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Lactate Thresholds by Bioelectrical Impedance Spectroscopy
RENATO L. ALVARENGA, MÁRCIO N. SOUZA
Biomedical Engineering Program/LIB/COPPE/UFRJ, Rio de Janeiro, Brazil

ABSTRACT

Alvarenga RL and Souza MN. Lactate Thresholds by Bioelectrical Impedance Spectroscopy. JEPonline 2009;12(5):22-33. Bioelectrical Impedance Spectroscopy (BIS) is a noninvasive technology that has been used in exercise physiology to assess body composition and to estimate maximal oxygen uptake. The aim of the study was investigate the usage of BIS to estimate lactate threshold (LT), which is defined as the exercise intensity at which lactic acid starts to accumulate in the blood. The present study compares the estimates of lactate threshold obtained non-invasively from BIS (WBT) to the LT estimated invasively from blood lactate concentration (WLT), considering three different fixed levels of lactate threshold. Fifty-six physically active subjects (41 men and 15 women; age: 24.43±5.43 years; height: 172.31±7.71 cm; weight: 69.41±10.20 kg) participated in an incremental cycle ergometer test (ICET). Significant correlations (p<0.05) for Pearson’s product moment coefficient were found between the two methods (r = 0.96) at recommended level for cycle ergometer of 3.5 mM of blood lactate concentration. The standard error of the estimate was 3.47 W or 5.2%. The mean values for WLT and WBT were 65.7± 11.93 W and 65.7±11.41 W, respectively. The results suggest that BIS, when applied with ICET, can be used as an alternative noninvasive method to estimate the power at lactate threshold.
Key Words: Exercise, Metabolism, Heart Rate.
INTRODUCTION
Analysis of the blood lactate concentration (BLC) associated with some specific physical activities has been suggested as a method to obtain important information regarding the metabolic characteristic of athletes, leading to a better adjust of the exercise intensity used during aerobic physical training. Marathon running for example is a power activity requiring high glycolytic and oxidative fluxes, and requires lactate shuttling (1).
The glycolytic product called lactate is formed and utilized continuously even under fully aerobic conditions (1). Blood lactate was identified as an indicator of an increased dependence on glycolytic metabolism during exercise early last century (2).
The term lactate threshold (LT) is defined as the optimal exercise intensity correlated to a given value of lactate and that has been widely used as an objective measure the ideal aerobic exercise intensity in both athletes and patients. According to Billat (3) the blood lactate measurements is an excellent tool for prediction of exercise performance and for controlling the training. Terms like anaerobic threshold (AT) or ventilatory threshold (VT) can be seen as techniques, from expired gas and ventilatory measurement, used to yield the same goal in what concerns the ideal aerobic exercise intensity. Indeed several methods are used to estimate LT or AT during exercise (4).
The LT tests typically are performed on a treadmill or cycle ergometer, where after an adequate warm-up period, the test starts with an exercise of light intensity. Each intensity stage lasts 2-6 minutes, allowing enough time for the subject to achieve steady-state heart rate, VO2, and lactate production. Blood samples are taken towards the end of each stage and analyzed to yield the BLC.

At rest the BLC is about 1.0 mM and such concentration normally increases as exercise intensity increases, until a given aerobic exercise intensity where the biological system begins to produce more lactate than the body can process it (principally in the liver) and the BLC increases at a rate greater than the exercise intensity. In a recent review about this subject Bizoni (5) shows that the rate of lactate production increases almost linearly as a function of the workload. The LT or AT are strictly determined by the saturation of the lactate clearance mechanisms of the body, differently from the "lactate shuttle", and involving a sudden increased lactate production at the cellular level. Lactate disposal is mainly through oxidation, especially during exercise when oxidation accounts for 70-75% of removal, and the gluconeogenesis accomplishes the remainder. 

The LT is estimated from individual plots of blood lactate concentration (BLC) vs. power on cycle ergometers, where LT is considered the level of exercise intensity at which blood lactate concentration starts to increase rapidly.

Invasive techniques to quantify BLC, and subsequently the determination of LT are normally expensive. The two most used methods are the electrochemical analyzer (YSL 2300 STAT Yellow Spring Co. U.S.A.), requiring blood haemolysis and enzymatic determination and the reflectance photometry using a lactate analyzer (Accusport, Germany). Such equipments are expensive, or in the case of a minor cost in equipment acquisition (the latter method) the cost of the required straps makes the techniques expensive to be used in large scale. Moreover, as many other invasive techniques, both need aseptic environment to be performed, suffering from problems associated to contamination. In addition some athletes also present aversion to such kind of exam.

Due to the above-mentioned aspects concern the cost of the invasive methods to quantify the BLC until recently determining LT was just performed in some large laboratories, discouraging the use of this resource as a practical method for exercise prescription. However the use of the BLC has been shown to be a good technique in the assessment, prescription and monitoring of the sportive training, especially for high-level athletes who need accuracy and sensibility in the determination of optimal training parameters. Thus, some authors (6) have argued the necessity of determination of the LT using noninvasive techniques.  Bioimpedance or bioelectrical impedance spectroscopy (BIS) has been used for detecting metabolic and structural changes (7). Normally BIS data are associated to an electrical model of the body segment to estimate the model parameters, which are normally extracellular and intracellular resistances corresponding to the extracellular and intracellular compartments, respectively; and the capacitance associated to the cell membranes.
Considering that membrane rupture and osmotic swelling have been suggested to occur during exercise, and that such changes should be expected to result in a reduction in total resistance of the tissue (associated to the parallel of extracellular and intracellular resistances), one can expect BIS could be used to assess physiological effects of the exercise. Thus, the aim of the present study was to investigate an alternative noninvasive method to determine the ideal aerobic exercise intensity (i.e., LT, using BIS).  Such a method would supply results comparable to the LT obtained using conventional invasive lactate measures corresponding to the onset of blood lactate accumulation (OBLA), estimated at fixed levels of BLC.

METHODS
Subjects

Fifty-six subjects (41 men and 15 women) undergoing incremental cycle ergometer test (ICET)  participated in this study. The subjects were instructed to arrive at the laboratory in a rested and fully hydrated state, at least 3 h post-prandial, and to avoid hard exercise in the 48 h preceding the test. Before the study, all subjects came to the laboratory to familiarize themselves with the testing procedures, in particular by using of the cycle ergometer. The study was performed according to the Declaration of Helsinki, was approved by the Ethical Committee of the Federal University of Rio de Janeiro, and before the experiments were undertaken an informed consent was obtained from each subject.

Technique
The BIS technique used in this study was the one based on the current response to the voltage step excitation (8) and that presents the advantage of needing just one excitation waveform, in opposition to the classical sinusoidal scan method used by the most available multi-frequency analyzers. The basic concept of the method is depicted in Figure 1, where Re and Ri are the extra and intracellular resistances of the biological segment under investigation, Cm is the membrane capacitance associated to the segment, and Ce is the capacitance associated to the interface electrode-tissue, which represents a simplification of the impedance due to such interface. 
It was demonstrated (8) that for the electric model illustrated in Figure 1 the current response i(t) can be expressed by equation (1).
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where, ip, k1, p1, k2 and p2 are constant dependent on the circuit elements and also dependent on the step voltage amplitude vd.

From the theoretical expectation of i(t) and its experimental counterpart, one can expect to estimate the electric parameters of bioimpedance model. From the electric model parameters secondary parameters can be derived, in particular, the infinite resistance (Rinf) defined as the parallel association between the resistances Re and Ri (equation 2). In the present work a multiparametric optimization procedure based on the steepest gradient method was used to estimate the best parameters that fit the experimental data in the least square sense.
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An academic prototype designed and implemented in the Biomedical Instrumentation Laboratory of the Biomedical Engineering Program – COPPE at Federal University of Rio de Janeiro was used to generate the excitation and to acquire data of the current response associated to the BIS method. The prototype was developed as a virtual instrument using Labview. 6.0 (National Instruments), under a platform of the mobile hardware - laptop Toshiba (Pentium 500 MHz) - using an acquisition board National PCM-CIA, model DAQCard 6062E (12 bits, 500 kHz). Besides the data acquisition the virtual instrument also perform the bioimpedance parameters estimates. This prototype has been used elsewhere to investigate some applications of this alternative BIS technique, as for example, the assessment of fat mass and fat free mass (8), osteoarthritis diagnosis (9), fluid balance in newborns (10), and skin irritation evaluation (11).  After some preliminary tests searching for the best protocol to the electrodes placement, the final measurements were performed using a pair of stainless steel electrodes in the left thigh of the subjects, placing the first electrode at 5 cm above patella border and the second one 25 cm apart. 

Blood Analysis
Blood samples for determining lactate concentration was collected at ear lobe at rest and after every 3 min of exercise (see below) and processed by an automated lactate analyzer (Accusport, Germany), which showed good correlation when compared with gold-standard (12). The analyzer was calibrated with known lactate standards.
Protocol
In order to determine LT an incremental test was performed on a cycle ergometer (Monark, Brazil) at a pedaling frequency of 60 cycles/min. The exercise started with a workload of 30 W and was increased by 30 W every 3 minutes until a workload of 150 W. In this sense five exercise levels were reached according to each subject’s capacity. Power output, heart rate, and BIS data were determined at the end of each load level and BLC was measured 1 minute after. The duration of the whole test ranged from 15 to 20 min.
The workload at LT (optimal exercise intensity) using invasive technique (WLT) was estimate as the intensity associated to 2 mM, 3.5 mM or 4 mM of BLC and determined through linear interpolation using two estimate of BLC associated to the two collected blood samples. The workloads using the noninvasive BIS technique (WBT) were obtained by three equations proposed in the present study (see below), which are based on the parameters of the proposed bioimpedance model (Figure 1). Heart rate (HR) was also measured throughout the exercise bouts using radiotelemetry (Polar Vantage XL, Stamford, CT) and used to determine the final intensity of the effort. The ambient temperature and humidity were measurement. Air temperature during the ICET was set to 28 ± 2.5°C.  Relative air humidity medium values along the test were 57.4 ± 12.6%. The sequence of tests was counterbalanced to minimize the influence of an order effect.

Statistical Analyses

All statistical analysis was performed using Matlab software (Mathworks, Natick, MA). The arithmetic mean and standard deviation (mean±SD) were used for descriptive statistics. The correlation between LT determined from BLC (WLT) and the estimated LT from BIS (WBT) were calculated using Pearson correlation (r) index and the magnitude of the error was calculated as the standard error of estimate.

RESULTS

Descriptive characteristics of the studied population are presented in Table 1. All exercise tests were completed without complications, being possible to determine the WLT using BLC and to estimate the parameters of the bioimpedance model for all subjects.
After an initial inspection concerning the behavior of bioimpedance parameters along the ICET we observed that Rinf was the best descriptor to be used in a noninvasive estimate of LT. Table 2 presents the summarized behavior of Rinf at rest and at 150W.
Using the bioimpedance parameter Rinf and the estimates of WLT associated to 2 mM, 3.5 mM or 4 mM of BLC we derived specific equations to estimate WBT. Equation 3-5 indicate the estimates of LT from BIS correspondent to 2.0 mM, 3.5mM and 4.0 mM, respectively, and which were performed using the difference of infinite resistance (ΔRinf) at rest and at a workload of 150 W.
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where ΔRinf  is expressed in ( and WBT is expressed in W.

The LT at 3.5 mM has been the most used threshold for the blood lactate concentration when the assessment of LT considering cyclo ergometer tests. For this important BLC no difference was observed between the mean values of the “optimum aerobic training power” using the two techniques, where the mean values were 65.8±11.93 W and 65.8±11.41 W, respectively, for the invasive technique (WLT) and noninvasive technique (WBT). The boxplot of the two estimates are depicted in Figure 2.

Other values of lactate threshold are also observed for the determining the ideal intensity of aerobic exercise (1). When a fixed level of BLC of 2 mM was considered the LT mean values were 36.29± 10.58 W for the invasive technique and 36.29±6.24 W for noninvasive technique. For a fixed level of 4 mM the mean of the “optimum aerobic training power” were 75.60±13.70 W and 75.60±13.30 W, respectively, for the invasive and noninvasive techniques. 


A significant correlation (p<0.05) for Pearson’s product moment coefficient was observed between the invasive and noninvasive techniques for the estimate values of LT for a level of 3.5 mM of BLC, exhibiting r = 0.96 and a standard error of the estimate of 3.47 W, which means about 5.2% of the mean values of the estimate LT. When the limit level of BLC was fixed at 4.0 mM the correlation between the two techniques was also r = 0.96 and the standard error of the estimate was 3.86 W, or 5.1%. For a level of 2.0 mM for the threshold BLC the correlation decreased to r = 0.59 and the standard error of the estimate increased to 8.54 W, or 23.5%.

Figure 3 depicted the scatter plot of the WLT and WBT for all the fifty-six subjects when considered a BLC threshold of 3.5 mM, as well as the best linear fit. The residuals between the estimates WLT and WBT are illustrated in figure 4. Figures 5 and figure 6 show the scatter plot of the WLT and WBT at BLC of 2 mM and 4 mM, respectively.

As an additional investigation we observed that the mean values of the heart rate (HR) considering the estimates of LT were 82.7% of the maximal heart rate (HRmax) for the WLT technique and 83.1% for the WBT, where HRmax was calculated from the Equation 6.
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DISCUSSION
The ideal amount of effort in training has been studied for a long time and many studies have search noninvasive techniques for this goal. Wasserman et al. (13) originally proposed the anaerobic threshold (AT) to predict aerobic endurance capacity by respiratory gas exchange and this method was the first noninvasive technique to determine the AT. 

Conconi et al. (14) studied 210 runners and propose an indirect method for prediction AT. The protocol used a fixed distance of 200 m for running and the registration of the heart rate (HR) as a function of the speed. They observed an inflexion point of HR (HRDP) in 10 athletes after they run a distance of 1200m in 3 velocities bellow HRDP and 3 velocities above it. The intersection of the curves was considered the AT, and coincides with the defined HRDP.

Tanaka et al. (15) studied the predictability of an anaerobic threshold from maximal aerobic power (VO2AT) for runners. To verify if the prediction equation developed for 53 male distance runners could be generalized to other samples, cross-validation of the equation was tested, using different distance runners. A high correlation was obtained between VO2AT predicted from the equation and directly measured VO2AT. These authors concluded that the generalized equation might be applicable to young distance runners for indirect assessment of VO2AT.

Two years later of Tanaka study Weltmann et al (16) developed an estimate of LT using fixed levels of BLC. But, the method used venous blood and the protocol of validation was different from the original protocol, besides also using run test to estimate.

Kindermann et al. (17), after accomplishment of incremental exercise tests in well-trained athletes, postulated the occurrence of a metabolic transition between anaerobic and aerobic systems at blood lactate concentrations between 2.0 and 4.0 mM, with a marked anaerobic threshold at 4.0 mM. Mader and Heck (18) suggested that the anaerobic threshold corresponds to a disproportional increase in blood lactate concentration in response to an exercise load. Sjödin and Jacobs (19) and Heck et al (20) considered the blood lactate concentration level of 3.5 mM on cycle ergometer and 4.0 mM on treadmill as being the "onset of blood lactate accumulation”. The threshold of BLC is specific according to the type of exercise, and is normally performed using continuous sampling and analysis of expired air and measurement of ventilation. Ordinary exercises involve treadmill running and walking, and cycle ergometry. In either case, the exercise testing protocols involve incremental steps of intensity until exhaustion (21), and occur within a time frame of 8-12 min. The major disadvantages of this method are the requirement of gas analysis and ventilation equipment, and the need for medical attendance.
The use of LT in training is a key point in many sports because it is capable to identify the balance between the rates of lactate production and lactate absorption. During light and moderate-intensity exercise, the BLC remains low. The body is able to absorb lactate faster than the muscle cells are producing it.  LT represents the highest steady-state exercising intensity an athlete can maintain for long periods of time (i.e., more than 30 minutes) (20). Most coaches and sport scientists today recognize LT, or a derivative thereof, as one of the strongest predictors of endurance performance. 

Lactate threshold also serves as a very useful measure for the determination of training zones and the overall effectiveness of training programs (22). The determination of the transition zone from which the metabolism shifts from predominantly aerobic to increased support from phosphagen and glycolytic energy systems is of great interest for physical conditioning, physical evaluation, training and sport performance (1). As a consequence, a great number of investigations have been conducted in the last decades, resulting in different protocols for identification of this metabolic zone transition.

The maximal lactate steady state can be used to detect the highest workload that can be maintained over time without continual blood lactate accumulation (23), because it represents the highest point of equilibrium between the production and removal of lactate (24). This parameter is considered a good indicator of the endurance exercise capacity (25).
In our study we used a cycle ergometer instead of treadmill due to some advantages for the proposed method. Essentially cardio-respiratory observation is facilitated and also there were not expressive artifacts in BIS measures. Moreover, the acquisition of blood samples to determine BLC was also easier.

Segmental electrical impedance measurement is an overall estimation of the passive electrical properties of the tissue, comprising mainly the resistances of the extracellular and the intracellular compartments, and the capacitance of the cellular membrane. Both membrane rupture and intracellular osmotic edema should be expected to result in a reduction in total impedance of the tissue, due to changes in membrane capacitance and intracellular resistance (7). Some researchers have studied BIS during exercise and reported that such changes occur during the exercise, what was also observed in the present study. Elleby et al. (26) studied the changes of segmental electric resistance at thigh after half marathons and Stahn et al. (27) estimate the maximal oxygen uptake by bioelectrical impedance analysis. However, the present study seems to the first to investigate the estimation of LT using BIS. 

Our findings indicate that the results for WBT were significantly correlated to the ones obtained from the traditional invasive method (WLT). The correlation for predicting LT from BIS considering a threshold of BLC of 3.4mM was r = 0.96 and the standard error of the estimate was 3.47 W. These results suggest that analysis of electrical segmental impedance seems to be correlated to the BLC during exercise. Indeed Raja et al. (28) showed significant correlations at the end of exercise between values of pH and ICW (as measured by both MFBIA and NMR), being in agreement with findings that suggest that intracellular acidification and other products of glycolysis, as the lactate, may largely mediate increases in intracellular water observed in skeletal muscle during exercise. Thompson et al. (29) also suggest a linear relationship between intracellular water (ICW) and metabolic stress in skeletal muscle during exercise, based on the significant correlation between pH and ICW variation, and the intracellular acidification primarily accounts for increase in ICW during exercise. Since BIS is a method sensitive to changes in fluid volume and also in the conductivity of such liquids it seems reasonable that segmental impedance can reflect the changes in the BLC.
Although good results were also observed from the equation proposed in the present study for a threshold of BLC of 4.0 mM, i.e., r = 0.96 and the standard error of the estimate of 3.86 W; the results for the estimate LT at a level of 2.0 mM were no so good, i.e., r = 0.58 and a standard error of the estimate of 8.54 W. The reason for such decrease in the performance can be associated with the non-linear kinetic of progressive accumulation of BLC and how this affects bioimpedance parameters. Nevertheless, the level of 2.0mM of BLC is suddenly used for prescription of exercise.

CONCLUSIONS
The aim of the present study was to develop a noninvasive method to determine the ideal training workload, defined as lactate threshold (LT), using BIS. The method should supply results comparable with the ones obtained by using traditional invasive blood lactate concentration (BLC) measures, corresponding to the onset of blood lactate accumulation (OBLA). Different thresholds of BLC (2 mM, 3.5 mM, and 4 mM) were used to accomplish the invasive estimates under a progressive test on cycle ergometer. The behavior of bioimpedance parameters was primarily investigated and then specific equations were derived to estimate LT from BIS, which is based on the difference of the infinite resistance (ΔRinf) at rest and at a workload of 150 W. The results of the estimate LT from such equations presented good correlation with the estimates performed by the well-known invasive method based on the blood lactate concentration.

The findings of our study suggest that by using a user-friendly approach one can individualize exercise prescription programs, at least for a population with similar characteristics of one evaluated in the present investigation. An important aspect of the proposed method is that it requires no invasive blood sample collection, removing any possibility of contamination; and also that it presents no pain during data acquisition. Moreover the method uses a sub-maximum test for the subjects and is non expensive. Our findings corroborated the results of the estimate of maximal oxygen uptake by bioelectrical impedance analysis performed by Stahn et al. (2006) and suggest that LT from BIS method should be considered by coaches and athletes as an alternative method for estimating optimal exercise intensity.
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Table 1. Subjects characteristics


Variable   �
Mean +SD�
�
Age (Yr)�
 24.43   ( 5.43�
�
Height (cm)�
172.31 ( 7.77�
�
Weight (kg)�
69.41   ( 11.20�
�
All values are expressed as Mean(SD





Table 2.  Behavior of the bioimpedance parameter Rinf


Rinf�
Values (()�
�
REST�
161.38   ( 63.59�
�
150W�
131.03   (   62.90�
�
All values are expressed as Mean(SD





Figure 1: Electric model for the bioimpedance of the biological segment used to estimate the current response to a voltage step excitation





Figure 2: Boxplots of WBT and WLT at BLC level of 3.5 mM





Figure 3: Scatter plot for WLT and WBT at BLC of 3.5 mM





Figure 4: Residuals between the estimates of WLT and WBT at BLC of 3.5 mM





Figure 5: Scatter plot for WLT and WBT at BLC of 2.0 mM.





Figure 6: Scatter plot for WLT and WBT at BLC of 4.0 mM
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