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Abstract
Purpose: The aim of this research is to create a non-invasive and easy to apply in practice approach to determine 

the anaerobic threshold based only on measurement of the pulmonary ventilation and the hearth rate. It 
uses proportions, with which these variables were changed during a maximal incremental test.

Material: Twenty athletes from the national rowing team of Bulgaria with average age of 17.5 years were tested. 
Participants performed a one-time graded incremental exercise test to exhaustion on a rowing ergometer. 
The proposed new approach for determining the anaerobic threshold is related to detecting the power. 
Thus, one curve (obtained from differences in percentages of hearth rate and pulmonary ventilation) 
crosses the other one (obtained from pulmonary ventilation in percentages). The crossing point 
corresponds to the anaerobic threshold. This approach was compared with two methods determining 
the lactate threshold, by blood lactate measurement.

Results: The Shapiro-Wilk test results indicated, that the samples of the heart rate of the compared methods 
have a normal or close to the normal distribution. The Fisher’s F-test demonstrated, that the standard 
deviations of the samples do not differ significantly two by two at ɑ=0.05. The Bland&Altman test 
presented, that the 95% of all measurement data points lie within the confidence interval limit for each 
of the comparisons made between the new approach and two methods.

Conclusions: Our proposed approach is non-invasive and can be easily applied in the field conditions, without using 
gas-analysing devices. In addition, it is reliable, reproducible and comparable to the accepted for “Gold 
Standard” methods for determination of anaerobic threshold with 95% statistical significance.
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Introduction1

The management of the training process is important 
for the effective development of physical performance 
in endurance sports. For this purpose, objective and 
informative indicators of the functional state of athletes, 
are needed. The most commonly used are the following: 
heart rate (HR); maximal oxygen consumption (VO2max); 
the maximal working capacity (Wmax), and anaerobic 
threshold (AT). Between 1957 and 1963 Holman [1] 
introduced the concept of onset of anaerobic metabolism 
to measure the cardiopulmonary and peripheral aerobic 
performance capacity. Because the changes of the arterial 
blood lactate and pulmonary ventilation, they defined 
this point as the “point of optimal ventilatory efficiency”, 
identical with the “O2 endurance performance limit”. A 
few years later, Wasserman [2] called it the “anaerobic 
threshold”. The term “anaerobic threshold” is defined as an 
intensity of exercise, involving a large muscle mass, above 
which measurement of oxygen uptake cannot account for 
all of the required energy. Stated in other terms, this is the 
exercise intensity above which there is a net contribution 
of energy associated with lactate accumulation [3]. In 
endurance sports, it has been suggested that AT might be 
a better indicator of aerobic endurance than VO2max, as AT 
may change without changes in VO2max. VO2max is a less 
sensitive indicator to changes in training status than either 
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lactate threshold (LT) or ventilatory anaerobic threshold 
[4]. Gradually the anaerobic threshold AT (expressed in 
%VO2max) has become a standard, because it is closely 
linked to the %VO2max that can be maintained in long-
distance events. However, it does not represent unique 
mean to assess aerobic endurance [5]. Many models 
are described for determining the anaerobic threshold. 
Ten of them use measurement of the ventilatory and gas 
exchange response or measurement of blood lactate. Two 
of them use heart rate (HR) and pulmonary ventilation 
(Ve) [6]. Related to the power of the work performed, they 
show characteristic changes linked to the determination 
of AT.

There are two pathways of energy supply of the 
muscle contraction: aerobic, when the oxygen is enough 
and anaerobic, when oxygen is in deficit for metabolic 
processes. In other words, there is a transition of aerobic 
to aerobic-anaerobic energy supply. The higher the 
exercise intensity, the greater the part of anaerobically 
produced energy. Depending on the physiological features 
of each individual, this aerobic-anaerobic transition may 
be steeper or smoother. Because of this, studies over the 
years have shown, that the research and determination 
of AT is a difficult process. One of the most commonly 
used methods for determining the AT is to detect the LT 
[7]. This is a very accurate method for determining AT, 
but unfortunately it is invasive. In addition, for a more 
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accurate reading, a larger number of blood samples are 
needed per one test research. Determination of LT can 
be done visually by determining the Onset of Blood 
Lactate Accumulation (OBLA) (4 mmol/L) [8] and by 
Dmax method [9]. Lactate threshold tests can be a valid 
and reliable alternative to VT and MLSS to identify the 
workloads at the transition from aerobic to anaerobic 
metabolism in well-trained runners [10].

A group of methods determine AT by finding the 
ventilatory threshold (VT). They are attractive because 
they avoid the unpleasant and sometimes dangerous 
taking blood samples, which is done repeatedly in one 
test. VT is defined as the exercise intensity at which the 
increase in ventilation becomes disproportional to the 
increase in power output or speed of locomotion during 
an incremental exercise test [6]. With increasing of the 
workload, the Ve gradually increases, and after a certain 
exercise intensity it becomes steeper. The curve of minute 
Vе shows a curvilinear slope pattern with two break points. 
The first coincides with the ‘aerobic threshold’, the second 
with the ‘anaerobic threshold’. The first curvilinear rise 
in Vе is called the ‘(first) ventilatory threshold’ (VT1). 
It reflects an increasing ventilatory drive because of 
excess CO2, stemming from the buffering of lactic acid by 
bicarbonate. With increasing of workload beyond ‘VT’ a 
second curvilinear rise in Vе may be observed. This second 
increase in ventilatory drive is also caused by increasing 
acidosis and by additional CO2 stemming from lactic 
acid buffering [6]. Several ventilatory parameters have 
been utilised in assessing ventilatory threshold, among 
which are oxygen consumption, Ve, respiratory exchange 
ratio (RER), exhaled CO2, and the ratio of ventilation 
to oxygen consumption (Ve/VO2) [11, 4]. Detection of 
the VT is highly subjective, given the fact that different 
experts can choose different thresholds from the same 
data, and that it is dependent on the duration of the stages 
in an incremental test. The non-invasive determination of 
the AT from ventilatory data during incremental exercise 
is not reliable [12].

Beaver et al. [13] utilised a computerised regression 
analysis of the VCO2 versus VO2 slope collected during 
progressive intensity exercise (V-slope method) to 
determine AT. Santos and Giannella-Neto [14] compared 
computerized and visual methods to detect the VT. They 
found, that the computerized methods for detecting VT 
are simple to implement and guarantee the reproducibility 
and repeatability of these measures. The computerized 
methods showed high reliability when compared to 
visual inspection. Although the determination of AT by 
computerized methods for detecting VT is non-invasive, 
reproducible, and reliable, it requires expensive gas 
analysis equipment. In most cases, this equipment 
operated in laboratory conditions with specialized 
personnel, making it more difficult to apply in daily 
coaching practice.  Nishijima et al.  [15] have developed 
a new objective method of visually estimating VT (by 
V-slope), assuming that the pre-VT segment is parallel 
to the respiratory exchange ratio. Thus, determined the 
VT  best agreed with the LT. They have developed a new 

objective mathematical method to estimate VT that does 
not require a computer software program.

Another non-invasive approach to determining AT, 
is measurement of the HR by incremental exercise. 
A deflection from linearity of the heart rate versus 
workload curve may be detected. This is a physiological 
phenomenon observed in approximately 85% of the 
healthy adults at the second threshold [6]. It is known 
as the heart rate deflection point (HRDP). In 1982, 
Conconi and colleagues suggested that this phenomenon 
could be used as a non-invasive method to assess the 
anaerobic threshold. Other authors later failed to find such 
coincidence between the workload, HRDP, and AT [7, 12]. 
For example, during an incremental exercise test, in 21 
highly trained cyclists, HR response showed a deflection 
point in 66.7% of subjects, but was linear in 33.3% 
[16]. Even though Conconi Test seems to offer a certain 
simplicity in its use, in terms of material equipment, it 
is important to keep in mind the limitations which the 
use of Conconi Test also involves. The lack of adherence 
to the standardization requirements, technical issues, 
and methodology error could have contributed to the 
undesirable results, to detect HRDP levels in some attempts. 
Test stability of CT is very low and there is evidence that 
DP is not 100% repeated physiology phenomena [17].

Two of the main factors determining oxygen delivery 
to the muscles are pulmonary ventilation (Ve) and cardiac 
output (CO). Together they should provide enough amount 
of oxygenated blood to the muscles. During incremental 
exercise, they participate in different proportions at 
different levels of exercise intensity. At lower exercise 
intensity, the CO rises more due to an enlargement in 
stroke volume (SV). As the exercise intensity increases, 
the CO continues to rise, but mostly because of an increase 
in HR and less because of an enlargement in its SV. After 
a certain intensity, HR increases less. At the same time, 
at lower levels of exercise intensity Ve increases less, 
while at а certain level of exercise intensity it starts to 
increase exponentially. The proportions in the change can 
be expressed as a percentage of the maximum reached 
values of both variables (HR and Ve). The percentage 
expression of one variable makes it possible to compare 
the dynamics of physiological variables with different 
dimensions. The difference in proportions will be greatest 
at a certain exercise intensity during an incremental test, 
which is probably related to reaching the AT.

The hypothesis we are testing is whether it is possible 
to create an approach for determining AT based on 
the proportions by which HR and Ve change during 
incremental exercise test.

The aim of the work is to create a non-invasive and 
easily applicable in practice approach to determine 
the anaerobic threshold based on the measurement of 
pulmonary ventilation and heart rate.

Material and Methods
Participants. Twenty athletes  from the national 

rowing team of Bulgaria with average age of 17.5 years 
were tested. In this experiment, informed consent was 
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obtained from all participants.

Procedure.
Participants performed  a one-time graded incremental 

exercise test to exhaustion on a rowing ergometer. This 
represents a control test for the effectiveness of the training 
process of the competitors from the national rowing team. 
Of all the parameters recorded standardly, in this test 
we used the indicators for power (W), heart rate (HR), 
pulmonary ventilation (Ve) and blood lactate (La). Tests 
were conducted on rowing ergometer system Concept 2, 
spirometry system Clark C5, and lactate analyser Arkray 
LactateProTM. The initial workload was 60 W. Each stage 
lasted 2 minutes. Each subsequent stage was 40 W higher 
than the previous. Blood lactate samples were taken at the 
end of each stage of the earlobe and were measured by a 
lactate analyser. Thus, we obtained measurements for each 
participant for HR, Ve, W and La at the end of each stage. 

Approach description.
After the end of the test, we used the peak heart rate 

(HRpeak) of each participant to calculate the percentage of 
HR achieved (%HR) for each stage. Thus, we converted 
the absolute values for HR into percentages. We used the 
same procedure for pulmonary ventilation as the peak 
value (Vepeak) was accepted as 100% of (% Ve). On the 
Table 1. is an example for one of the participants. The 
approach we propose is graphical and the determination 
of AT was done in a specific sequence.

The difference (Diff) between the percentages of %HR 
and %Ve is compared with %Ve. The %Ve showed larger 
and more characteristic changes, and a steeper increase 
after a certain exercise intensity. This is expressed 
graphically by the intersection between the Diff and% Ve 
curves (Fig. 1). This intersection point has a relation with 
the point of AT determined by the LT. When constructing 
curves, it is important to properly scale the axes in the 
graph. In the main graph on one ordinate the values for 
%Ve are plotted, as the minimum is fixed to 1 unit below 
the smallest percentage of %Ve. This is the measurement 
from the end of the first stage. We used it for the lower limit 
of the scale, because Ve at rest is a very variable indicator, 
and in addition there is no ventilation with a value of 

0%. Ventilation at the end of the first stage is already 
a relatively constant indicator and we can set it at the 
beginning of the scale. This constancy is due to the neuro-
humoral regulatory mechanisms during exercise. We will 
give examples of scaling the two ordinates. For instance, 
a ventilation of 21.08 L/min allows us to determine 21 for 
a minimum scale value for %Ve. Therefore 21 is 0% for 
the %Ve scale. The upper limit of this scale is also fixed 
by Vepeak, which is 100% for %Ve. On the other ordinate 
(at left), the minimum value of the Diff is fixed at 0. The 
maximum value is fixed up to 1 unit above the maximum 
value for Diff. For example, if the highest value for Diff 
is 36.4, we need to set a fixed maximum scale limit of 37. 
Choosing a higher value than this is not correct, because 
this indicator is the result of the difference of two 100 
percent values. On the abscissa we set the absolute power 
for each stage. The intersection point between the two 
curves is very close to the AT determined by LT. Because 
the intersection point resembles the X sign, we called the 
approach to determining AT the X-method. In the end we 
get the exact power (W) in Watt at which the Diff curve 
intersects with the %Ve curve and determine the AT. We 
then graphically determine the HR corresponding to the 
absolute power at which AT is detected.

To determine the applicability of our proposed 
X-method, we compared the AT obtained by it with the 
AT obtained at OBLA (4 mmol/L) and the AT obtained 
by the Dmax method for determining LT. We compared 
HR corresponding to each of the three methods for 
determining AT.

One of the reference methods we focused on is Onset 
of Blood Lactate Accumulation – OBLA. This approach 
to determining AT assumes that the anaerobic threshold is 
the same as the absolute blood lactate concentration of 4 
mmol/L, and is described by Mader et al. in [18]. OBLA 
is usually measured in tests of increasing intensity and 
subsequent interpolation to determine the intensity of the 
exercise that is expected to cause 4 mmol/L blood lactate. 
The advantage of using 4 mmol/L lactate as a criterion 
for OBLA assessment is that it offers very objective 
assessment of the lactate threshold. Another advantage is 

Table 1. Displays the raw data for one of the participants.

W La HR Ve %HRpeak %Ve Diff
60 1.1 102 37.2 53.4 21.1 32.3
100 1.1 115 49.4 60.2 28.0 32.2
140 1.2 125 57.9 65.4 32.8 32.6
180 1.4 143 67.8 74.9 38.4 36.4
220 1.4 158 84.5 82.7 47.9 34.8
260 1.8 174 101.6 91.1 57.6 33.5
300 3.1 181 118.1 94.8 67.0 27.8
340 4.1 188 136.3 98.4 77.3 21.2
380 6.6 176 158.1 92.1 89.6 2.5
420 8.4 191 176.4 100.0 100.0 0.0

NOTE: In the columns La, HR, Ve, W, and derivative values in the columns %HRpeak, %Ve, and Diff.
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that 4 mmol/L is significantly higher than the resting level, 
which can be quite variable. This means, that 4 mmol/L 
will represent a fairly narrow range of intensity during a 
test with increasing intensity. The problem with the use of 
absolute concentration of blood lactate is the insensitivity 
to individual physiological differences [5].

Dmax is the other reference method for determining AT 
by LT. First proposed by Cheng  [19] LT is defined as the 
largest perpendicular distance from the line constructed 
between the first and last lactate measurement (lactate 
straight line) under increased exercise, and a point on the 
curve of a 3 degree polynomial that represents the changes 
in the lactate during the test. This point reflects the change 
in the tendency of the blood lactate during exercise. The 
accuracy of the method depends on the location of the 

first and last data point from the lactate curve, because 
of which it shows some variability. To overcome this 
influence, Bishop et al. [9] proposes a modification of the 
method. According to him, the lactate straight line starts 
from the point preceding the first measured difference 
of 0.4 mmol/L between two consecutive measurements 
and ends at the last measurement. In order to refine the 
determination of LT by this modified Dmax method, we 
constructed a line, parallel to the lactate straight line, 
which passes as tangent to the curve of the third degree 
polynomial (Fig. 2). The position of contact between 
them determined the point from which a perpendicular 
is descended to the lactate straight line. For each of the 
participants, we plotted a graph, with La scaled on the 
ordinate and the power of each stage on the abscissa 

Figure 1. Reflects the relationship between %Ve and the difference between %HR and %Ve. A dotted line shows the 
5-degree polynomials of both variables. The intersection point between the curves of the two polynomials determines 
the AT by the X-method.

Figure 2. Represents the determination of the power corresponding to the AT determined by the 4 mmol/L method 
and the AT determined by the modified Dmax method.
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(Fig. 2). According to this graph, we defined AT as power 
corresponding to 4 mmol/L and AT by the modified Dmax 
method.

To determine the HR versus the power corresponding 
to the AT determined by each of the three methods, we 
used a graphical approach (Fig. 3)

Statistical analysis.
To compare the three methods, we arranged the HR 

corresponding to the AT determined by the respective 
method for each participant (Table 2). Then we did 
a test for normality of the distribution of HR for each 
of the three methods. We used the Shapiro-Wilk test. 
For comparison of the standard deviations in normally 
distributed data or close to the normal distribution, we 
used Two-tailed Fisher’s F-test. If the standard deviations 
of two samples do not differ statistically, it can be 
assumed that they belong to one general sample. To 
compare the new approach with the two classic methods, 
we used the Bland & Altman test, which offers a simple 
parametric approach based on dispersion analysis and 
simple graphical methods [20]. The Bland - Altman 
(B&A) diagram describes the consistency between two 
quantitative measurements. The area of consistency 
is calculated by the median and standard deviation of 
the differences between the two measurements. B&A 
recommends that 95% of the points lie within limits of 
± 2s from the median difference (s - standard deviation). 
This way of applying the B&A method is the most 
common one [21].

For statistical data processing we used EXCEL 10 
of Microsoft Office 10 and the application XLSTAT 
developed for the purpose.

Results
Our proposed X-method was compared with two 

approved methods for determining AT based on the 
concentration of blood lactate.

Table 2. Represents the HR measured at AT determined 
by the respective method. 

Subject Dmax X-method 4mmol/L
1 190.00 190.00 190.00
2 180.00 177.00 177.00
3 174.00 173.00 171.00
4 185.00 183.00 185.00
5 201.00 196.00 196.00
6 187.00 185.00 180.00
7 186.00 184.00 185.00
8 179.00 176.00 177.00
9 174.00 170.00 175.00
10 177.00 177.00 179.00
11 192.00 188.00 190.00
12 179.00 176.00 179.00
13 178.00 173.00 176.00
14 173.00 172.00 168.00
15 191.00 191.00 191.00
16 181.00 179.00 181.00
17 190.00 190.00 188.00
18 196.00 191.00 191.00
19 174.00 171.00 168.00
20 186.00 186.00 188.00
STDEV 7.995 7.956 8.097
Aver. 183.65 181.40 181.75

NOTE: In the first column are the consecutive numbers of 
the participants in the experiment. In the second column 
are the HR for AT determined by the Dmax method, in the 
third are HR for AT determined by the X-method, in the 
fourth are HR for AT determined at 4 mmol/L.

 Figure 3. Represents HR corresponding to the power at which AT is detected by each of the three methods.
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On the Table 2 are shown the HRs corresponding to 
AT determined by each of the respective methods. The 
average HR for each of the three methods differ slightly 
from each other. Furthermore, the same is observed for 
the standard deviations, which are also slightly different 
compared to one another. This indicates that the methods 
probably have a similar ability to determine AT. From 
Table 2 can be seen that the standard deviations of the 
HR of the three methods for determining AT and their 
averages are very close. Therefore, for the three samples 
from the table a test for normality of distribution should 
be performed. The results of the Shapiro-Wilk test are 
presented in Table 3 and show that all three samples for 
HR have a normal or close to the normal distribution. This 
allows us to choose parametric methods to compare the 
three methods. If the differences between their standard 
deviations and their average values are not statistically 
significant, then they can be applied alternatively.
 Table 3. Represents p-value for each of the three 
samples, with statistical significance ɑ = 0.05

Variable Shapiro-Wilk p-value
(Dmax) 0.307
(X-method) 0.199
(4mmol/L) 0.493

Fisher’s F-test showed that the standard deviations of 
the samples two by two do not differ significantly at ɑ = 
0.05, and therefore, belong to the same group (Table 4).
Table 4. Represents p-value for Fisher’s F-test for 
comparing the standard deviations of the three methods 
for determining AT.

 Variable Fisher p-value
X-method vs. Dmax 0.983
X-method vs. 4mmol/L 0.940
Dmax vs. 4mmol/L 0.975

On the Table 5 are presented the results of the analysis 
of the B&A test for the three methods for determining 
AT, each compared with the others. Heart rates for 
AT determined by the three methods are represented 
graphically by the B&A method in Figure 4. There are 
compared between each other all three methods for 
determining the AT.

Table 5. Bias – average of the differences from one compared method – (minus) the other compared method; Standard 
error; CI Bias - deviation range; Confidence interval of differences.

 Statistical parameter X-method vs. Dmax X-method vs. 4mmol/L Dmax vs. 4mmol/L
Bias 2.25 0.35 -1.9
Standard error 1.773 2.519 2.634
CI Bias (95%) 1.420 ÷  3.080 -0.829 ÷  1.529 -3.133 ÷  -0.667,
Confidence interval 
(Differences):

-1.226 ÷  5.726 -4.587 ÷  5.287 -7.062 ÷  3.262,

It is seen, that 95% of all measurements lie within 
the confidence interval, for each comparison of a method 
with the others. As shown on table 5, the Dmax method 
reveals AT at higher HR having 2.25 average heartbeats 
per minute more, in comparison to the X-method. 
4mmol/L method reveals AT at higher HR with 0.35 
average heartbeats per minute more, in comparison to the 
X-method. When we compare the two approved methods, 
we can also see a difference in the HR in determining AT. 
This difference shows that the 4mmol/L method reveals 
AT at lower HR having 1.9 average heartbeats per minute 
less in comparison to the Dmax method. The standard error 
from the three comparisons is the lowest when comparing 
the X-method with the Dmax.

Discussion
The comparison between the three methods for 

determining of AT shows that the differences between 
them are not statistically significant. The advantage of the 
proposed from us approach (X-method) is, that it requires 
only a Hearth Rate Monitor, Portable Device for measuring 
Ve, and Device for measuring Movement Speed or Power 
of Work. Twelve models are used to determine AT [6], 
each of which has its advantages and disadvantages. 
We will mention some of the basic models with their 
disadvantages, that are avoided with our approach. 
Using a fixed lactate value as the threshold certainly 
increases objectivity but denies individuality since the 
non-linear increase in blood lactate does not always occur 
at 4 mmol/L [5]. In addition, the procedure is invasive. 
Moreover, even if we assume that all studies are using 
the same definition and the same criteria to detect the LT, 
there is strong evidence to suggest that these thresholds do 
not occur at the same power output [5]. One of the most 
accurate methods for determining LT is the modified Dmax 
method described above, but unfortunately it is invasive. 
On the other hand, the level of AT determined with the 
Dmax method significantly differs in comparison to the 
level of V-slope method [22], which is not discussed in this 
article, but is one of the basic non-invasive methods for 
determining of AT. However, the V-slope method requires 
expensive laboratory equipment and personnel. It can also 
be performed in the field conditions by using expensive 
portable gas analysers, which have less measurement 
accuracy than laboratory ones. 

One non-invasive, easy for use and inexpensive 
method for determining AT is the detection of the heart 
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Figure 4. Displays the data points of the compared methods within the confidence interval by the Bland-Altman 
method.

	

	

	

rate deflection point (HRDP) described by Conconi et 
al. [23]. Despite the fact that the Conconi test is used 
by some athletes and coaches, there is serious criticism 
of the method in the scientific literature. The main 
difficulty comes from the concept of the deflex point, as 

some studies have failed to find it systematically in all 
investigated subjects. Therefore, a number of authors 
question the physiological existence of HRDP and suggest 
that it is a protocol-dependent artefact [24, 5]. Jones 
and Doust [25] concluded that the failure to determine 
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repeatable HR deviation in the assessment in 9 of the 15 
examined subjects makes the Conconi test unsuitable for 
reliable assessment of AT. The controversy over the use 
of HRDP to assess the anaerobic threshold may be related 
to differences in methodologies. HRDP appears to be 
associated with LT, but many researches  are still needed 
to link to the maximum lactate steady state (MLSS) [5]. 
We did not mention MLSS, although it is a very accurate 
method for determining AT. Unfortunately, it is invasive 
with a very long and precise procedure. In other hand 
traditional Dmax and OBLA of 4.0 mmol.L-1 methods did 
not provide valid estimates of the MLSS [26].

There are other attempts to use HR to determine AT. 
By laboratory trials, the measured HR and power output 
at the AT, determined either by respiratory gas indices 
or the HRDP method, give comparable results with AT 
determined by blood lactate concentrations and could, 
therefore, be used for guiding the appropriate intensity of 
rowing training  [27].

Conclusions
Our proposed approach is non-invasive and can be 

easily applied in field conditions, without using gas-
analysing devices. In addition, it is reliable, reproducible 
and comparable to the accepted for “Gold Standard” 
methods for determination of anaerobic threshold with 
95% statistical significance. We have not found similar 
methods using only heart rate, pulmonary ventilation 
and speed movement or power of work in the literature 
available to us, therefore we consider this approach to 
be new to the sports practice. To be able this approach 
to be used more widely in sports practice, research in 
other endurance sports is needed. It could also be used in 
clinical trials to monitor the physical condition of various 
contingents of subjects.
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