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The purpose of this study was to compare various methods and criteria used to 
identify the anaerobic threshold (AT) and to correlate the AT obtained with each other 
and with rowing performance in male competitive rowers. The blood lactate response 
was assessed during an incremental exercise test in 21 male rowers (age: 21.5±5.0 yrs; 
186.8±6.7 cm; 82.4±8.8 kg; VO2MAX: 4.87±0.68 l.min.-1) on a rowing ergometer 
(Concept II, Morrisville, USA). Fingertip capillary blood was sampled during a 30 sec 
rest interval at the end of each 3-min work load. Lactate increase was calculated using 
the following criteria: 1) lactate threshold (LT; the power output preceding the first 
increase in blood lactate concentration above the resting level during an incremental 
exercise test); 2) LT1 (the power output preceding a blood lactate increase by 1 mmol.l-1 
or more); 3) LTLOG (the power output at which blood lactate concentration begins to 
increase when the log([La-]) is plotted against the log(power output)); 4) LTD (the 
lactate threshold calculated by the Dmax method); and  5) LTMOD (the lactate threshold 
calculated by the modified Dmax method). Rowing performance was assessed by a 2500 
metre “all-out” test on a rowing ergometer. Two variables were considered to represent 
rowing performance: the time (T2500) and the average workload (P2500). All AT points 
selected were highly correlated with each other (0.83<r<0.96) and with performance 
(0.53<r<0.67) even when there were many differences among the ATs (p<0.05). In 
summary, of the lactate variable calculated in this study, LTLOG was most highly 
correlated with rowing performance in well trained male rowers. This suggests that 
LTLOG should be calculated in rowers as it provides less subjective and more precise 
estimate of AT. However, all calculated lactate response variables presented statistical 
generality (r2>0.50), which indicates that all lactate variables describe equally well the 
submaximal aerobic capacity of rowers. 
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Introduction 

The traditional variable to describe rowing performance is the maximal 
oxygen uptake (VO2MAX) (Jürimäe et al. 2000; Steinacker 1993). However, 
although research has consistently demonstrated that success in rowing is 
associated with a high peak VO2MAX (Cosgrove et al. 1999), peak VO2MAX alone 
is not a good predictor of rowing performance when rowers of similar 
endurance ability are compared (Steinacker 1993). It has been suggested that the 
power which elicits a blood lactate level of 4 mmol.l-1 (LT4) may be the most 
predictive variable for competition performance in trained rowers, especially 
those who compete in small boats (Steinacker 1993; Wolf & Roth 1987).  

The anaerobic threshold (AT) has been one of the most commonly used 
terms for describing blood lactate response. AT can be defined as the workload 
that can be performed by the oxidative metabolism and at which blood lactate 
production and release are balanced during continuous exercise (Bishop et al. 
1998; Steinacker 1993). To determine AT, numerous concepts and definitions 
have been published in the last decades. A number of methods are based on the 
observation that blood lactate levels change suddenly at some critical work rate 
and thus reflect a threshold phenomenon (Brooks 1985). Some authors consider 
the lactate threshold (LT) to be the work rate at which the lactate concentration 
first begins to increase above the resting level (Yoshida et al. 1987), whereas 
Coyle et al. (1983) defined LT as the lactate level that was 1 mmol.l-1 above 
baseline during incremental exercise. To overcome the disadvantage of visual, 
subjective determination of LTs, lactate variables may also be identified by 
using various curve fitting procedures such as log-log transformation (Beaver et 
al. 1985), the Dmax (Cheng et al. 1992) or modified Dmax method (Bishop et al. 
1998). However, although a number of competing models exist to fit blood 
lactate concentration data during incremental exercise, there has been little 
comparison between concepts.  

The purpose of this study was to compare various methods and criteria 
used to identify AT in competitive rowers and to correlate the AT obtained with 
each other and with performance. The main question of this investigation was 
which of the various blood lactate responses during an incremental exercise test 
is the best indicator of rowing performance.  
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Material and Methods 

Twenty one, male experienced rowers of a national competition level 
including eight lightweight rowers volunteered to participate in this study (age: 
21.5±5.0 yrs). Their mean (±SD) body height was 186.8±6.7 cm, body mass 
was 82.4±8.8 kg, and VO2MAX was 4.87±0.68 l.min.-1 The subjects were training 
regularly and had being doing so for the last 5.0±1.9 years. Measurements took 
place at the beginning of the winter session (i.e., in November). The rowers 
were fully familiarized with the laboratory procedures and possible risks before 
providing their consent to participate in the experiment. Each rower was tested 
on two separate occasions over a seven day period with at least three days 
between the tests. This study was approved by the Medical Ethics Committee of 
University of Tartu. 

Exercise tests were performed on pneumatic rowing ergometer (Concept II, 
Morrisville, USA). Heart rate (HR) was measured continuously and stored at 
five second intervals during exercise tests by a sporttester Polar Vantage NV 
(Kempele, Finland).  At the first measurement session, a progressive 
incremental exercise test to maximal intensity was performed (Jürimäe et al. 
2000). The test started at 150 W and power output was increased every 3-min 
by 50 W until volitional exhaustion. Capillary blood samples for blood lactate 
concentrations were taken from the fingertips during a 30 sec rest interval at the 
end of each work load (Jürimäe et al. 2000). Expired gas was sampled 
continuously for the measurement of VO2MAX (TrueMax 2400 Metabolic 
Measurement System, Parvo Medics, USA). The peak power output achieved at 
the end of the incremental test (PMAX) was also recorded (Jürimäe et al. 2000).  

Blood lactate was determined from fingertip capillary blood samples (20 
µl) enzymatically (Lange, Germany) (Greiling & Gressner 1987). Lactate 
increase was calculated using the following criteria: 1) LT, the power output 
preceding the first increase in blood lactate concentration above the resting level 
during an incremental exercise test (Yoshida et al. 1987); 2) LT1, the power 
output preceding a blood lactate increase by 1 mmol.l-1 or more (Coyle et al. 
1983); 3) LTLOG, the power output at which blood lactate concentration begins 
to increase when the log([La-]) is plotted against the log(power output) (Beaver 
et al. 1985); 4) LTD, the lactate threshold calculated by the Dmax method, 
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identified as the point on the regression curve that yielded the maximal 
perpendicular distance to the straight line formed by the two end data points 
(Cheng et al. 1992); and  5) LTMOD, a modified LTD described by the point on 
the polynomal regression curve that yielded the maximal perpendicular distance 
to the straight line formed by the LT and final lactate point (Bishop et al. 1998).  

At the second measurement session, the subjects were asked to cover a 
distance of 2500 metres on a rowing ergometer in as least time as possible 
(2500 metre “all-out” test). Two parameters were considered to represent 
rowing performance: the time (T2500 in sec) and the average workload (P2500 in 
W) (Jürimäe et al. 2000).  

Descriptive statistics (mean±standard deviation [SD]) for each of the 
dependent variables were determined. Friedman repeated measures analyses of 
variance by ranks were used to test for differences between the lactate levels 
and the workloads. The Wilcoxen matched-pairs signed-ranks test was used 
where post-hoc analysis was required. Pearson Product Moment Correlation 
coefficients were calculated to determine the strength and relationship between 
each of the dependent variables. Forward stepwise multiple regression analysis 
was performed with performance as independent variable and blood lactate 
response parameters as dependent variables. For all tests, the level of 
significance was set at 0.05. 

Results and Discussion 

In the present study, the relationship between the blood lactate response to 
incremental exercise and rowing ergometer performance was evaluated. The 
main research question in this investigation was which of the blood lactate 
responses during incremental exercise described in the literature is the best 
indicator of rowing performances. It has been reported that the endurance 
capacity measured as the power which elicits a blood lactate level of 4 mmol.l-1 
(i.e. LT4) is the most predictive variable for competition performance in trained 
rowers, especially in small boats such as singles and doubles (Steinacker 1993; 
Wolf & Roth 1987). The mean (±SD) indices of blood lactate recorded during 
the incremental test are listed in Table 1. All AT points selected were highly 
correlated with each other (0.83<r<0.96) (Table 2) and attained statistical 
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generality (i.e., r2>0.50) even when there were many differences among the ATs 
(p<0.05). The substantial common variance (i.e. r2=0.69-0.92) reported among 
AT indices suggested that all indices could be used to discriminate between the 
submaximal aerobic capacity of male competitive rowers. All calculated AT 
points were significantly related to the rowing performance (0.53<r<0.67) 
(Table 3). Of the AT parameters calculated, LTLOG was best correlated with 
rowing performance (P2500: r=0.67; T2500: r=-0.61). In addition, the forward 
stepwise multiple regression analysis indicated that the LTLOG index was 
selected from the blood lactate response parameters to significantly characterise 
rowing performance (R2=0.345; SEE=19.1 sec). According to the results of this 
investigation, LTLOG was the best indicator of rowing performance of the 
various blood lactate response variables calculated in competitive male rowers.  

Table 1. Blood lactate values recorded during the incremental test. For abbrevations see 
text. All values are significantly different from each other (p<0.05). 

Variable Mean±SD 

LT (mmol.l-1) 2.5±0.6 
LT1 (mmol.l-1) 3.2±0.7 
LTLOG (mmol.l-1) 3.7±0.8 
LTD (mmol.l-1) 4.5±1.0 
LTMOD (mmol.l-1) 5.6±0.9 

 

Table 2. The intercorrelations between different blood lactate responses to incremental 
exercise. For abbrevations see text. All intercorrelations are statistically 
significant (p<0.05). 

  
LT 

 
LT1 

 
LTLOG 
 

 
LT4 

 
LTD 

 
LTMOD 

LT 1.00      
LT1 0.85 1.00     
LTLOG 0.92 0.88 1.00    
LT4 0.94 0.88 0.93 1.00   
LTD 0.90 0.83 0.88 0.92 1.00  
LTMOD 0.96 0.89 0.95 0.97 0.95 1.00 
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Table 3. The correlations between different blood lactate responsevariables, peak 
VO2MAX and the performance parameters P2500 and T2500. For abbreviations see 
text. All correlations are statistically significant. 

 P2500 (W) T2500 (sec) 
LT (W) 0.58 -0.53 
LT1 (W) 0.60 -0.55 
LTLOG (W) 0.67 -0.61 
LT4 (W) 0.58 -0.53 
LTD (W) 0.56 -0.53 
LTMOD (W) 0.62 -0.58 
PMAX (W) 0.97 -0.95 
VO2MAX (l.min-1) 0.88 -0.90 

 
It has been reported that the lactate response variables appear to be highly 

correlated with various types of endurance performance, correlation coefficients 
varying from 0.61 up to 0.99 (Bishop et al. 1998; Yoshida et al. 1987). 
However, these investigations concerned cyclists or triathletes and the results 
are difficult to compare with the current study. To our knowledge, no other 
study has directly compared different blood lactate response variables and their 
relationships with rowing performance in competitive rowers. Rowing is 
different from other endurance events as rowing is a strength-endurance type of 
sport and involves approximately 70% of the whole body muscle mass because 
all extremeties and the trunk participate in these movements (Steinacker 1993).  

Several studies suggest that power recorded at blood lactate level of 4 
mmol.l-1 is an appropriate measure for monitoring the training modality in 
rowing (Urhausen et al. 1993). However, power at blood lactate level of 4 
mmol.l-1 has not been reported to represent a steady state workload in rowing 
(Bourgois & Vrijens 1998) and the importance of training intensities below the 
power at a blood lactate level of 4 mmol.l-1 has gained more attention 
(Steinacker 1993). Furthermore, some authors have questioned the 
physiological significance of a fixed lactate value of 4 mmol.l-1, which does not 
take into account the individual kinetics of the lactate concentration curve 
(Coyle 1995). Thus, LTLOG, which detects the AT with less subjectivity, may be 
a more appropriate measure of training modality in rowing.  
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The substantial common variance (i.e., r2=0.69-0.92) reported among AT 
indices suggested that all indices could be used to discriminate between the 
submaximal aerobic capacity of male competitive rowers. However, forward 
stepwise multiple regression analysis with all blood lactate response curve 
parameters as independent variables indicated that only LTLOG value was 
selected from the blood lactate variables to predict rowing performance. This 
value characterised 37.8% of the total variance in the 2500 metre rowing 
ergometer race. Furthermore, of all the blood lactate response parameters 
calculated, LTLOG presented the highest correlation with rowing performance 
(T2500: r=-0.61; P2500: r=0.67) (see Table 3), although the mean workload 
corresponding to LTLOG was significantly lower than P2500. This indicates that 
LTLOG is the most effective discriminator among the used blood lactate response 
variables in the homogenous group of competitive male rowers recruited for this 
investigation and could be used as a diagnostic tool for the assessment of 
training effects.  

Another important finding of this study was the strong relationship 
between PMAX and rowing performance in trained rowers (r=-0.95; p<0.05), 
which was a better predictor of rowing performance than VO2MAX (r=-0.90; 
p<0.05) or any measured blood lactate response variables (r=-0.61; p<0.05). 
This is in agreement with previous studies utilizing rowers (Jürimäe et al. 2000) 
and cyclists (Bishop et al. 1998). The high correlation between PMAX and rowing 
performance also demonstrates that the time consuming and costly analysis of 
VO2MAX and blood lactate is not always necessary for the prediction of rowing 
performance. However, PMAX is dependent on the motivation of the rower tested 
and may not be sensitive enough for monitoring a complete rowing season 
(Steinacker 1993). Furthermore, blood lactate parameters have also been 
suggested as useful for the prescription of training intensities (Cheng et al. 
1992; Yoshida et al. 1987). Therefore, although it may be simpler and less 
expensive to use PMAX for prediction of rowing performance, blood lactate 
parameters are useful for assigning training intensities.  
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Conclusions 

Of the lactate parameters calculated in this study, LTLOG was most highly 
correlated with rowing performance in well trained male rowers. This suggests 
that LTLOG should be calculated in rowers as it provides less subjective and 
more precise estimate of AT. However, all calculated blood lactate response 
variables presented statistical generality, which indicates that all lactate 
variables describe equally well the submaximal aerobic capacity between 
rowers.  
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