic power. This dual capacity is essential for sustaining high-intensity efforts and optimizing 
performance in sprint events. Our findings are in line with those of Dupont et al. (2004), who also 
observed significant fast and slow components in the VO2 recovery kinetics in trained athletes [30]. 
The close alignment of our data with established models of lactate and VO2 kinetics underscores the 
robustness of our experimental design and the relevance of our findings to the broader field of 
exercise physiology [30]. Furthermore, the high VO2peak values (45.4 ± 4.1 ml/kg/min) recorded in 
our participants highlight the exceptional aerobic capacity of elite sprinters, which complements their 
anaerobic power. This dual capacity is essential for sustaining high-intensity efforts and optimizing 
performance in sprint events. 

Our data also demonstrate that elite sprinters possess a unique ability to rapidly clear lactate 
and other metabolic by-products, likely a result of their high-intensity training regimens [31]. This 
ability to efficiently recover between bouts of intense exercise is a critical factor in their performance 
and success. Our findings extend the work of Bogdanis et al. (1996), who reported similar rapid 
lactate clearance in elite athletes, suggesting that training interventions aimed at enhancing lactate 
clearance could be beneficial for improving performance [32]. 

The detailed understanding of lactate and VO2 kinetics provided by our study can inform the 
development of tailored training programs that optimize both anaerobic and aerobic conditioning. 
Coaches and athletes can use these insights to fine-tune training loads, recovery strategies, and 
nutritional interventions to enhance performance and reduce the risk of overtraining. For instance, 
incorporating interval training sessions that mimic the demands of competition can help improve 
both the anaerobic and aerobic capacities of sprinters. Additionally, active recovery strategies, such 
as low-intensity cycling or swimming, can facilitate lactate clearance and enhance recovery. 
Nutritional interventions, such as carbohydrate and protein supplementation, can also support 
recovery by replenishing glycogen stores and promoting muscle repair. 

Future research should continue to explore the dynamics of lactate and VO2 kinetics across 
different athletic populations and training modalities. Investigating the impact of various training 
interventions, such as high-intensity interval training (HIIT) and resistance training, on these 
physiological responses could provide valuable insights for optimizing training and recovery 
protocols. Moreover, longitudinal studies examining the long-term adaptations to training in elite 
sprinters could help elucidate the mechanisms underlying their exceptional performance and 
recovery capabilities. Such research could also identify potential biomarkers for monitoring training 
status and preventing overtraining. 

5. Conclusions 

In summary, our study offers valuable contributions to understanding metabolic responses and 
recovery dynamics in elite sprinters. The findings underscore the importance of precise timing in 
lactate sampling and highlight the complex interplay between anaerobic and aerobic systems during 
and after high-intensity exercise. Future research should further explore these dynamics across 
different athletic populations and training modalities to refine training and recovery strategies in 
competitive sports. By advancing our understanding of these physiological responses, we can 
develop more effective training programs that enhance performance, reduce the risk of injury, and 
promote long-term athletic development. 

Institutional Review Board Statement: This study was conducted by the Declaration of Helsinki and received 
pre-approval from the local ethical committee of Istanbul Gedik University (Approval ID: E-56365223-050.02.04-
2023.137548.20). 
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