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Abstract
Under the hypothesis that sympathetic control of ventricular repolarization may 
change once the second ventilatory threshold (VT2) has been reached, a novel meth-
odology for non-invasive VT2 estimation based on the analysis of the T wave from 
the electrocardiogram (ECG) is proposed, and potential underlying physiological 
mechanisms are suggested. 25 volunteers (33.4 ± 5.2 years) underwent an incre-
mental power cycle ergometer test (25 W/minute). During the test, respiratory gas 
exchange and multi-lead ECG were acquired. The former was employed to deter-
mine VT2, used here as a reference, whereas the latter was used to compute the 
temporal profiles of an index of ventricular repolarization instability (dT) and its 
low-frequency (LF) oscillations (LFdT). The sudden increases observed in dT and 
LFdT profiles above an established heart rate threshold were employed to derive 
VT2 estimates, referred to as VT2dT and VT2LFdT, respectively. Estimation errors 
of −4.7 ± 25.2 W were obtained when considering VT2dT. Errors were lower than 
the one-minute power increment of 25 W in 68% of the subjects and lower than 50 
W in 89.5% of them. When using VT2LFdT, estimation error was of 15.3 ± 32.4 W. 
Most of the subjects shared common characteristic dT and LFdT profiles, which 
could be reflecting changes in the autonomic control of ventricular repolarization 
before and after reaching VT2. The analysis of ventricular repolarization dynamics 
during exercise allows non-invasive ECG-based estimation of VT2, possibly in rela-
tion to changes in the autonomic control of ventricular electrical activity when VT2 
is reached.

www.wileyonlinelibrary.com/journal/sms
mailto:
https://orcid.org/0000-0002-7842-9611
mailto:milagro@unizar.es
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fsms.13849&domain=pdf&date_stamp=2020-10-30


340 |   MILAGRO et AL.

1 |  INTRODUCTION

During “light-intensity” exercise, the aerobic energy produc-
tion system combines blood O2 with carbohydrates and fats to 
synthesize adenosine triphosphate (ATP), which is the mole-
cule providing the muscles with energy. However, the rhythm 
at which ATP is produced through the aerobic pathways turns 
out to be insufficient to maintain muscle activity at higher ex-
ercise intensity. As exercise intensity increases, the anaerobic 
glycolytic pathway is gradually favored. This route employs 
the glycogen stored in the muscles and releases lactate and 
H+ ions as end products, this resulting in metabolic acidosis.1

The O2 consumption above which anaerobic mechanisms 
are needed to complement aerobic energy production is re-
ferred to as aerobic threshold (AerT) and is linked with the 
first increase in blood lactate concentrations above resting 
values.2,3 During an exhaustive incremental test, when ex-
ercising at “moderate-intensity” (above the AerT), the bi-
carbonate buffer system manages the metabolic acidosis, 
resulting in hyperpnea elicited by the increase in the CO2. 
However, when exercising at “high-intensity,” hyperpnea is 
not sufficient to eliminate the CO2 metabolic production, 
leading to an increase of ventilation until exhaustion, being 
this point called “threshold of decompensated metabolic ac-
idosis” or anaerobic threshold (AnT), which slightly exceeds 
the maximal lactate steady state.3 It is acknowledged that the 
term “threshold” does not reflect the transitional nature of 
changes, and there is no complete absence of anaerobic me-
tabolism even at rest, but this traditional terminology allows 
a didactic introduction without reducing the explanation to a 
single measurement method, for example, gas exchange.

Apart from representing an inflection point in the way the 
body obtains energy to maintain its exercise capacity, AnT is 
also regarded as the frontier beyond which the cardiovascular 
system limits the endurance capacity. In this regard, accurate 
estimation of AnT is of major interest in the field of sport 
sciences, as it could be used to design better training routines, 
quantify athletes’ performance or prevent them from over-
training. Moreover, it has clinical value in the assessment of 
exercise responses involving the pulmonary, cardiovascular, 
and skeletal muscle systems, as well as in risk stratification.4

Different methodologies for estimation of AnT based on 
the analysis of blood lactate (lactate threshold, AnTLA) and 
gas exchange (second ventilatory threshold, VT2)5 have 
been proposed in the literature. However, whereas the for-
mer requires repetitive acquisition of blood samples, the 
latter employs expensive devices, so that its use is limited 
to laboratories and specialized centers. For these reasons, 

there is a growing interest in non-invasive estimation of 
AnT using a variety of approaches, such as the analysis 
of electromyographic (EMG) activity6,7 or electrocardio-
gram (ECG)-derived indices like heart rate (HR)8 or heart 
rate variability (HRV).9,10 A limitation of EMG-based ap-
proaches is that the use of wearable devices is not as ex-
tended as in the case of cardiac activity assessment. On 
the other hand, approaches assessing autonomic nervous 
system activity by HRV measurements are compromised 
during high-intensity exercise, since the mechanic effect 
of respiration has been acknowledged as the main mod-
ulator of HR in this condition.11 Hence, HRV might not 
represent an appropriate approach for studying the role of 
the autonomic nervous system in the transition to anaero-
bic metabolism during high-intensity exercise. In a recent 
work,12 a methodology for estimation of AnTLA was pro-
posed based on the analysis of an index of ventricular re-
polarization instability, dT, and its characteristic temporal 
pattern in relation to HR. The use of blood lactate levels as 
a gold standard for detecting AnT in that work may, how-
ever, result in high uncertainty, considering that it can be 
only assessed on a discrete-time basis, usually with large 
sampling periods.

In this study, a novel method for AnT estimation from the 
analysis of ventricular repolarization dynamics is proposed 
and its performance assessed using VT2 as a reference, pro-
vided that it can be evaluated on a more continuous-time 
basis than lactate levels. Our proposal departs from recent 
published works where low-frequency (LF) oscillations of 
dT have been shown to represent sympathetic modulation 
of ventricular repolarization.13,14 Under the hypothesis that 
VT2 may be related to an increase in sympathetic activity 
due to the need of faster ventilation, this study explores VT2 
estimation from dT and from its LF oscillations (LFdT). 
Additionally, physiological mechanisms possibly underlying 
dT and LFdT temporal profiles during the exercise test are 
proposed.

2 |  METHODS

2.1 | Dataset

Twenty-five healthy male volunteers (33.4 ± 5.2 years), 
whose descriptive characteristics are summarized in Table 1, 
were recruited. All of them practiced aerobic training a mini-
mum of 3 times/week were not active smokers and did not 
report any respiratory or cardiac disorder by the time of data 
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acquisition. The volunteers performed a submaximal cycle er-
gometer test (VIAsprint 150 P, Ergoline, Germany), divided 
in three stages. In the first stage, subjects remained seated 
and without talking for 5 minutes. Afterward, they performed 
a cycle ergometer test, with an initial workload of 75 W that 
was increased by 25 W every minute. The cadence frequency 
was fixed at 80 rpm, and the workload kept on increasing 
until the volunteers reached 90% of their maximum HR (the 
maximum HR was determined as in15), following which the 
workload was kept fixed for 2 more minutes. Finally, sub-
jects underwent a recovery stage, in which they were asked 
to keep on pedaling at 75 W for 3 to 5 more minutes. All the 
volunteers were requested to avoid food, tobacco, alcohol, or 
caffeine in the 3 hours prior to the test, to avoid heavy physi-
cal activity on the day of the test and to drink plenty of fluids 
during the previous 24 hours.

During the test, a high-resolution multi-lead ECG was 
acquired using a Holter device (Mortara 48-hour H12+, 
Mortara Instrument, Milwaukee, Wisconsin). Leads I, II, III, 
aVL, aVR, aVF, V4, V5, and V6 were acquired at 1000 Hz. 
On the other hand, O2 and CO2 consumption (V̇O2

and V̇CO2
, 

respectively) and minute ventilation (V̇E) were assessed with 
an Oxycon Pro device (Jaeger/Viasys, Germany). The pro-
tocol was approved by the Ethics Committee of Aragón in 
accordance with the Declaration of Helsinki and written in-
formed consent was obtained from all subjects.

2.2 | Determination of the anaerobic 
threshold (AnT)

The second ventilatory threshold (VT2) was determined by 
an expert in sport physiology from the ventilatory equiva-
lents of O2 and CO2 (V̇E∕V̇O2

 and V̇E∕V̇CO2
, respectively) of 

each subject. Specifically, the moment at which there was a 
concomitant rapid increase in V̇E∕V̇O2

 and V̇E∕V̇CO2
 was set 

as VT2.2 The determined VT2 annotations were used as the 
reference anaerobic gas exchange threshold. The AerT, that 
is, first ventilatory threshold (VT1) calculation is beyond the 
scope of this paper, but it is understood as the first rise in 
V̇E∕V̇O2

 without a parallel increase in V̇E∕V̇O2
 and V̇E∕V̇CO2

.2 Following the conceptual framework described by Meyer 
et al3: “light-intensity” (<VT1), “moderate-intensity” (VT1 
to VT2), and “high-intensity” (> VT2) will be used hence-
forth as exercise intensity domain descriptors.16

2.3 | Repolarization dynamics

Baseline wander, calculated by using a forward-backward 
low-pass filter with 0.5 Hz cut-off frequency, was subtracted 
from the ECG recordings. Beat detection and delineation 
were performed by using an automatic wavelet-based ap-
proach proposed by Martínez et al,17 which rendered tempo-
ral marks for the onset and end of the T waves (Ton and Toff, 
respectively). Since there were not three orthogonal leads 
available and the absence of V2 did not allow to calculate the 
Frank’s lead configuration, the three most orthogonal leads, 
namely V4, V6, and aVF, were considered. After low-pass 
filtering the ECG signals to remove high-frequency noise 
(forward-backward filter with 30 Hz cut-off frequency), the 
T waves were extracted from each lead based on Ton and Toff 
delineation marks. The repolarization dynamics profile, dT, 
was constructed as follows. First, for each beat i, the T waves 
of the 3 employed leads were forced to have a common ori-
gin at 0 µV by subtracting from them the amplitude of their 
respective first samples. Next, the length of the T waves was 
truncated to the point when one of them returned to zero to 
avoid negative values. Finally, the three-dimensional repo-
larization vector corresponding to beat i was constructed by 
considering the mean amplitude of the three T waves as its 
coordinates. The value of dT(i) was computed as the angular 
difference between the repolarization vectors of beats i and 
i-1. An example of this process is displayed in Figure 1. To 
improve the robustness in the computation of dT(i), this was 
only calculated when the T waves corresponding to beats i 
and i-1 presented a Pearson correlation coefficient ≥ 0.9 in 
all the employed leads.

On top of the above described three-dimensional ap-
proach applied onto ECG leads V4, V6, and aVF, a two-di-
mensional approach was additionally developed based on the 
fact that visual analysis of the ECG signals revealed that lead 
aVF was noisy in approximately half of the recordings during 
the moderate-to-high intensity exercise. Based on that, in our 
two-dimensional approach, dT was estimated from leads V4 
and V6 only, with the same criterion on the correlation co-
efficient ≥ 0.9 being applied. The next steps in the analysis, 
described below, were identical for the three- and two-dimen-
sional approaches.

Also, the instantaneous HR was computed from the time 
difference between consecutive beats. The HR and dT sig-
nals were interpolated to 4 Hz and low-pass filtered (for-
ward-backward filter with 0.01 Hz cut-off frequency) to 
obtain the HR and dT profiles (see Figure 2A).

T A B L E  1  Demographics of the participants (mean ± standard 
deviation)

N 25

Age (years) 33.4 ± 5.2

Height (cm) 178.0 ± 5.5

Weight (kg) 74.8 ± 7.0

BMI (kg/m2) 23.6 ± 2.1

Abbreviation: BMI, body mass index.
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LF oscillations of dT were additionally assessed. For this pur-
pose, the dT profile (Figure 2A), thick green line) was subtracted 
from the interpolated dT series (Figure 2A), thin green line), 
and the short-term Fourier transform (STFT) of the detrended 
dT series was computed (120-second Blackman window, slid 
sample-by-sample). Next, the LFdT series was calculated as the 
total power within the [0.04, 0.15] Hz band at each time instant. 
The resulting series was low-pass filtered, in the same way as 
for the HR and dT series, to obtain the LFdT profile. An ex-
ample of the LFdT profile of one subject is displayed in Figure 
2B), whereas the corresponding time-frequency distribution is 
depicted in Figure 2D). To analyze the effect of the cardioloco-
motor coupling in the computation of LFdT, the frequency alias 
corresponding to HR(t) −FC and |2Fc –HR(t)| was studied as 
proposed in,18 where HR(t) represents the instantaneous HR and 
FC accounts for the pedaling cadence. An example showing the 
temporal evolution of these components is displayed in Figure 
2D). The study of the frequency alias due to cardiolocomotor 
coupling is fundamental to assess whether changes in LFdT are 
indeed due to variations in autonomic modulation of cardiac 
electrical activity or to the mechanical effect of pedaling.

2.4 | Second ventilatory 
threshold estimation

The analysis of the dT profiles revealed a characteristic 
sudden increase in the repolarization instability in the 

vicinity of VT2 (see Figure 2A)). The time instant at 
which the fastest variation in dT occurred was located by 
identifying the time associated with the maximum of its 
first derivative. The point at which this fast increase in dT 
started was located as the local minimum preceding the 
maximum of its first derivative, and this point was selected 
as an estimate of VT2, being denoted as VT2dT. An ex-
ample showing VT2 estimation from the derivative of the 
dT profile is depicted in Figure 2A). In some subjects, a 
local rather than a global maximum of the derivative of dT 
was found late during the exercise test, with the absolute 
maximum occurring close to the onset of exercise. For this 
reason, a lower threshold in HR was established, below 
which a switch toward the anaerobic pathways should not 
be expected. This predefined HR threshold was set at 77% 
of the maximum HR of each subject based on a previous 
study by Goldberg et al19 reporting that this value was al-
ways below the HR measured at VT1, independently of 
the physical condition. Moreover, it is in accordance with 
studies reporting a HR of 90% of the maximum HR at the 
training intensity of AnT (assessed either from AnTLA or 
VT2).20,21

Additionally, an estimate of VT2 from the LFdT profile 
was obtained. The same criteria as those described for the 
dT profile were employed. An example of the VT2 estimate 
from the first derivative of the LFdT series is displayed in 
Figure 2B). In this case, the resulting estimate is referred to 
as VT2LFdT.

F I G U R E  1  Calculation of the dT series. In A, the original T waves of the three considered leads (V4: blue, V6: red, aVF: green) are 
displayed. In B, the value of the first sample was subtracted from each T wave so as to make them have a common origin and, additionally, they 
were truncated to the first zero-crossing to end at the same value, which is marked with a black dashed line in the graphic. Only the portion of the 
T waves displayed in bold was used to compute dT. In C, the T waves are displayed along three axes representative of leads V4, V6, and aVF. 
The values of their mean amplitudes (displayed with filled circles) were used to construct the repolarization vector (black arrow). Afterward, dT 
was calculated as the angular difference between this vector and the vector corresponding to the previous beat (gray arrow)
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2.5 | Heart rate variability assessment

HRV was assessed to aid in the interpretation of the results. 
For this purpose, we estimated the modulating signal (which is 
a representation of the autonomic modulation of HR) using the 
time-varying integral pulse frequency modulation model that 

accounts for the variations in mean HR.22 After resampling 
the series at 4 Hz, we computed its STFT following the same 
methods described in section 2.3. The instantaneous LF power 
(PLF, related to both sympathetic and parasympathetic modu-
lation of HR) was obtained as the power content within the 
[0.04, 0.15] Hz band.23 On the other hand, the high-frequency 

F I G U R E  2  A, Instantaneous HR (red, left axis) and dT (green, right axis) during the exercise test for a given subject. The HR and dT profiles 
are represented in bold. Moreover, the first derivative of the dT profile is displayed (blue, rescaled for representation purposes). B, Temporal 
evolution of the LFdT (green, right axis), with its profile represented in bold and its first derivative in blue (rescaled for representation purposes). 
C, Temporal evolution of the LF (blue) and HF (green) components of HRV. D, Time-frequency distribution of dT (detrended). The limits of the 
band used for computing LFdT are shown in white, whereas the dotted red and green lines represent the limits of a 0.125 Hz band centered in the 
alias terms HR(t) − Fc and |2Fc – HR(t)|, respectively (HR(t) represents the instantaneous heart rate, whereas Fc accounts for the pedaling cadence). 
The dotted black lines account for the position when sympathetic activity (as reflected by ventricular repolarization) starts to increase, whereas the 
dashed black and pink lines represent the occurrence time of the reference and estimated VT2, respectively. Five different stages are distinguished 
during the exercise test (delimited by the black solid, dotted, and dashed lines), as indicated above the upper panel (see text for details)
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(HF) power (PHF) was computed using a time-varying band, 
specifically as the power content between 0.15 Hz and half 
the instantaneous HR (in Hz), since HR represents the intrin-
sic sampling rate of HRV.24 Whereas PHF is related to vagal 
HR modulation in basal conditions,23 it has been suggested to 
represent the mechanical modulation of HR due to breathing 
during high-intensity exercise.11 An example of the evolution 
of PLF and PHF during the exercise test for a given subject is 
displayed in Figure 2(C). Please note that arbitrary units were 
used for LF and HF powers, as these were obtained from the 
time-varying integral pulse frequency modulation model.

2.6 | Performance evaluation

The performance of the two proposed methodologies for 
VT2 estimation was assessed by calculating the estimation 
error as the difference with respect to the annotated VT2 time 
occurrence. Normality of the residuals was checked using a 
Kolmogorov-Smirnov test. Bland-Altman plots correspond-
ing to VT2 estimation using the dT and LFdT profiles were 
computed. All the results are presented in terms of workload, 
so as to facilitate comparison to previous studies. The VT2 
estimates were converted from seconds to Watts by assum-
ing a linear increment in the workload. Since it is difficult to 
establish a priori boundaries for acceptable bias and preci-
sion, we took previous works as a reference. In this way, we 
established a priori precision of the Bland-Altman plot (ie, 
limits of agreement) of ±50 W, which is approximately the 
value obtained in.12 With respect, to the bias, it should be 
kept within the limits of inter-evaluator error in the visual es-
timation of the ventilatory threshold, which has been reported 
to lie within 3 to 16% of V̇O2,maax

.25

Since dT was computed by using both two and three leads, 
differences in the performance of the two-dimensional VT2 
estimation approach with respect to the three-dimensional 
approach were evaluated. If the condition that consecutive T 
waves in a given lead must show a correlation larger than 0.9 
was not satisfied for 100 consecutive beats, the correspond-
ing recording was not included in the analysis. The threshold 
for the correlation coefficient was empirically set at 0.9 to 
include at least 80% of the T waves when using thee two-di-
mensional approach for dT computation.

3 |  RESULTS

From the 25 volunteers enrolled in the study, 5 were dis-
carded because of misleading T wave delineation during the 
moderate-to-high intensity exercise due to noisy ECGs (more 
than 100 consecutive beats without a correlation index ≥ 0.9 
among consecutive T waves). Another subject was not in-
cluded due to missing respiratory gas exchange information.

Estimation results are summarized in Table 2, whereas 
Bland-Altman plots to assess VT2 estimation when using dT 
and LFdT profiles are displayed in Figure 3, in all cases using 
the two-lead approach. As shown in Figure 3, there was low 
dispersion in the estimation errors around the mean value, 
especially in the case of VT2dT.

When using dT to estimate VT2, a mean error of −4.7 ± 
25.2 W was measured, this being 15.3 ± 32.4 W when em-
ploying the LFdT series. Since the workload was increased 
by 25 W per minute, the error in the estimation by VT2dT 
was lower than 1 minute for most of the subjects (68%) and 
lower than 2 minutes for almost all of them (89.5%), whereas 
it was generally kept below 2 minutes in the case of VT2LFdT 
(78.9% of subjects). The absolute workload values at VT2, 
VT2dT, and VT2LFdT are displayed in Table 2. In terms of V̇O2

, the mean error when using dT was of −0.04 ± 0.23 L/min 
(−1.02 ± 5.83% of V̇O2,max

), whereas it increased to 0.15 ± 
0.32 L/min (3.08 ± 7.34% of V̇O2,max

) when using LFdT.
Regarding the dT profile, the dynamics shown in Figure 

2A) were shared by the majority of the volunteers, with a 
sudden increase above the resting level in response to the 
exercise onset, followed by a plateau-like period and a new 
increase occurring in the vicinity of VT2. Finally, there was 
a decrease in dT corresponding to the recovery stage. This 
behavior was very similar in the case of LFdT (Figure 2B). 
To assess whether the increase in LFdT in relation to VT2 
could be due to the presence of harmonic components, the 

T A B L E  2  Results of the exercise test (mean ± standard 
deviation)

max. HR (bpm) 179.0 ± 8.4

% max. HR at VT2 87.8 ± 4.2

% max. HR at VT2dT 88.5 ± 3.5

% max. HR at VT2LFdT 86.2 ± 4.8

V̇O2,max
(l/min) 4.3 ± 0.4

V̇O2
 at VT2 (L/min) 3.4 ± 0.5

% V̇O2,max
 at VT2 79.8 ± 10.5

V̇O2
 at VT2dT (L/min) 3.5 ± 0.4

%V̇O2,max
 at VT2dT 80.8 ± 8.6

V̇O2
 at VT2LFdT (l/min) 3.3 ± 0.4

% V̇O2,max
 at VT2LFdT 76.7 ± 11.5

max. workload (W) 359.2 ± 47.3

% max. workload at VT2 84.6 ± 6.9

% max. workload at VT2dT 86.8 ± 5.4

% max. workload at VT2LFdT 81.7 ± 7.9

Max. HR refers to the maximum HR achieves during the test.
Abbreviations: VT2, second ventilatory threshold; VT2dT, second ventilatory 
threshold estimated from ventricular repolarization instability; VT2LFdT, 
second ventilatory threshold estimated from the low-frequency oscillations of 
ventricular repolarization instability; V̇O2

: O2 consumption, V̇O2,max
: maximum O2 

consumption during the test.
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alias caused by the cardiolocomotor coupling were analyzed, 
as displayed in Figure 2D). We did not observe frequency 
components within these bands in a consistent manner. To 
assess the relationship between the dT or LFdT profiles and 
HR, we computed their inter-subject mean Spearman correla-
tion coefficients, which were 0.57 ± 0.24 and 0.44 ± 0.29, 
respectively. We also considered the Spearman correlation 
between the dT or LFdT profiles and HRV measurements. 
In the case of dT, correlation with PLF and PHF was of −0.45 
± 0.26 and −0.06 ± 0.43, respectively, whereas these values 
were of −0.35 ± 0.28 and 0.01 ± 0.39 for LFdT.

Next, the results obtained by using three leads are 
presented for the 10 recordings that could be analyzed. 
Differences in the estimation performance between the 
two- and the three-lead approaches are displayed in Figure 4 
(results for three leads minus results for two leads). For the 
three-lead approach, the mean estimation error in terms of 
V̇O2

 when using dT was of 0.15 ± 0.32 L/min (3.24 ± 7.82% 
of V̇O2,max

), whereas it increased to 0.26 ± 0.38 (5.94 ± 8.64% 
of V̇O2,max

) when using LFdT. For the three-lead approach, 
estimation errors were below 1 minute for 60% and 50% of 
subjects, when considering VT2dT or VT2LFdT, respectively.

4 |  DISCUSSION

In this work, VT2 was estimated during an incremental 
cycle ergometer test through the analysis of ventricular re-
polarization dynamics. The temporal profiles of an index 
of repolarization instability, dT, and of its LF oscillations, 
LFdT, showed sudden increases after some minutes of 
exercise, once an established threshold on HR had been 
reached. The time point at which a change in the tendency 
of the overall repolarization dynamics (or its low-fre-
quency content) occurred was identified and used to define 
estimates of VT2. The proposed methods yielded estima-
tion errors lower than 50 W, corresponding to 2 minutes of 
the exercise test, for the vast majority of subjects and lower 
than 1 minute for many of them. These results improve 
those of previous works in which, although the reported 
errors were likewise lower than 50 W, the translation from 

F I G U R E  3  Bland-Altman plots (difference vs mean) of the errors in the estimation of the VT2 using dT (a) or LFdT (b) series. The solid line 
represents the mean of the estimation error, whereas the dashed lines account for the confidence intervals (mean ± 1.96 standard deviations). The 
filled circles represent the values for the different subjects. The shaded area represents the confidence interval for the means of the estimation error
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Watts to minutes resulted in larger errors due to the nature 
of the exercise test.12 When evaluated in terms of V̇O2

, the 
mean estimation error was of 1% and 3% for dT and LFdT, 
respectively, being these errors lower than the inter-eval-
uator agreement in the visual determination reported in,25 
which was comprised within 3%-16%.

The good performance achieved by both VT2dT and 
VT2LFdT suggests that these two methods, particularly the 
first one, could be suitable for non-invasive VT2 estimation.

Our proposed methods are based on the hypothesis that, 
upon reaching VT2, there is a surge in sympathetic activity 
due to the need of faster ventilation, this resulting in alter-
ations in sympathetically modulated ventricular repolariza-
tion. Several works have addressed the study of ventricular 
repolarization dynamics and its autonomic regulation, aim-
ing both at providing improved markers for its quantifica-
tion and at shedding light on its underlying physiological 
mechanisms. Rizas et al13 proposed the calculation of the 
angle dT between successive repolarization vectors to sub-
sequently evaluate the magnitude of its LF oscillations by 
the periodic repolarization dynamics (PRD) index. PRD has 
been suggested as a non-invasive measurement of the effect 
of sympathetic activity on ventricular myocardial repolariza-
tion on the basis of the observed increase in PRD following 
sympathetic activation and decrease in PRD after adrenergic 
blockade.13,14 Other studies have also investigated LF oscil-
lations of repolarization dynamics at the level of ventricular 
epicardial electrograms and cellular action potentials, both 
in vivo26,27 and in silico,28,29 confirming the presence of an 
enhanced LF oscillatory pattern in ventricular repolarization 
in response to sympathetic provocation and ascertaining po-
tential ionic mechanisms behind it.

Nevertheless, ventricular repolarization could be altered 
by several other causes, such as an increase in HR or me-
chanical effects. Hamm et al12 conducted an electrophysio-
logical study in which they induced fixed atrial pacing with 
an incremental increase in HR, observing no variation in 
repolarization instability measured from the dT angles with 
respect to the non-paced condition. To assess the relationship 
between HR, HRV, and repolarization instability in our study, 
we computed the average Spearman correlation between each 
of the HR, PLF, and PHF profiles with the dT and LFdT pro-
files of all the subjects, yielding values lower than 0.5 in most 
cases. This is in agreement with the results reported by Rizas 
et al,13 who showed that LF oscillations in ventricular repo-
larization were also independent of HRV, as assessed through 
fixed atrial pacing. In Figure 2A-C, different behavior of ven-
tricular repolarization instability and of HRV during exercise 
can be noticed. Moreover, mechanical effects of respiration 
are not thought to have a meaningful effect on our repolariza-
tion profile analysis, since LF oscillations of repolarization 
instability have been reported to be unrelated to respiratory 
activity13 and, in the studied scenario, respiratory rate is not 

expected to lie within the LF band. Additionally, we analyzed 
the possibility that the increased repolarization instability 
after reaching VT2 might be due to the effect of cardioloco-
motor coupling.18 However, the analysis of the spectral alias 
due to the pedaling cadence did not reveal an influence of 
cardiolocomotor coupling on ventricular repolarization dy-
namics (see Figure 2D).

Our results lead to the following interpretation of the dT 
and LFdT profiles in the analyzed exercise recordings:

1. Repolarization instability, quantified from dT and its LF 
oscillations LFdT, remains low at rest, and it presents 
a rapid increase following the onset of exercise. This 
is accompanied by a sudden drop in HRV (see Figure 
2C), as reported in previous works.9,30

2. Afterward, the repolarization dynamics present a plateau-
like behavior, which might be due to the fact that, dur-
ing light-intensity exercise, vagal withdrawal is the main 
(even if not the only) autonomic modulator.30 The sparse 
cholinergic innervation of human ventricles31 could ex-
plain why a reduction in repolarization instability is not 
observed.

3. Cardiac parasympathetic drive reduces and keeps low 
until 50-60% of V̇O2,max

32,33 (see Figure 2C). In this iso-
capnic buffering stage, the progressive increase in blood 
lactate levels is compensated with the HCO

−
3
 buffer sys-

tem. The increase in LFdT after this point (see Figure 2B) 
might be reflecting an increased sympathetic modulation 
of ventricular electrical function.30,34

4. Upon reaching VT2, the increase in blood lactate can-
not be further compensated. VT2 is called threshold of 
decompensated metabolic acidosis: since, at high inten-
sities, the hyperpnea is not sufficient to eliminate the 
metabolic production of CO2, V̇E increases whereas V̇CO2

 
remains constant, leading to a drastic increase in V̇E∕V̇CO2

 
until exhaustion. As an accompaniment, there is a sympa-
thetic-mediated increase in the respiratory rate aiming at 
compensating metabolic acidosis by respiratory alkalosis 
(CO2 elimination). It is possible that this effect is reflected 
as a new increase in repolarization instability (see Figure 
2A,B), since blood catecholamines levels increase expo-
nentially after reaching VT2.35 In our case, VT2 was in 
mean located at 80% of V̇O2,max

 (see Table 2), in accordance 
with previous studies reporting that trained subjects reach 
VT2 at around 70%-90% of their V̇O2,max

.36,37 On the other 
hand, in Figure 2C), a rise in PHF can be also observed, al-
though the increase of the HF component of HRV at high 
exercise intensities has been related to mechanical effects 
of respiration.11

5. Finally, the reduction in repolarization instability follow-
ing the end of exercise would be associated with a decrease 
in sympathetic activity and a restitution of sympathovagal 
control.
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The estimation of AnT from the analysis of ventricular 
repolarization dynamics was recently proposed by Hamm 
et al,12 who studied the moving correlation between the in-
stantaneous HR and the dT profile. The time point at which 
this correlation was minimum was used as an estimate of 
AnTLA. In a first analysis, we applied the methodology de-
scribed in12 to the exercise recordings of this study. However, 
large estimation errors were obtained due to the highly het-
erogeneous correlation profiles for the different analyzed 
subjects. In view of those results, we developed a methodol-
ogy that could be better suited for the analysis of our exercise 
recordings. The low performance of the methods proposed 
in12 can at least be partially explained based on relevant dif-
ferences between our study and the one by Hamm et al. First, 
the design of the exercise test was very different, being it 
much more exigent in our case, with an initial workload of 75 
W followed by increments of 25 W per minute, in compari-
son with,12 with an initial workload of 40 W and increases of 
30 W every 3 minutes. This results in different HR profiles, 
with a much smoother increase in the case of,12 which could 
in turn justify the observed differences in the correlation 
profiles.

Another important difference between our study and the 
study by Hamm et al. lies on the lead configuration of the 
ECG acquisition. Whereas in12 the orthogonal Frank’s leads 
were employed, in our case the conventional 12-lead ECG 
configuration was employed, except for leads V1, V2, and 
V3, which were not available because the volunteers were 
also wearing a chest band during the exercise test. The ab-
sence of lead V2 made it impossible to have three orthogonal 
leads, so a quasi-orthogonal lead configuration composed of 
V4, V6, and aVF was employed. However, due to the low 
quality of lead aVF in several subjects, a method based on 
the use of only leads V4 and V6 was proposed. As shown 
in Figure 4 for cases where aVF was of good quality, the ef-
fect of using two leads instead of three resulted in very small 
differences for most of the subjects in the case of VT2dT, 
whereas it had greater impact in VT2LFdT, with errors being 
larger when employing the three-lead configuration. In this 
way, the availability of a lower amount of information in the 
case of using two leads only does not essentially alter the 
trend of dT, possibly due to the fact that the repolarization 
vector of the T waves is mainly contained in the horizontal 
plane.38

Nevertheless, it is important to highlight that the ECG 
data used in this study were acquired using a Holter recorder 
designed for medical/clinical applications. Currently, spe-
cific Holter recorders for sport applications are being de-
signed, which could allow acquiring ECG signals of higher 
quality. Moreover, other commercial devices already allow 
registering an ECG lead (eg, Polar H10), being referred to as 
a gold standard for HR monitoring during exercise, for exam-
ple, jogging on a treadmill at 11 km/h.39 When these devices 

are technologically developed to include a second lead, they 
could be used for VT2 estimation from dT according to our 
proposed method.

A third relevant difference between our study and the 
study by Hamm et al. refers to the fact that the gold standard 
in12 was AnTLA, while in this work VT2 was employed. In 
spite of the fact that AnTLA is largely acknowledged as a good 
estimator of the physical condition, there is still not a consen-
sus on its use as an AnT estimate, since its accuracy is highly 
dependent on the procedure and site of blood extraction, as 
well as on the methods employed for its analysis.40 Moreover, 
the estimates obtained using AnTLA or VT2 as gold standard 
are dependent on the sampling period. In12 the sampling 
period was selected to be 3 minutes, which is much larger 
than in the case of the VT2 analyzed in this study, where 
the signals used for its determination have a more continu-
ous-time nature. Nevertheless, weaknesses in the determina-
tion of VT2 must be acknowledged, as this can be subjective 
in some cases, depending on the expert annotator experience 
and performance, or on the established criteria in the case of 
automatic detection.

Other non-invasive approaches for AnT estimation have 
been proposed in the literature. Assessment of EMG activity 
has been also recursively employed for VT2 estimation.6,7 
Even if some EMG-based approaches render low estimation 
errors, the use of wearables for EMG recording is far less 
extended than for cardiac activity recording, which limits 
their application. On the other hand, the use of HRV has 
been shown to render high performance.10 However, the au-
thors employed SD1 calculated from the Poincaré plot of 
the HRV series, which is mostly related to HF modulation of 
HR. Given that mechanical effect of respiration is thought 
to be the main HF modulator of HR at high-intensity exer-
cise,11 it is possible that the estimates in10 are not reflecting 
a change in autonomic regulation in the proximity of VT2, 
thus confounding its physiological interpretation.

Several limitations of this work are acknowledged. (1) 
The use of only two leads for VT2 estimation limits the 
amount of information on ventricular repolarization dynam-
ics. Nevertheless, the addition of a third orthogonal lead 
only remarkably improves VT2 estimation in half of the re-
cordings in the case of VT2LFdT, while in the case of VT2dT 
the results do not change considerably. (2) The use of pre-
defined HR thresholds in our methods could result in VT2 
overestimation. However, in this study, none of the subjects 
had reached their VT2 at the established threshold of 77% of 
their maximum HR. (3) The reference VT2 was assessed by a 
single evaluator, which might constitute an additional source 
of error. However, the achieved estimation error was lower 
than the inter-evaluator error reported in previous studies, as 
discussed above. (4) The reduced number of subjects in the 
dataset, together with the narrow interval of age and physi-
cal conditions of the participants (all of them were used to 
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aerobic training) and the fact that the study was performed 
under laboratory conditions, make further studies necessary 
to validate the described methodology. In particular, appli-
cation of the methodology to people with limited exercise 
capacity would be of interest. (5) Finally, it is important to 
highlight that good ECG signal quality is required for proper 
delineation of the T waves. Based on this criterion, 20% of 
the recordings had to be discarded. Although this limitation 
might be overcome in a controlled environment, it is import-
ant to perform further validation in additional scenarios, such 
as treadmill tests. For those future studies, we plan to develop 
novel strategies for T wave analysis not requiring full delin-
eation of the T wave.

Nonetheless, the non-invasive nature of our proposed 
methods allows estimating VT2 by using only two ECG leads 
which could be integrated in a chest band, thus resulting in a 
high ecological validity, especially in outdoor sports such as 
mountain biking, canoeing, swimming, or cross-country ski-
ing. Moreover, such a non-invasive approach could be useful 
for obtaining large data samples, aiding in the characteriza-
tion of VT2 in the general population.

5 |  PERSPECTIVE

A novel methodology for VT2 estimation based on the analy-
sis of ventricular repolarization during exercise has been 
proposed. This method renders high performance, improving 
previous results based on similar approaches. As compared 
to VT2 estimation from gas exchange, our method does not 
require specific equipment or qualified personnel. Moreover, 
it is objective, with the achieved mean estimation error being 
lower than inter-evaluator agreement based on traditional 
methods.

Differently from the method proposed by Hamm et al12 only 
two precordial leads are required by our method. Therefore, 
it could be implemented in wearable devices for monitoring 
cardiac activity, thus allowing to characterize VT2 in the gen-
eral population, with a high ecological validity.

Importantly, we also proposed a hypothesis for the phys-
iological mechanisms underlying the repolarization patterns 
during exercise on which our method is based.

Nevertheless, good ECG signal quality is required for our 
method to carry out the estimation. Future studies are aimed 
at extending the method to signals with lower signal-to-noise 
ratio. We only validated our method in a reduced group of 
subjects of similar age and physical condition, all cases per-
forming a cycle ergometer test. Further work is needed to test 
the proposed methodology over other populations.
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