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Abstract

Background: Assessing lactate (LT) or anaerobic thresholds (AT) in athletes is an important tool to control training
intensities and to estimate individual performance levels. Previously we demonstrated that ECG-based assessment
of cardiac repolarization instability during exercise testing allows non-invasive estimation of AT in recreational
athletes. Here, we validate this method in professional and amateur team sports athletes.

Methods: We included 65 team sports athletes (32 professionals and 33 amateur athletes; 51 men, 14 women,
mean age 22.3 + 5.2 years) undergoing a standardized incremental cycle exercise test. During exercise testing a
high-resolution ECG (1000 Hz) was recorded in Frank-leads configuration and beat-to-beat vector changes of
cardiac repolarization (dT°) were assessed by previously established technologies. Repolarization-based AT (ATgr)
was estimated by its typical dT°-signal pattern. Additionally, LT was detected in accordance to methods established
by Mader (LTyiadger) @and Dickhuth (LTpickhuth)-

Results: All athletes performed exercise testing until exhaustion with a mean maximum workload of 2623 + 60.8 W
(2418 £ 644 W for amateur athletes and 283.4 +49.5 W for professional athletes). Athletes showed ATyt at 187.6
444 W, LTpicknuth at 181.1 456 W and LTyager at 1843 £ 524 W. AT~ correlated highly significantly with LTpicknuth
(r=096, p<0.001) and LTyager (r=10.98, p <0.001) in the entire cohort of athletes as well as in the subgroups of
professional and amateur athletes (p < 0.001 for all).

Conclusions: AT, defined by the maximal discordance between dT° and heart rate, can be assessed reliably and
non-invasively via the use of a high-resolution ECG in professional and amateur athletes.
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Background

Controlling exercise intensities has been shown to be
one of the key measures to improve endurance cap-
acity and performance: The concept of using sub-
maximal workload parameters such as lactate (LT) or
ventilatory thresholds (VT) to determine individual
cardio-respiratory fitness and to schedule training in-
tensities is commonly accepted in this context and
has been demonstrated in endurance as well as team-
sports athletes [1-3].

Assessment of parameters of the autonomic nervous
system (ANS) has gained pronounced attention. The
concept of testing biomarkers of the ANS for estimating
thresholds is based on the idea that the ANS exerts dis-
tinct influences on the cardiorespiratory system during
exercise to regulate heart rate, cardiac contractility and
blood pressure. Recently, different study groups imple-
mented the evaluation of autonomic biomarkers to con-
trol training intensities and to detect training-induced
states of fatigue [4]. Measuring ANS biomarkers is
promising as it is non-invasive and cost-efficient. Heart
rate variability (HRV)-derived parameters reflecting ANS
activity showed an association with LT in healthy and
diseased cohorts [5—8]. Despite different methods to as-
sess AT including metabolic markers (lactate, glucose),
ventilatory responses, autonomic markers (e.g. HRV-
derived markers such as RMSSD) or neuroendocrine
markers (catecholamines), they all determine AT within
close ranges [9]. However, as the physiological down-
stream is faster in some systems than in others, these
different methods assessing the anaerobic threshold may
show slightly different workloads at the AT. Neverthe-
less, as all these methods differ in invasiveness, costs,
time-consumption and easiness of determination, new
methods to indicate AT may be helpful.

Sympathetic-activity associated periodic repolarization
dynamics (PRD) is a novel ECG-based parameter, that
reflects influences of efferent cardiac sympathetic activity
on the ventricular myocardium during repolarization
[10, 11]. The non-invasive assessment via high-
resolution ECG is based on beat-to-beat changes of the
T wave vector (dT°) with periodic components of repo-
larization in the low-frequency range (< 0.1 Hz). Large
clinical trials demonstrated that increased levels of PRD
are strong predictors of sudden cardiac death (SCD) in
patients with ischemic and non-ischemic cardiomyop-
athy [11-13].

As exercise is known to affect ventricular repolariza-
tion crucially [4, 14] we previously tested repolarization
instability (dT° signal) during exercise testing [15]: We
demonstrated that the dT° signal shows a characteristic
three-phasic pattern that allows a reliable and non-
invasive estimation of the anaerobic threshold (we called
it AT4r-) in healthy recreational athletes. This pattern at

(2021) 13:85

Page 2 of 8

the anaerobic threshold is characterized by a maximal
discordance of dT° and heart rate and this point highly
significantly correlated with lactate thresholds measured
by the methods of Mader and Dickhuth [15].

In the present study we validated this non-invasive
ECG-based assessment of the anaerobic threshold by
our previously described methods in a cohort of 65 team
sport athletes to check if this method can be transferred
to professional athletes as well as well-trained amateur
athletes who are able to achieve markedly higher max-
imal workloads during exercise and have increased
workloads at lactate thresholds.

Methods

Study population

We included 65 healthy team sport athletes (14 women,
51 men, mean age 22.3 + 5.2 year. (standard deviation),
minimum age 14 year, maximum age 36 year.) who
underwent a graded cycle ergometer test until maximal
exhaustion. Our study cohort consisted of 32 profes-
sional athletes (1st league and 2nd league European foot-
ball clubs and 1st league basketball club) and 33
amateur athletes (4th and 6th league European football
clubs). Exclusion criteria were acute or chronic infec-
tions, presence of pacemakers or implantable cardiover-
ter defibrillators (ICDs), history of cardiovascular
diseases or risk factors and other contraindications for
performing exercise testing [16].

All individuals gave written informed consent. For par-
ticipants under 16 years old, written informed consent
was obtained from a parent or guardian. This study was
approved by the local ethics committee (Ethikkommis-
sion der Medizinischen Fakultdt der LMU Miinchen)
and was conducted in accordance to the Declaration of
Helsinki.

Exercise testing

All subjects performed a standardized graded cycle exer-
cise test [17] (starting at 90 W workload) until fatigue
which we defined as not being capable to maintain pedal
cadence above 70 rpm. Increases of 30 W took place
every 3 min while pedal cadence was kept constantly at
70-90 rpm.

Assessment of ECG-based cardiac repolarization
instability and detection of anaerobic threshold via dT°
(ATgr)

Determination of AT via dT° signals was carried out
analogously to a previous study by our group [15]. For
details, we thus refer to this publication. In brief, we an-
alyzed high-resolution data from Frank’s orthogonal lead
ECG (1000 Hz, Schiller medilog AR4 plus, Schiller diag-
nostics, CH) which was recorded throughout the entire
exercise test including a 5 min resting phase prior and
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after the end of each cycle test with SMARTIlab com-
puter and R peak and T wave detection algorithms [17,
18]. In this process, the obtained spatiotemporal proper-
ties of each T wave are then used to assess the angle dT°
between two successive repolarization (T wave) vectors
[11, 13, 15]. When plotted over time dT° displays a vari-
ability with typical underlying oscillations in the low-
frequency range (<0.1 Hz) [11, 13, 15]. During exercise
this dT° signal shows a characteristic three-phasic pat-
tern and AT4r- is defined as the point of maximal dis-
cordance between dT° signal and heart rate [15].
Figure 1 illustrates an exemplary dT° signal and corre-
sponding heart rate signal during graded exercise test
and shows the moment of maximal discordance between
these signals defined as ATgt-. This point was converted
into power output (W) assuming a linear increase in ex-
ercise increments and the corresponding heart rate was
extracted from the ECG signal.

Detection of lactate thresholds via methods by Mader
and Dickhuth

Capillary blood samples were obtained from earlobes
and lactate concentrations (in mmol/l) were measured
(lactate Scout+, EKF Diagnostics, Cardiff, GB) before ex-
ercise at rest, during exercise at the end of each incre-
mental step and after exercise. The individual lactate
threshold was calculated using a standardized computer
software (winlactat V 5.2.1.6,, Mesics, Miinster,
Germany). The calculation of LT was determined
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according to the methods by Mader (fixed threshold at 4
mmol/l) and Dickhuth [1, 19]. Dickhuth definded the LT
as the lactate concentration 1.5 mmol/l above the lactate
equivalent (i.e. the lowest value of the lactate-
performance ratio marking the onset of the lactate in-
crease during exercise) [19].

Statistics

All results are represented as mean + standard deviation.
For statistical analyses and graphical illustration, we used
CRAN “R” 3.6.3. Kruskall-Wallis test was performed to
detect statistical differences between mean determined
thresholds (AT 41, LT Mader and LT pjcihutn)- The relation-
ship between the three different methods was assessed
using the Pearson correlation coefficient test. Intra class
correlation (ICC) was tested for these three methods.
Bland-Altman plots were performed to visualize the dif-
ferences between the methods and the respective
average.

Results

Baseline characteristics of study participants

Table 1 shows the baseline characteristics of all study
participants (A) as well as of professional athletes (B)
and amateur athletes (C) as subgroups. Altogether 65
healthy team sport athletes (14 women, 51 men, mean
age 22.3+5.2 yrs.) were included in this study. Mean
BMI was 22.7 + 1.8 kgxm™ %, mean maximum workload
was 262.3 +60.8 W (241.8 + 64.4 W for amateur athletes
and 28341495 W for professional athletes). All

150 =

100 =

~ I

o
= I
©

<Y bl

deg)

~

Ayl ] 150

Q
1008

HR

0 10

Time (min)

Fig. 1 Exemplary dT° signal (red line) and corresponding heart rate (blue line) in the course of time during a graded exercise test. Green dotted
line indicates the moment of minimal concordance of heart rate and dT° defined as ATy
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Table 1 Shows baseline characteristics for all participants (A) and subgroups of professional athletes and amateur athletes. All data

presented as mean + standard deviation. BMI body mass index

(A) all participants (n=65)

(B) professional athletes (n=32)

(C) amateur athletes (n=33)

female (n) 14 0 14

male (n) 51 32 19

age (yr) 223 £52 231 +£55 216 £49
weight (kg) 739 £ 105 785 £ 84 694 £ 105
height (cm) 1802 £ 96 1854 + 75 1751 £ 86
BMI (kgxm’Q) 227 +£18 228+ 13 225+ 21

participants finished exercise testing until exhaustion.
Table 2 shows performance parameters, heart rates and
lactate thresholds assessed via methods by Mader and
Dickhuth as well as ATyt for all participants (A) and
professional (B) and amateur athletes (C) alone. To ex-
clude that maximal performance was not reached during
the test, we calculated theoretical maximal heart rate
using the formula 208-(age x 0.7) as described elsewhere
[20] and calculated %HR max expected for all thresholds.

dT° signal pattern during exercise and determination of
AT(ar)

We were able to identify the typical, previously described
three-phasic dT° pattern [15] in all participating athletes
during cycle exercise test: We found a low dT° signal at
rest (first 15 min) which immediately increased concor-
dantly to the heart rate with the beginning of exercising.
At ATgp-, dT° and heart rate showed minimal correl-
ation. Then dT° transiently declines before increasing
again until the end of the exercise test (exemplary signal:
see Fig. 1). During recovery the dT° signal drops but

remains higher than baseline levels. AT - was deter-
mined as previously described [15].

Correlation of AT4r- with LTs by Mader and Dickhuth
ATgr- occurred at 187.6 + 44.4 W, LT pjckhuth at 181.1 +
45.6 W and LT paqer at 184.3 +52.4 W. Mean heart rate
at ATyr- was 154.0 £14.2 bpm, at LTpjpun 152.8 £
14.9 bpm and at LTyaqer 153.1 + 14.9 bpm (Table 2).
ATgr- highly significantly correlated with LTpjcihuen
(R=0.96, R*=0.92, p<0.001) and LTypdger (R=0.98,
R*=0.96, p <0.001) (Fig. 2A and C, respectively) investi-
gating power output. Similar results were detectable cor-
relating heart rates at ATy with LTpjcnuen (R =0.97,
R?*=0.94, p<0.001) and with LTypger (R=0.92, R*=
0.85, p<0.001). Intra class correlation for these three
methods was excellent with intraclass correlation coeffi-
cients (ICC) of 0.95 (power output) and 0.93 (heart rate).
Bland-Altman plots illustrate close concordance between
ATgre and LTpimuen (Fig. 2B) as well as between ATgt-
and LTypger (Fig. 2D) with power output showing a
mean difference of 6.6 W between AT 4r- and LT pickhuths

Table 2 Shows parameters of performance and heart rates in means + standard deviation. LTs calculated via method by Mader and
Dickhuth and AT assessed via dT°. HR heart rate, bpm beats per minute, PO power output, W Watt, LT lactate threshold, AT anaerobic
threshold. Maximal expected heart rate calculated using the formula HRmaxexpectedy(opm) = 208-(age x 0.7)

(A) all participants (n=65)

(B) professional athletes (n=32)

(C) amateur athletes (n=33)

POrmax (W) 2623 + 608
LToicknuth: PO (W) 181.1 £ 456
LToickhuth: %0POrmax 69.0 + 6.4
LTnader: PO (W) 1843 + 524
LTiader: %POmax 69.7 + 87
AT PO (W) 187.6 + 444
ATar=96POrmax 718 +68
LTicknuen: HR (bpm) 1528 + 149
LTader: HR (bpm) 153.1 + 149
ATqr: HR (opm) 1540 + 142
HRmaxtexpecteay(0PM) 1924 +37
LToicknuth: % HRmax(expected) 794+ 72
LTiader: % HRmax(expected) 796+ 73
AT a7 % HRmax(expected) 80.0 + 6.9

2834 £ 495 2418 £ 644
196.2 + 37.0 166.5 + 48.8
69.2 £ 56 68972
1986 £ 415 1704 + 586
700 £ 80 69.5 + 95
204.1 £ 339 171.7 £ 479
723 £52 71380
1510 + 157 1543 + 144
1513 £ 158 1546 + 14.1
151.7 £ 143 156.0 £ 14.1
1919 + 3.8 1929 + 35
787 £73 800+ 7.2
78974 802+73
791 +66 809 + 7.1
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and LTpickhuth/LTvader Bland-Altman plots illustrate concordance

of 3.3 W between AT4r- and LT y.qer and of 3.2 W be-
tween LTDickhuth and LTMader'

We further investigated thresholds for subgroups of
professional athletes (n=32) and amateur athletes (n =
33). In professional athletes mean ATg4r- was at 204.1 +
33.9 W, LTpickhuth at 196.2+37.0 W and LTppqer at
196.2 +37.0 W (ICC=0.91). Elite athletes had a mean
heart rate of 151.7+14.3 bpm at AT4qr- of 151.0+
15.7 bpm at LT pjckhuth @and of 151.3 + 15.8 bpm at LT yader
(ICC=0.94). In amateur athletes we detected ATyt~ at
171.7 +47.9 W, LT pickhuth at 166.5 +48.8 W and LT piader
at 1704 +58.6 W (ICC =0.96). Amateur athletes had a
mean heart rate of 156.0 + 14.1 bpm at ATyt of 154.3 £
14.4 at LTpichuh and of 154.6 + 14.1 at LTyger (ICC =
0.93). Figure 3 visualizes the strong correlation between
ATyt and LTpiqun for both subgroups of amateur (R =
0.97, R* = 0.94, p < 0.001, Fig. 3A and B) and professional
athletes (R =0.93, R* = 0.86, p < 0.001, Fig. 3C and D) re-
garding power output. Figure 4A shows box plots for
power outputs at ATyt LTpfader and LT pjckhueh With no
significant differences between methods of threshold de-
termination. Intergroup comparison revealed no signifi-
cant differences as checked by Kruskal-Wallis test (p =
0.73). Figure 4B shows box plots for heart rates at ATy,
LTMader @nd LT pjeuen, With no - significant  differences

between methods of threshold determination. Kruskal-
Wallis test again detected no significant differences be-
tween assessment methods (p = 0.91).

Discussion

In the present study we were able to validate a non-
invasive cardiac repolarization-based method [15] to de-
termine AT in a large cohort of professional and ama-
teur team sport athletes while performing a standardized
incremental cycle exercise test. We confirmed the char-
acteristic three-phasic pattern in all study participants
who showed a gradual increase concordantly to the heart
rate at the start of exercise, a sudden drop in repolariza-
tion instability (here at a power output of mean 187.6 +
44.4 W) discordantly to the heart rate and a new rise of
the dT° signal at the end of the workout. The moment
of minimal concordance of dT° and heart rate (AT gt
correlated highly significantly with lactate thresholds by
Mader and Dickhuth.

Therefore, this pattern has been shown to be charac-
teristic in both young and healthy average-trained ath-
letes as well as professional athletes and very well-
trained amateur athletes undergoing standardized incre-
mental cycle exercise tests. It is thus valid and reprodu-
cible in both athletes who are only able to perform
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Fig. 3 Pearson correlation coefficient test for power output between ATy and LTpicknuy for amateur athletes (A) and professional athletes (C).
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exercise until lower maximal workloads and in athletes
capable to continue exercise tests up to very high max-
imum workloads. This determination of AT is similar to
results previously published by Milagro et al. who also
found changes in the profile of ventricular repolarization
instability as well as of oscillations in the low frequency
spectrum once reaching the anaerobic threshold [21]. It
is noteworthy that these changes in repolarization in-
stability cannot be provoked by increased heart rate or
by fixed atrial pacing [11, 15]. The dT° signal occurs in-
dependently of breathing rates and is not associated with
heart rate variability [11]. Emerging data validly attri-
butes the dT° signal to efferent sympathetic cardiac
nerve activity at the ventricular myocardium [11, 22].
Studies have broadly investigated the alterations within
the autonomic nervous system during exercise and the
mechanisms found are dynamic, complex and still re-
main incompletely understood: It is established that the
activity of the sympathetic ANS gradually increases with
greater workloads shifting from an approximately 4:1
vagal-sympathetic balance to a 4:1 sympatho-vagal bal-
ance in the course of an exercise [23]. The change in
autonomic cardiac modulation during increasing work-
load subsequently results in altered HRV-derived param-
eters and this has been used to assess AT in athletes [24,

25]. Our present study, studies assessing AT via HRV-
derived parameters [24, 25] and previous studies investi-
gating the connection of changes in repolarization in-
stability and AT [15, 21] thus suggest that the
autonomic control of the electrical activity of the myo-
cardium, especially on the level of the ventricular myo-
cardium seems to change once reaching the anaerobic
threshold.

While the exact physiological mechanisms underlying
ATg4r- remain unclear, our study provides several rele-
vant practical implications for future sports research and
training physiology: (i) We were able to present a
method which is non-invasive and does not require any
puncture to gain blood samples. (ii) Furthermore, as it is
ECG-based it is less cost-intensive as point-of-care lac-
tate measurements. (iii) A link between HRV indices and
blood lactate levels was found during resistance exercise
[6-8], in endurance athletes [5] and team sports athletes
[24, 25]. Of note, HRV indices are dynamic and rather
sensitive to environmental conditions [4]. dT° was
proven to be independent of heart rate and breathing
rate [11]. Nevertheless, up to date there has no study
been conducted comparing the assessment of thresholds
based on HRV indices with repolarization patterns. (iv)
As threshold-based training has been shown to lead to
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performance benefits in endurance as well as team-
sports athletes [1-3] the investigation of ATgr--based
training intensities in athletes might be of high interest
and should be investigated in future studies.

Our study has some limitations. First, we investigated
only team sport athletes and the group of professional
athletes contained no female athletes. Whether deter-
mination of LTs via ATyt~ can be validly transferred to
endurance athletes has to be elucidated in future studies.
Secondly, we only investigated the dT° signal on a cycle
ergometer and not with different methods such as tread-
mill running. Third, AT4r- was only correlated to LT
and not to ventilatory thresholds as assessed during car-
diopulmonary exercise testing. This should be performed
in future studies. Additionally, we performed graded ex-
ercise tests. However, the gold standard to determine
lactate thresholds is the assessment of the maximal
steady state during multiple rectangular exercise

protocols. Finally, our study included healthy individuals
without any known underlying cardiovascular diseases.
Whether the assessment of AT4r- can be performed in
patients with cardiovascular disease or on medication in-
fluencing the ANS has to be investigated in future
studies.

Conclusions

We demonstrated that ATg4r- is a reliable and non-
invasive measurement to assess AT. It correlates with
established methods of LT assessment in a large cohort
of professional and well-trained amateur athletes. The
results of this validation study indicate that AT - might
represent a promising tool for future routine application.
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