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Abstract
Background  Determining thresholds by measuring blood lactate levels (lactate thresholds) or gas exchange 
(ventilatory thresholds) that delineate the different exercise intensity domains is crucial for training prescription. This 
systematic review with meta-analyses aims to assess the overall validity of the first and second heart rate variability - 
derived threshold (HRVT1 and HRVT2, respectively) by computing global effect sizes for agreement and correlation 
between HRVTs and reference – lactate and ventilatory (LT-VTs) – thresholds. Furthermore, this review aims to assess 
the impact of subjects’ characteristics, HRV methods, and study protocols on the agreement and correlation between 
LT-VTs and HRVTs.

Methods  Systematic computerised searches for studies determining HRVTs during incremental exercise in humans 
were conducted. The agreements and correlations meta-analyses were conducted using a random-effect model. 
Causes of heterogeneity were explored by subgroup analysis and meta-regression with subjects’ characteristics, 
incremental exercise protocols, and HRV methods variables. The methodological quality was assessed using 
QUADAS-2 and STARDHRV tools. The risk of bias was assessed by funnel plots, fail-safe N test, Egger’s test of the 
intercept, and the Begg and Mazumdar rank correlation test.

Results  Fifty included studies (1160 subjects) assessed 314 agreements (95 for HRVT1, 219 for HRVT2) and 246 
correlations (82 for HRVT1, 164 for HRVT2) between LT-VTs and HRVTs. The standardized mean differences were trivial 
between HRVT1 and LT1-VT1 (SMD = 0.08, 95% CI -0.04–0.19, n = 22) and between HRVT2 and LT2-VT2 (SMD = -0.06, 
95% CI -0.15–0.03, n = 42). The correlations were very strong between HRVT1 and LT1-VT1 (r = 0.85, 95% CI 0.75–0.91, 
n = 22), and between HRVT2 and LT2-VT2 (r = 0.85, 95% CI 0.80–0.89, n = 41). Moreover, subjects’ characteristics, type of 
ergometer, or initial and incremental workload had no impact on HRVTs determination.

Conclusion  HRVTs showed trivial differences and very strong correlations with LT-VTs and might thus serve as 
surrogates. These results emphasize the usefulness of HRVTs as promising, accessible, and cost-effective means for 
exercise and clinical prescription purposes.
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Background
Wasserman’s 1960s studies became a milestone in exer-
cise physiology [1–3], and since then, many research 
teams worldwide focused on identifying exercise thresh-
olds using various methods. These exercise thresholds 
allow to establish boundaries between distinct exercise 
intensity domains, which is critical in exercise physiol-
ogy [4–6] for evaluating training interventions, setting 
individual training workloads required to improve per-
formance [7], or preventing injuries and overtraining 
[8–10]. These exercise thresholds also predict sports per-
formance [4] and assess individuals’ physiological fitness, 
including during rehabilitation [11, 12]. They are classi-
cally identified during graded exercise tests by measuring 
blood lactate concentration (lactate thresholds, LTs) or 
gas exchange (ventilatory thresholds (VTs)) as workloads 
increase [13].

Blood lactate or gas exchange during graded exercise 
test reveal two different thresholds each (LT1, LT2, and 
VT1, VT2, respectively) [14] and defines the following 
three intensity domains [15–17]:

1.	 Moderate intensity domain: Aerobic energetic 
production, lactate production equals its removal, 
sustainable 6 h [17].

2.	 Heavy intensity domain: Lactate production exceeds 
physiological removal capacities. Homeostasis 
is disturbed [18], allowing the first threshold 
determination (LT1-VT1). It can be maintained for 
90 min [17].

3.	 Severe intensity domain: Lactate and ventilation 
rise exponentially, allowing the second threshold 
determination (LT2-VT2). It can only be sustained 
for 15–30 min [17].

It is beyond the scope of the present review to detail the 
many controversies and determination methods of LTs 
and VTs (see [4, 6] for further details). Briefly, the gold 
standards for determining LTs and VTs are blood lac-
tate and gas exchange monitoring during graded exer-
cise tests. Briefly, VT1/LT1 delimit moderate (zone 
1) and heavy (zone 2) domains. They correspond to 
the first increase in V̇E vs. workload. Physiologically, 
greater anaerobic metabolism raises lactate, generates 

H+ buffered by HCO3
−, and results in an excess CO2 

increasing V̇E [19]. VT2/LT2 delimit heavy (zone 2) and 
severe (zone 3) domains. They correspond to the sec-
ond increase in V ̇E vs. workload, a breakpoint in V ̇E/
V̇CO2 increase, and a decrease in PETCO2. Physiologi-
cally, insufficient CO2 elimination lowers pH, increasing 
V̇E even more [19]. Although VT1/LT1 and VT2/LT2 are 
close and may be correlated [19–26], they are not always 
considered equivalent [8, 27–30].

However, gas exchange analysis needs sophisticated 
metabolic gas exchange analysers, whereas lactate moni-
toring necessitates invasive procedures with multiple 
blood sample collections [31, 32]. Additionally, these pro-
cedures require expensive equipment, specific software, 
and skilled operators, making them unsuitable for clinical 
assessment and inaccessible to a large part of the popula-
tion. Finally, since various techniques used to define VTs 
and LTs may induce reproducibility biases, they should 
be interpreted and compared cautiously. Indeed, differ-
ent graded exercise protocols and data analysis methods 
could lead to a wide range of results. Thus, more objec-
tive, non-invasive, cost-effective approaches for threshold 
determinations are needed.

Heart rate variability (HRV) has been proposed as an 
alternative non-invasive method to identify HRV thresh-
olds (HRVTs). Indeed, a heart rate monitor may enable 
more specific field testing and increase applications 
due to its lower cost and higher availability than tradi-
tional reference thresholds (LT-VTs) [33–35]. HRV is 
the fluctuation in the time intervals between adjacent 
heartbeats [36]. HRV analyses use time-domain indi-
ces (e.g., standard deviation of NN intervals (SDNN), 
root mean square of successive differences (RMSSD), 
Poincare plot standard deviation (SD1)) which quantify 
interbeat interval variability, frequency-domain indi-
ces (e.g., low- (LF) and high-frequency (HF) spectral 
power) which estimate power distribution into frequency 
bands and non-linear indices (e.g., detrended fluctua-
tion analysis alpha 1 (DFA-α1), recurrence quantification 
analysis (RQA)) which measure self-similarity and deter-
minism of a sequence of cardiac interbeat intervals. The 
HF component’s band reflects frequency activity at rest 
in the 0.15–0.40  Hz range. However, to properly evalu-
ate respiratory sinus arrhythmia (RSA) at high breathing 
rates, the HF component’s band is widened to 0.15–2 Hz 
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during exercise [37]. The LF component remains in the 
0.04–0.15  Hz band during exercise and is associated 
with a mix of sympathetic and parasympathetic modula-
tions to the heart as well as baroreflex activity. Note that 
SD1 is often classified as a non-linear index. However, it 
is empirically and mathematically identical to RMSSD 
(SD1 = 1√

2 • RMSSD) [38].
Exercise intensity decreases total spectral energy [39–

42]. LF dominates below VT1, and HF dominates above 
VT2 [43, 44]. Moreover, the frequency peak of the HF 
band (fHF) is well correlated to breathing frequency (BF). 
On the one hand, BF directly drives the RSA at low inten-
sities, and on the other hand, BF is the most significant 
contributor to the V̇E curve, which tends to drive HF at 
high intensities [40, 43, 45, 46]. Furthermore, DFA-α1 has 
been recently proposed as one of the most relevant indi-
ces for HRVTs determination [47–49]. It represents the 
self-similarity and fractal-like composition of a series of 
cardiac interbeat intervals, provides information about 
organismic demands and network physiology during 
exercise [50], and is suitable for analysing nonstationary 
time series data like heartbeats [51]. Those HRV indi-
ces, among others, and their variations allow two HRVTs 
(HRVT1 and HRVT2) determination.

Based on the above-described modifications of several 
HRV indices during an incremental test, previous studies 
aimed to compare different HRV-derived thresholds to 
various LT-VTs during a broad range of graded exercise 
protocols in diverse populations. HRVTs were often pro-
posed as a promising, cost-effective, and available alter-
native to classical thresholds. However, comprehensive 
approaches are still lacking. Indeed, previous encourag-
ing (i.e., reporting proximity between HTVTs and LTs-
VTs) results have often been obtained with small sample 
sizes, homogeneous populations, and specific protocols. 
Therefore, taking a step back and putting these results 
into perspective could benefit future research and signifi-
cantly improve the overall applicability of HRVTs.

The recent systematic review by Kaufmann et al. [52] 
was a major step forward and added essential informa-
tion to two previous reviews comparing HRVTs and LT-
VTs [53, 54]. Nevertheless, no meta-analysis has ever 
computed a global effect size for correlation and agree-
ment between reference (LT1-VT1/LT2-VT2) and heart 
rate variability thresholds (HRVT1/HRVT2). Further-
more, even though over 50 studies have been published 
on this specific topic, there has been no comprehensive 
effort to identify factors affecting the accuracy of HRV 
threshold determination in such studies. Therefore, this 
systematic review with meta-analyses aims to:

 	• Assess the overall validity of HRVTs by computing 
global effect sizes for agreement and correlation 
between heart rate variability thresholds (HRVT1/

HRVT2) and reference – lactate and ventilatory – 
thresholds (LT1-VT1/LT2-VT2).

 	• Assess the impact of (1) subjects’ characteristics, 
(2) HRV methods, and (3) study protocols on the 
agreement and correlation between LT-VTs and 
HRVTs.

 	• Formulate practical recommendations for the 
application of HRVTs in clinical settings.

Methods
This systematic review with meta-analyses follows the 
methodology proposed by the Cochrane Handbook for 
Systematic Reviews of Diagnostic Test Accuracy [55]. It is 
reported according to the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) 2020 
declaration and its extensions [56–59].

Search Strategy
The search was conducted between March and August 
2023. Systematic computerised searches were performed 
using eleven electronic databases (Cochrane Library, 
EBSCO, Embase.com, Google Scholar, Ovid, ProQuest, 
PubMed, Scopus, SPORTDiscus, Virtual Health Library, 
and Web of Science). The leading search strategy was 
((“heart rate variabilit*” OR “heartrate variabilit*” OR 
HRV OR “detrended fluctuation analys*” OR DFA OR 
“time varying analys*” OR “fractal correlation propert*” 
OR “recurrence quantification analys*”) AND (“ven-
tilatory threshold*” OR “lactate threshold*” OR “aero-
bic threshold*” OR “anaerobic threshold*” OR “intensity 
threshold*”)) OR (“heart rate variability threshold*” OR 
“heartrate variability threshold*” OR HRVT OR HRVTS 
OR HRVT1 OR HRVT2). No limits were used during 
electronic database searching. The search strategy was 
adapted as necessary for each database, and all data-
base queries were peer-reviewed by a health informa-
tion specialist. Exact search strategies, sub-databases 
queried, date of the query, and number of results for 
each electronic database are listed in Online Resource 1. 
Moreover, references included in three previous reviews 
[52–54] were manually assessed for eligibility.

Eligibility Criteria
The pre-established eligibility criteria were the fol-
lowing ones: study type: full-length original articles in 
peer-reviewed journals and “grey” literature (thesis, 
dissertation, conference abstract); population: human 
subjects regardless of age, sex, weight, health, or train-
ing status; intervention: determination of HRVT1 and/
or HRVT2 and LT-VTs simultaneously during an incre-
mental exercise test, HRVTs, and LT-VTs determina-
tion methods must be clearly detailed, high-quality RR 
series from a validated HRV device must be used since 
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the recording device affects HRV precision [60], detailed 
explanations of the graded exercise protocol used must 
be provided; comparison: statistical comparison of 
HRVT1 and/or HRVT2 vs. corresponding LT and/or VT; 
outcome: all studies comparing HRVT to LT or/and VT 
were included, regardless of the units used for thresholds 
values or the HRV variables used. Publications in English, 
French, Italian, and German were included, and no date 
restriction was applied. Studies were excluded if their full 
texts were unavailable, experimental protocol descrip-
tion was unclear, experimental data were incomplete, 
and the corresponding authors did not address this after 
being contacted. The studies were grouped for analysis 
according to the determined HRV threshold(s) (HRVT1 
or HRVT2) and according to the statistical analysis done 
(agreement or correlation). Four distinct groups (i.e., 
agreement, and correlation between HRVT1 and LT1-
VT1; agreement, and correlation between HRVT2 and 
LT2-VT2) were thus obtained, with some studies pres-
ent in several groups if the corresponding results were 
reported.

Review Process
All results of the search as mentioned above were 
imported into EndNote® (20.5, Clarivate, Philadelphia, 
PA, USA) for deduplication and uploaded in Distill-
erSR® (2.41.0, Evidence Partners, Ottawa, ON, Canada) 
for the review process and data extraction. First, one 
author (VT) screened titles and abstracts thoroughly 
for relevancy with a low inclusion threshold. Since only 
one author screened titles and abstracts, wrong exclu-
sions were the primary concern. Each exclusion reason 
during the title and abstract screening was therefore 
documented. In addition, the DistillerSR’s “Check for 
Screening Errors” tool was used to identify potentially 
incorrectly excluded references. This works by training 
itself multiple times using the previously screened ref-
erences in a 10-fold k-fold cross-validation method [61] 
and allows for double-checking exclusion. This tool’s false 
exclusion rate [62, 63] is comparable with human perfor-
mance [64–66] and has thus been suggested as a second 
screener alternative [67–71]. The remaining studies’ full 
texts were independently screened by two authors (NB 
and VT) using the pre-established eligibility criteria. In 
cases of disagreement, consensus was reached by dis-
cussion. As recommended [56], each exclusion reason 
during full-text screening was documented in Online 
Resource 2.

Data Extraction
The following data from the selected studies were 
extracted using specifically designed and standardised 
DistillerSR® forms: general information: author, journal, 
year, country; population: age, sex, weight, height, BMI, 

V̇O2max, health status, subject selection process, eligi-
bility, exclusion criteria and sample size; intervention: 
HRV recording device (e.g., ECG, Polar H10), HRV data 
analysis process, HRV recording device type (e.g., ECG, 
chest strap), HRV software (e.g. Kubios, Matlab), num-
ber of comparisons between HRVTs and LT-VTs, type 
of ergometer (e.g. cycling, treadmill), treadmill modal-
ity (e.g. running, Nordic-walking), start workload, start 
slope, increment workload, increment duration, incre-
ment slope; HRVT, LT and/or VT determination type 
(i.e., visual or computed); HRVT, LT and/or VT exact 
determination methods; comparison: statistical agree-
ment (p-value) and correlation (Pearson’s r) between each 
corresponding HRVT determination method and LT-VT 
determination method; outcome: all reported outcomes 
(heart rate, power, speed, V ̇O2max, and/or kg expressed 
as absolute and/or as percentage of maximum value) and 
their standard deviation at all thresholds (HRVT, LT and/
or VT) were extracted.

Methodological Quality Assessment
The methodological quality of the included studies was 
assessed using the QUADAS-2 and the STARDHRV tools. 
The QUADAS-2 [72], which recommends evaluating 
risks of bias (RoB) and applicability of primary diag-
nostic accuracy studies, was used to assess the RoB in 
included studies. It addresses four specific domains: sub-
jects’ selection, index test, reference standard, and flow 
and timing. Each domain was evaluated as “low”, “high”, 
or “unclear” regarding RoB and concerns for applicabil-
ity. The HRV-specific version of the original Standard 
for Reporting Diagnostic Accuracy Studies (STARDHRV) 
was used to assess the methodological quality of HRV 
methodology [73, 74]. It includes 25 parameters with a 
maximum of 25 points. The modifications proposed by 
Kaufmann et al. [52] to items 1, 9, 19, and 21 were used to 
suit the present systematic review better.

Effect Size Calculation and Data Analysis
Based on the extracted data, the following four distinct 
meta-analyses were performed to assess the agreement 
and correlation between HRV and reference thresholds: 
(1) agreement and (2) correlation between HRVT1 and 
LT1-VT1; (3) agreement and (4) correlation between 
HRVT2 and LT2-VT2.

For agreement meta-analyses (1 and 3), standardised 
mean difference (SMD) was used as the effect size index, 
with positive values indicating that HRVT was higher 
than LT-VT, negative values indicating that HRVT was 
lower than LT-VT, and values close to 0 suggesting high 
agreement between reference and HRV thresholds deter-
mination. The standardised difference in means was clas-
sified as trivial (< 0.2), low (0.2–0.5), moderate (0.5–0.8), 
and high (> 0.8) [75, 76]. For correlation meta-analyses 
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(2 and 4), Pearson correlation coefficient (r) was used 
as the effect size index with values close to 1 indicating 
a strong correlation between reference and HRV thresh-
old determination. The correlation assessed by Pearson’s 
r was classified as poor (< 0.2), fair (0.2–0.5), moderate 
(0.6–0.7), and very strong (> 0.8) [77].

Since included studies differ in population and assessed 
intervention, different true effect sizes may underlie dif-
ferent studies [78]. Consequently, our four meta-analyses 
used a random-effect model to generate an overall mean 
effect size and 95% confidence interval (CI). Indeed, this 
model considers two crucial and distinct sources of vari-
ance in the included studies: the error within each study’s 
effect size estimate and the variation in true effects across 
all studies. The inverse variance method determined 
study weights by minimising both variance sources [78, 
79]. The studies within each meta-analysis are assumed 
to be a random sample from a universe of potential stud-
ies, and this analysis will be used to make an inference 
about that universe [55, 79–82], allowing us to carry out 
comprehensive meta-analyses despite the heterogene-
ity of the included studies. Considering that some stud-
ies reported several outcomes for a single comparison 
between HRVT and LT-VT and even several different 
comparisons between HRVT and LT-VT, the most con-
servative standard procedures were used to adjust for the 
correlation between effects nested within studies [78, 80, 
83]. The DerSimonian and Laird method [84] was used to 
estimate the variance between studies.

When necessary, the units of the various outcomes 
were converted as follows: time (s), power (W), V ̇O2max 
(mL · min−1 · kg−1). Effects size computations and anal-
yses were made using Comprehensive Meta-Analysis 
Version 4 (Borenstein, M., Hedges, L., Higgins, J., & 
Rothstein, H., Biostat, Englewood, NJ 2022). Forest plots 
were made using Microsoft Excel (Microsoft Office 365). 
Data were presented as mean ± 95% CI. Statistical signifi-
cance was determined a priori at α = 0.05.

Heterogeneity Analysis
The Cochrane Q-test (heterogeneity significance), I2 
statistic (proportion of variance between studies that 
can be attributed to true variation in effect sizes rather 
than sampling error), and prediction intervals (disper-
sion of effect sizes) assessed the statistical heterogene-
ity between studies in each meta-analysis. I2 values were 
classified as low (25%), moderate (50%), and high (75%) 
levels of heterogeneity [85]. In cases of significant het-
erogeneity (Q-test p value < 0.05), causes were explored 
by subgroup analysis (categorical moderator) and meta-
regression (continuous moderator) regarding subjects’ 
characteristics, incremental exercise protocols, and HRV 
methods. Subgroup analyses were conducted using a 
combination of study-level variables (each study included 

in one subgroup only) and within-study contrasts (study 
included in more than one subgroup) [56], depending on 
the analysed moderator. Subgroups were compared using 
statistical test for interaction and pairwise comparison 
(z-test).

The age groups were defined to determine homoge-
neous groups with the subjects of the included studies 
(≤ 16, 17–35, 36–54, ≥ 55). Weight classes were estab-
lished according to the World Health Organization 
(< 18.5  kg/m2, Underweight; 18.5–24.9  kg/m2, Healthy 
weight; 25–29.9  kg/m2, Overweight; 30–34.9  kg/m2, 
Obesity class I; 35–39.9 kg/m2, Obesity class II; ≥ 40 kg/
m2, Obesity class III) [86]. Training status was classified 
according to the subjects’ V ̇O2max (mL · min−1 · kg−1) 
based on the ACSM guidelines (< 25, Very poor; 25–34, 
Poor; 35–44, Fair; 45–54, Good; 55–64, Superior; ≥ 65, 
Athlete) [87]. When needed, the exercise intensity was 
converted into the Metabolic Equivalent of Task (MET) 
using the ACSM’s Metabolic Calculations Handbook rec-
ommendations [88]. Initial and incremental workloads 
were classified based on [89] as Light (< 3 MET), Moder-
ate (3–6 MET), or Vigorous (> 6 MET).

Risk of Bias Assessment
The risk of bias (RoB) for each of the four meta-analy-
ses was assessed by visual inspection of funnel plots for 
asymmetry [90], fail-safe N test if the overall outcome 
was significant [91], Egger’s test of the intercept [92] 
and the Begg and Mazumdar rank correlation test [93]. 
The funnel plots were created by plotting the effect size 
(SMD and Fisher’s Z) against standard error. Further-
more, a leave-one-out sensitivity analysis was completed 
by sequentially excluding each study to identify poten-
tial outliers in included studies. A study was considered 
an outlier if the leave-one-out pooled effect size was not 
within the 95% CI of the original pooled effect size.

Certainty Assessment
The Grading of Recommendations Assessment, Develop-
ment, and Evaluation (GRADE) guidelines [94] assessed 
the certainty of evidence presented in this systematic 
review’s four meta-analyses. The five GRADE domains 
((1) study limitations, (2) consistency of effect, (3) impre-
cision, (4) indirectness, and (5) publication bias) and the 
related checklist [95, 96] were used to rate the evidence 
as high, moderate, low, or very low.

Results
After removing duplicates, our search strategy identified 
952 original records for screening. Of these, 852 were 
excluded during the title and abstract screening and 50 
during full-text review. Finally, 50 studies [20, 31, 32, 37, 
46, 48, 49, 97–139] fulfilled the inclusion criteria detailed 
above and were included in this systematic review with 
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meta-analyses. The summary of the screening process is 
presented as a PRISMA flow diagram in Fig. 1. The agree-
ments between HRVT1 – and LT1-VT1, and between 
HRVT2 – LT2-VT2 were assessed in 22 [20, 37, 48, 49, 
98, 102, 106, 107, 109, 113, 115–117, 119, 120, 122, 123, 
126, 128, 133, 136, 137] and 42 [20, 31, 32, 37, 46, 98–107, 
109–111, 114–123, 125–132, 134–139] studies, respec-
tively; the corresponding correlations were assessed in 
22 [37, 48, 49, 97, 98, 102, 107, 109, 113, 115–117, 119, 
120, 122–124, 126, 128, 133, 136, 137] and 41 [31, 32, 
37, 46, 97–105, 107–109, 111, 112, 114–123, 125–132, 
135–139] studies respectively. Across all 50 studies, 314 
distinct agreement assessments (95 for HRVT1 and 219 
for HRVT2) and 246 distinct correlation assessments (82 
for HRVT1 and 164 for HRVT2) between LT-VTs and 
HRVTs were analysed. Overall, data from 1160 different 
subjects (on average 23 per study, range 8–116; age 32 
(13–70) years, BMI 25 (18–39) kg/m2, V̇O2max 44 (10–
79) mL⋅kg–1⋅min–1) were included. The characteristics of 
each study are presented in Table 1.

Methodological Quality Assessment
The risk of bias was assessed as “low” in the four QUA-
DAS-2 domains for 21 of the 50 included studies, and 
four studies were assessed as “high” in at least one RoB 
domain. The remaining 24 studies were assessed as hav-
ing an “unclear” RoB in one or more domains. The con-
cern regarding applicability was assessed as “low” in the 
three QUADAS-2 domains for 40 of the 50 included 
studies. Two studies were assessed as “high” in at least 
one domain for applicability concerns. The remaining 
eight studies were assessed as having “unclear” concerns 
regarding applicability in one or more domains. QUA-
DAS-2 overall assessment is shown in Fig.  2. Detailed 
RoB assessment by QUADAS-2 for each included study 
is presented in Online Resource 3.

Methodological quality assessment using the adapted 
STARDHRV [52] for the 50 included studies reached an 
average score of 78 ± 8% (range 62 – 94%). Three stud-
ies reached ≥ 90%, 22 reached between 80% and 89%, 15 
reached between 70% and 79%, and 10 reached < 70%. 
Nearly all studies were identified as a validation study 
(item 1, 100%), had a structured abstract (item 2, 98%), 
described scientific and practical background (item 
3, 100%), used a within-subject design (item 5, 100%), 
described the setup for LT-VT and HRVT extensively 
(item 9, 100%), described how comparison calculations 
were performed (item 14, 98%), provided baseline demo-
graphics of participants (item 20, 100%) and full study 
protocol (item 24, 100%). Only a few studies provided 
information about sample size determination (16%), 
mentioned a stabilisation period prior to HRV sampling 
(40%), and specified whether breathing was controlled 
or not during HRV recording (30%). All other items were A
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fulfilled by 53–93% of included studies. Details of the 
STARDHRV assessment for each study are presented in 
Online Resource 4.

First Heart Rate Variability vs. Lactate and Ventilatory 
Thresholds
Pooled analysis of the 22 included studies assessing 
agreement between HRVT1 and LT1-VT1 revealed a 
trivial standardised mean difference (SMD = 0.08, 95% 
CI -0.04–0.19, p = 0.18). The prediction interval ranged 
from − 0.43 to 0.59, indicating that the true effect size 
falls within this interval in 95% of all comparable studies. 
The overall effect was heterogeneous (p < 0.001), indicat-
ing that the true effect size was not the same in those 22 
studies. Furthermore, the I2 statistic indicates that 89% of 

the variance in observed effects reflects variance in true 
effects rather than sampling error. The corresponding 
forest plot is shown in Fig. 3.

Pooled analysis of the 22 included studies assessing the 
correlation between HRVT1 and LT1-VT1 revealed a 
very strong correlation (Pearson’s r = 0.84, 95% CI 0.75–
0.91, p < 0.001). The prediction interval ranged from 0.06 
to 0.99, indicating that the true effect size falls within 
this interval in 95% of all comparable studies. The overall 
effect was heterogeneous (p < 0.001), indicating that the 
true effect size was not the same in those 22 studies. Fur-
thermore, the I2 statistic indicates that 93% of the vari-
ance in observed effects reflects variance in true effects 
rather than sampling error. The corresponding forest plot 
is shown in Fig. 4.

Fig. 1  PRISMA flow diagram of the systematic review process showing identified, included, and excluded studies. n, number of studies. *Gomes and 
Molina [54], Zimatore et al. [53], Kaufmann et al. [52]
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The observed heterogeneity in our HRVT1 primary 
analyses is high [140] indicating that the results of the 
included studies diverge from each other. Overall, this 
makes it more challenging to draw definitive conclu-
sions about combined effect sizes and poses challenges 
for the interpretation [140–142]. Consequently, we used 
a random-effects model, which takes into account the 

heterogeneity between the included studies [78]. Hetero-
geneity can stem from differences in study participants, 
interventions, outcomes or study designs [55]. In this 
context, the determination of the causes of heterogene-
ity requires subgroup analyses and meta-regression, as 
presented below, and can provide valuable insights and 

Fig. 3  Forest plot of standardised mean difference between HRVT1 and LT1-VT1 (random-effect model)

 

Fig. 2  Risk of bias and applicability of included studies assessed by QUADAS-2
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thereby enhance the overall understanding of HRVT1 
determination.

Moderator Analyses for First Heart Rate Variability 
Threshold
Since agreement and correlation meta-analyses between 
HRVT1 and LT1-VT1 showed significantly heteroge-
neous effects with 89% and 93% of the observed variance 
due to variance in true effects, subgroup analyses were 
performed. Pre-specified moderator variables were anal-
ysed separately to determine their influence on the agree-
ment (SMD) and the correlation (Pearson’s r) between 
HRVT1 and LT1-VT1. A forest plot representation 
corresponding to each HRVT1 subgroup analysis, the 
subgroup’s heterogeneity assessment, and pairwise com-
parison p-value between subgroups (if the statistical test 
for interaction was significant) can be found in Online 
Resource 5.

Subjects’ Characteristics
Subgroup comparison analyses for subjects’ characteris-
tics revealed that the agreement and correlation between 
HRVT1 and LT1-VT1 were not impacted by age group 
(p = 0.68 and p = 0.88 respectively), sex (p = 0.82 and 
p = 0.73 respectively), weight class (p = 0.80 and p = 0.99 
respectively) and training status assessed by V̇O2max 
(p = 0.38 and p = 0.87 respectively). All these subgroup 

analyses were confirmed using meta-regressions on 
the corresponding continuous variable (age, % of men 
included weight, and V̇O2max), which showed no cor-
relation between the subjects’ characteristics and the 
corresponding effect size (SMD and Person’s r). The sub-
jects’ health status did not impact the agreement and 
correlation between HRVT1 and LT1-VT1 (p = 0.91 and 
p = 0.66, respectively). Furthermore, the pathology (coro-
nary artery disease [117, 133] vs. cardiac heart failure [13, 
117]) affecting the patients included in this meta-analy-
sis also showed no impact on the SMD and Pearson’s r 
between HRVT1 and LT1-VT1 (p = 0.65 and p = 0.22, 
respectively). Overall, none of the subjects’ character-
istics impacted either the agreement or the correlation 
between HRVT1 and LT1-VT1. Details of subjects’ char-
acteristics subgroup analyses are shown as forest plots in 
Figs. 5 and 6.

First Threshold Determination Methods
Subgroup comparison analyses for HRV and LT-VT 
methods revealed that reference thresholds impacted the 
agreement between HRVT1 and LT1-VT1 (p = 0.01). 
Indeed, HRVT1 was higher when compared to VT 
(0.18, 0.07–0.30, n = 15) than when compared to LT 
(-0.10, -0.29–0.09, n = 8, p = 0.01). Furthermore, when 
VTs were used as a reference for HRVT1 determina-
tion, there was a difference in agreement between VT1 

Fig. 4  Forest plot of Pearson’s r correlation coefficient between HRVT1 and LT1-VT1 (random-effect model)
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and HRVT1 (p = 0.001). The reference threshold did not 
impact the correlation between HRVT1 and LT1-VT1 
(p = 0.14). Reference threshold determination type also 
impacted the agreement between HRVT1 and LT1-VT1. 
Indeed, HRVT1 was higher when the LT-VT was deter-
mined visually (0.14, 0.02–0.25, n = 18) than when com-
puted (-0.31, -0.60 – -0.03, n = 4, p = 0.004). The reference 
threshold determination type did not impact the cor-
relation between HRVT1 and LT1-VT1 (p = 0.33). HRV 
domains used to determine HRVT1 did not influence 
the agreement between HRVT1 and LT1-VT1 (p = 0.17). 
However, when HRVT1 was determined by Frequency 
(0.19, 0.01–0.37, n = 8) or by Non-linear domain (0.22, 
0.00–0.44, n = 7), there was a difference in SMD between 

HRVT1 and LT1-VT1 (p = 0.041 and p = 0.048 respec-
tively). Time domain variables (0.00, -0.15, 0.16, n = 11) 
showed the best agreement between HRVT1 and LT1-
VT1. HRV variables used to determine HRVT1 did not 
impact the agreement between HRVT1 and LT1-VT1 
(p = 0.19). The RMSSD was the most precise HRV vari-
able used for HRVT1 determination (0.04, -0.10–0.19, 
n = 10), followed by DFA-α1 (0.16, -0.08–0.40, n = 6), and 
Respiratory-derived HRV thresholds (using respiratory 
sinus arrhythmia or ECG derived respiration) (-0.26, 
-0.66–0.14, n = 2). HF-derived HRVT1 were higher than 
LT1-VT1 (0.18, 0.01–0.34, n = 8, p = 0.03). The HRV vari-
able also impacted the correlation between HRVT1 and 
LT1-VT1 (p < 0.001). Pearson’s r was higher with HF 

Fig. 5  Forest Plots of agreement between HRVT1 and LT1-VT1 with subjects’ characteristics as moderators. Square sizes are proportional to the number 
of studies in subgroup. CAD, coronary artery disease; CHF, chronic heart failure; number of studies. Training status was classified according to V ̇O2max (mL 
· min-1 · kg-1) as Very poor (< 25), Poor (25–34), Fair (35–44), Good (45–54), Superior (55–64), or Athlete (≥ 65). Weight class was classified according to BMI 
(kg/m2) as Healthy weight (18.5–24), Overweight (25–29), or Obesity class I (30–34)
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(0.89, 0.79–0.98, n = 8) than with RMSSD-derived thresh-
olds (0.71, 0.57–0.81, n = 10, p = 0.01). DFA-α1 derived 
HRVT1 (0.86, 0.71–0.94, n = 7) and Respiratory-derived 
HRVT (0.93, 0.71–0.98, n = 2) both showed very strong 
correlation with LT1-VT1. HRV variables used only for 
one HRVT1 determination were not included in this sub-
group analysis for reasons of clarity and robustness. The 
number of HRV variables used to determine each HRVT1 
had no impact on the agreement between HRVT1 and 
LT1-VT1 (p = 0.27). The HRVT1s determined with a 
combination of Two (0.27, 0.05–0.48, n = 7 [37, 102, 106, 
117, 122, 126, 136]) or Three (0.18, 0.01–0.37, n = 1 [137]) 
HRV variables were not more precise than with One 
HRV variable (0.06, -0.05–0.18, n = 20). Furthermore, 
when Two HRV variables were combined, the HRVT1 
was higher than LT1-VT1 (p = 0.01). The number of HRV 

variables used to determine HRVT1 impacted the corre-
lation between HRVT1 and LT1-VT1 (p = 0.03). Indeed, 
when Two HRV variables were combined (0.90, 0.77–
0.96, n = 6 [37, 102, 117, 122, 126, 136]), Pearson’s r was 
higher than with One (0.75, 0.65–0.82, n = 20, p = 0.046). 
The study using Three HRV variables [137] showed a 
0.97 (0.72–0.99) correlation between HRVT1 and LT1-
VT1. The HRVT1 determination type (whether computed 
or visually determined) did not impact the agreement 
between HRVT1 and LT1-VT1. However, the determina-
tion type impacted the correlation between HRVT1 and 
LT1-VT1 (p = 0.04). Indeed, the visual determination of 
HRVT1 (0.84, 0.76–0.89, n = 12) showed a stronger cor-
relation with LT1-VT1 than the computed determination 
(0.70, 0.55–0.81, n = 11, p = 0.04). The HRVT1 determi-
nation complexity had an impact on both agreement 

Fig. 6  Forest Plots of correlation between HRVT1 and LT1-VT1 with subjects’ characteristics as moderators. Square sizes are proportional to the number 
of studies in subgroup. CAD, coronary artery disease; CHF, chronic heart failure; n, number of studies. Training status was classified according to V̇O2max 
(mL · min-1 · kg-1) as Very poor (< 25), Poor (25–34), Fair (35–44), Good (45–54), Superior (55–64), or Athlete (≥ 65). Weight class was classified according to 
BMI (kg/m2) as Healthy weight (18.5–24), Overweight (25–29), or Obesity class I (30–34)
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(p < 0.001) and correlation (p = 0.01) between HRVT1 
and LT1-VT1. Indeed, with Simple HRVT1 determina-
tion, agreement was better (0.07, -0.03–0.17, n = 20) and 
correlation stronger (0.82, 0.76–0.88, n = 19) than with 
algorithmic HRVT determination (SMD: 0.83, 0.39–1.27, 
n = 2 [109, 137]; Pearson’s r: 0.54, 0.23–0.76, n = 3 [97, 
109, 137]). HRV recording devices impacted the agree-
ment between HRVT1 and LT1-VT1 (p = 0.01). HRVT1 
determined using a Polar RS800 (-0.44, -0.79 – -0.10, 
n = 4) were lower than those obtained with ECG (0.08, 
-0.23–0.38, n = 4, p = 0.03), PolarH7 (0.38, -0.27–0.1.03, 
n = 1, p = 0.03), PolarRS800CX (0.77, 0.31–1.23, n = 2, 
p = 0.01) and PolarS810 (0.12, -0.12–0.37, n = 7, p < 0.001). 
HRVT1 determined using a Polar RS800CX were higher 
than those determined using a Polar S810 (p = 0.01). The 
HRVT recording device did not impact the correlation 
between HRVT1 and LT1-VT1 (p = 0.20). HRV record-
ing device type (whether chest strap, ECG or sport watch 
was used) had no impact on the agreement and correla-
tion between HRVT1 and LT1-VT1 (p = 0.98 and p = 0.18, 
respectively). Furthermore, none of the recording device 
types highlighted a difference in agreement between 
HRVT1 and LT1-VT1: Chest strap (0.10, -0.16–0.36, 
n = 5), ECG (0.08, -0.19–0.34, n = 4), sport watch (0.07, 
-0.09–0.23, n = 13). HRV software impacted the agree-
ment between HRVT1 and LT1-VT1 (p = 0.03). Indeed, 
the HRVT1 was statistically higher than LT1-VT1 when 
the software was not mentioned in the study (0.65, 0.26–
1.05, n = 3). When the software was not specified, the 
HRVT1 was also higher than when Kubios (0.03, -0.14–
0.20, n = 12, p = 0.01), Matlab (0.01, -0.39–0.40, n = 2, 
p = 0.02) or Polar ProTrainer (-0.22, -0.55–0.11, n = 3, 
p < 0.001) were used. The HRV software did not impact 
the correlation between HRVT1 and LT1-VT1 (p = 0.09). 
Details of threshold determinations subgroup analyses 
are shown as forest plots in Figs. 7 and 8, in which solid 
black squares indicate moderators significantly impacting 
effect size.

Study Protocol
Subgroup comparison analyses for study protocols 
revealed that the outcomes did not impact the agreement 
between HRVT1 and LT1-VT1 (p = 0.13). Furthermore, 
none of the outcomes used highlighted a difference in 
agreement between HRVT1 and LT1-VT1: Heart Rate 
(0.01, -0.08–0.10, n = 15), Kg (-0.23, -0.53–0.07, n = 1), 
Power (-0.03, -0.13–0.06, n = 11), Speed (0.08, -0.12–0.28, 
n = 5), Time (0.22, -0.02–0.46, n = 2), V ̇O2 (0.10, -0.03–
0.23, n = 7). However, outcomes impacted the correlation 
between HRVT1 and LT1-VT1 (p = 0.004). Indeed, the 
correlation was lower for Time (0.51, 0.06–0.79, n = 2) 
than Heart Rate (r = 0.88, 0.79–0.93, n = 13) (p = 0.007), 
Power (0.89, 0.82–0.94, n = 12) and V̇O2 (0.93, 0.0.86–
0.0.97, n = 7). The correlation was also lower for Speed 

(0.64, 0.19–0.87, n = 4) than Power and V̇O2. The Pear-
son’s r for Kg was equal to 0.74 (0.20–0.93, n = 1). Out-
come formats impacted the agreement between HRVT1 
and LT1-VT1 (p < 0.001). Indeed, when the outcomes 
mentioned above were expressed as absolute values 
(0.07, 0.01–0.13, n = 22), the HRVT1 was higher than 
when expressed as a percentage of a maximal value (-014, 
-0.25 – -0.03, n = 6). However, the outcome format had no 
impact on the correlation between HRVT1 and LT1-VT1 
expressed as absolute (0.84, 0.77–0.89, n = 22) or percent-
age (0.92, 0.84–0.96, n = 22) values (p = 0.08). Ergometers 
used for the incremental exercise test did not impact the 
agreement and correlation between HRVT1 and LT1-
VT1 (p = 0.68 and p = 0.84, respectively). Furthermore, 
subgroups analysis showed that initial workload in METs 
(p = 0.64, p = 0.72), increment workload in METs (p = 0.75, 
p = 0.62) or in percentage of initial workload (p = 0.79, 
p = 0.26) and increment duration (p = 0.97, p = 0.96) had 
no impact on the agreement and correlation between 
HRVT1 and LT1-VT1. All these subgroup analyses were 
confirmed using meta-regressions on the correspond-
ing continuous variables, which showed no correlation 
between the characteristics of the incremental test pro-
tocols and the corresponding effect size (SMD and Per-
son’s r). The continent where the study was conducted 
had no impact on the agreement and correlation between 
HRVT1 and LT1-VT1 (p = 0.41 and p = 0.26, respec-
tively). Meta-regression analysis revealed that the publi-
cation date did not affect the agreement and correlation 
between HRVT1 and LT1-VT1 (p = 0.97 and p = 0.13, 
respectively). Furthermore, meta-regression showed that 
the SMD and Pearson’s r were unrelated to either the 
study sample size (p = 0.22 and p = 0.93, respectively) or 
the number of comparisons between HRVT1 and LT1-
VT1 done in each study (p = 0.39 and p = 0.61, respec-
tively). Details of study protocol subgroup analyses as 
forest plots in Figs. 9 and 10, in which solid black squares 
indicate moderators significantly impacting effect size.

Second Heart Rate Variability vs. Lactate and Ventilatory 
Thresholds
Pooled analysis of the 42 included studies assessing 
agreement between HRVT2 and LT2-VT2 revealed a 
trivial standardised mean difference (SMD = -0.06, 95% 
CI -0.15–0.03, p = 0.19). The prediction interval ranged 
from − 0.61 to 0.49, indicating that the true effect size 
falls within this interval in 95% of all comparable studies. 
The overall effect was heterogeneous (p < 0.001), suggest-
ing that the true effect size was not the same in those 42 
studies. Furthermore, the I2 statistic indicates that 93% of 
the variance in observed effects reflects variance in true 
effects rather than sampling error. The corresponding 
forest plot is shown in Fig. 11.
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Fig. 7  Forest Plots of agreement between HRVT1 and LT1-VT1 with thresholds determination characteristics as moderators. Solid black squares indicate 
moderators with a significant impact on effect size. Square sizes are proportional to the number of studies in subgroup. DFA-ɑ1, detrended fluctuation 
analysis alpha 1; ECG, electrocardiogram; EDR, ECG derived respiration; HRVT1, heart rate variability threshold 1; n, number of studies; LT1-VT1, reference 
threshold 1; RMSSD, root mean square of successive differences; RSA, respiratory sinus arrhythmia; SD1, Poincaré plot standard deviation
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Fig. 8  Forest Plots of correlation between HRVT1 and LT1-VT1 with thresholds determination characteristics as moderators. Solid black squares indicate 
moderators with a significant impact on effect size. Square sizes are proportional to the number of studies in subgroup. DFA-ɑ1, detrended fluctuation 
analysis alpha 1; ECG, electrocardiogram; EDR, ECG derived respiration; HRVT1, heart rate variability threshold 1; n, number of studies; LT1-VT1, reference 
threshold 1; RMSSD, root mean square of successive differences; RSA, respiratory sinus arrhythmia; SD1, Poincaré plot standard deviation
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Pooled analysis of the 41 included studies assessing the 
correlation between HRVT2 and LT2-VT2 revealed a 
very strong correlation (Pearson’s r = 0.85, 95% CI 0.80–
0.89, p < 0.001). The prediction interval ranged from 0.27 
to 0.97, indicating that the true effect size falls within 
this interval in 95% of all comparable studies. The overall 
effect was heterogeneous (p < 0.001), suggesting that the 

true effect size was not the same in those 41 studies. Fur-
thermore, the I2 statistic indicates that 92% of the vari-
ance in observed effects reflects variance in true effects 
rather than sampling error. The corresponding forest plot 
is shown in Fig. 12.

The observed heterogeneity in the HRVT2 primary 
analyses is high [140] indicating that the results of the 

Fig. 9  Forest Plots of agreement between HRVT1 and LT1-VT1 with study protocol characteristics as moderators. Solid black squares indicate modera-
tors with significant impact on effect size. Square sizes are proportional to the number of studies in subgroup. n, number of studies. V̇O2max, oxygen 
consumption. Initial workload was classified according to the corresponding METs as Light (< 3), Moderate (3–6), or Vigorous (> 6)
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included studies diverge from each other. As for HRVT1, 
conducting subgroup analyses and meta-regression, as 
presented below, is therefore relevant.

Moderator Analyses for Second Heart Rate Variability 
Threshold
Since agreement and correlation meta-analyses 
between HRVT2 and LT2-VT2 showed significantly 

heterogeneous effects with 93% and 92% of the observed 
variance due to variance in true effects, subgroup analy-
ses were performed. Pre-specified moderator variables 
were analysed separately to determine their influence 
on the standardised mean difference and the correlation 
between HRVT2 and LT2-VT2. A forest plot representa-
tion corresponding to each HRVT2 subgroup analysis, 
the subgroup’s heterogeneity assessment, and pairwise 

Fig. 10  Forest Plots of correlation between HRVT1 and LT1-VT1 with study protocol characteristics as moderators. Solid black squares indicate modera-
tors with significant impact on effect size. Square sizes are proportional to the number of studies in subgroup. n, number of studies. V̇O2max, oxygen 
consumption. Initial workload was classified according to the corresponding METs as Light (< 3), Moderate (3–6), or Vigorous (> 6)
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Fig. 11  Forest plot of standardised mean difference between HRVT2 and LT2-VT2 (random-effect model)
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Fig. 12  Forest plot of Pearson’s r correlation coefficient between HRVT2 and LT2-VT2 (random-effect model)
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comparison p-value between subgroups (if statistical test 
for interaction was significant) can be found in Online 
Resource 6.

Subjects’ Characteristics
Subgroup comparison analyses for subjects’ character-
istics revealed that agreement and correlation between 
HRVT2 and LT2-VT2 were not impacted by age (p = 0.66 
and p = 0.30 respectively), sex (p = 0.94 and p = 0.76 
respectively), weight class (p = 0.61 and p = 0.85 respec-
tively) and training status assessed by V̇O2max (p = 0.22 
and p = 0.60 respectively). All these subgroup analyses 
were confirmed using meta-regressions on the corre-
sponding continuous variable (age, % of men included 
BMI and V̇O2max), which showed no correlation 
between subjects’ characteristics and the corresponding 
effect size (SMD and Person’s r). Subjects’ health status 
did not impact the agreement and correlation between 
HRVT2 and LT2-VT2 (p = 0.47 and p = 0.27, respectively). 
Furthermore, the pathology (coronary artery disease 
[117, 134], myocardial infarction [29], cardiac heart fail-
ure [117] or diabetes type 2 [17]) affecting the patients 
included in this meta-analysis also showed no impact on 
the SMD and Pearson’s r between HRVT2 and LT2-VT2 
(p = 0.11 and p = 0.06 respectively). Overall, none of the 
subjects’ characteristics impacted either the agreement 
or the correlation between HRVT1 and LT1-VT1. Details 
of subjects’ characteristics subgroup analyses as forest 
plots in Figs. 13 and 14.

Second Threshold Determination Methods
Subgroup comparison analyses for HRV and LT-VT 
methods revealed that reference thresholds impacted the 
agreement between HRVT2 and LT2-VT2 (p < 0.001). 
Indeed, HRVT2 was lower when compared to LT (-0.28, 
-0.40 – -0.15, n = 16) than when compared to VT (0.02, 
-0.07–0.10, n = 31, p < 0.001). Furthermore, when the LT 
was used as a reference for HRVT2 determination, there 
was a difference in agreement between LT2 and HRVT2 
(p < 0.001). The reference threshold did not impact the 
correlation between HRVT2 and LT2-VT2 (p = 0.30). 
Reference threshold determination type (whether LT-VT 
was computed or visually determined) had no impact on 
agreement and correlation between HRVT2 and LT2-
VT2 (p = 0.16 and p = 0.33, respectively). HRV domains 
used to determine HRVT2 impacted the agreement 
between HRVT2 and LT2-VT2 (p = 0.01). Indeed, when 
using time-domain HRV variables (-0.19, -0.29 – -0.09, 
n = 20), HRVT2 was lower than when using Frequency 
(0.02, -0.09–0.12, n = 16, p = 0.01) or Non-linear (0.03, 
-0.16–0.23, n = 8, p = 0.04) HRV variables. In addition, 
Time-domain derived HRVT2 were lower than LT2-
VT2 (p = < 0.001). The domain of the HRV variable used 
had no impact on the correlation between HRVT2 and 

LT2-VT2 (p = 0.06). HRV variables used to determine 
HRVT2 impacted the agreement between HRVT2 and 
LT2-VT2 (p = 0.02). Indeed, the studies using RMSSD 
(-0.25, -0.38 – − 0.13, n = 14) obtained lower HRVT2 
than studies using HF (0.07, -0.06–0.21, n = 16, p < 0.001). 
Furthermore, RMSSD-derived HRVT2 was lower than 
LT2-VT2 (p < 0.001). DFA-α1 derived HRVT2 (0.06, 
-0.24–0.36, n = 5) and HF-derived HRVT2 showed the 
best agreement with LT2-VT2, followed by Respiratory-
derived HRVT2 (using respiratory sinus arrhythmia or 
ECG derived respiration) (-0.12, -0.44–0.20, n = 4), SD2 
(-0.12, -0.52–0.28, n = 3), and SDNN (-0.26, -0.84–0.32, 
n = 2). The HRV variable also impacted the correla-
tion between HRVT2 and LT2-VT2 (p < 0.001). Indeed, 
Pearson’s r was lower for RMSSD-derived HRVT2 (0.70, 
0.62–0.76, n = 13) compared to HF (0.0.91, 0.87–0.93, 
n = 16, p < 0.001), Respiratory (0.93, 0.87–0.97, n = 4, 
p < 0.001) or Mean standard deviation-derived HRVT2 
(0.89, 0.73–0.95, n = 2, p = 0.03). In addition, Pearson’s 
r was lower for SD2-derived HRVT2 (0.73, 0.49–0.87, 
n = 3) compared to HF (p = 0.01) or Respiratory derived 
HRVT2 (p = 0.01). Finally, Pearson’s r was lower for DFA-
α1 derived HRVT2 (0.80, 0.64–0.89, n = 5) compared to 
HF (p = 0.02) or respiratory-derived HRVT2 (p = 0.02). 
HRV variables used only for one HRVT1 determination 
were not included in this subgroup analysis for reasons 
of clarity and robustness. The number of HRV variables 
used to determine each HRVT2 had no impact on the 
agreement between HRVT2 and LT2-VT2 (p = 0.29). 
HRVT2 determined with a Single HRV variable was 
lower than LT2-VT2 (-0.10, -0.19 – -0.02, n = 33, p = 0.02), 
but HRVT2 determined with Two (-0.07, -0.21–0.06, 
n = 14 [32, 37, 100, 102, 104–106, 116–118, 122, 126, 129, 
135]) or Three (0.15, -0.15, 0.45, n = 3 [111, 129, 137]) 
HRV variable were not different than LT2-VT2. The 
number of HRV variables used did not impact the cor-
relation between HRVT2 and LT2-VT2 (p = 0.08). The 
HRVT2 determination type (whether computed or visu-
ally determined) impacted the agreement and the corre-
lation between HRVT2 and LT2-VT2. Indeed, the visual 
determination of HRVT2 showed better agreement 
(0.02, -0.06–0.10, n = 31) and stronger correlation (0.85, 
0.81–0.88, n = 29) with LT2-VT2 than computed determi-
nations (SMD = -0.31, -0.59 – -0.03, n = 12, p = 0.03; Pear-
son’s r = 0.74, 0.66–0.80, n = 13, p < 0.001). The HRVT2 
determination complexity (whether the determination 
was algorithmic) had no impact on the agreement and 
correlation between HRVT2 and LT2-VT2 (p = 0.42 and 
p = 0.44, respectively). Of note, when HRVT2 determi-
nation was not algorithmic, it was lower than LT2-VT2 
(-0.09, -0.16 – -0.01, n = 38, p = 0.02). The HRVT2 deter-
mination complexity did not impact the correlation 
between HRVT2 and LT2-VT2 (p = 0.44). HRV recording 
devices did not impact the agreement between HRVT2 
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and LT2-VT2 (p = 0.83). Moreover, none of the recording 
devices individually highlighted a difference in agreement 
between HRVT2 and LT2-VT2. However, HRV record-
ing devices impacted the correlation between HRVT2 
and LT2-VT2. Indeed, Pearson’s r was lower when using 
a Polar H3 (0.30, -0.53–0.83, n = 1) than ECG (0.91, 0.84–
0.95, n = 9, p = 0.01), Polar RS800 (0.86, 0.74–0.93, n = 8, 
p = 0.045) or PolarT61 (0.96, 0.61, 0.99, n = 1, p = 0.04). 
HRV recording device types (whether chest strap, ECG, or 
sport watch was used) had no impact on the agreement 
and correlation between HRVT2 and LT2-VT2 (p = 0.73 
and p = 0.09, respectively). Furthermore, none of the 
recording device types highlighted a difference in agree-
ment between HRVT2 and LT2-VT2: Chest strap (-0.01, 

-0.27–0.26, n = 5), ECG (-0.01, -0.20–0.18, n = 9), sport 
watch (-0.09, -0.20–0.03, n = 28). HRV software impacted 
the agreement between HRVT2 and LT2-VT2 (p = 0.003). 
Indeed, the HRVT2 was statistically lower when using 
Polar ProTrainer (-0.89, -1.26 – -0.51, n = 3) compared 
to Kubios (-0.02, -0.12–0.16, n = 19, p < 0.001), Lary CR 
(0.02, -0.56–0.61, n = 1, p = 0.01), Matlab (0.07, -0.34–
0.49, n = 2, p < 0.001), Polar precision performance (0.06, 
-0.25–0.37, n = 4, p < 0.001), Vicardio (0.02, -0.57–0.61, 
n = 1, p = 0.01) or if the software was not specified (-0.07, 
-0.25–0.12, n = 11, p < 0.001). The HRV software did not 
impact the correlation between HRVT2 and LT2-VT2 
(p = 0.16). Details of thresholds determinations subgroup 
analyses are shown as forest plots in Figs. 15 and 16, in 

Fig. 13  Forest Plots of agreement between HRVT2 and LT2-VT2 with subjects’ characteristics as moderators. Square sizes are proportional to the number 
of studies in subgroup. CAD, coronary artery disease; CHF, chronic heart failure; n, number of studies. Training status was classified according to V̇O2max 
(mL · min-1 · kg-1) as Very poor (< 25), Poor (25–34), Fair (35–44), Good (45–54), Superior (55–64), or Athlete (≥ 65). Weight class was classified according to 
BMI (kg/m2) as Underweight (< 18.5), Healthy weight (18.5–24), Overweight (25–29), Obesity class I (30–34), or Obesity class II (35–39)
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which solid black squares indicate moderators signifi-
cantly impacting effect size.

Study Protocol
Subgroup comparison analyses for study protocols 
revealed that the outcomes impacted the agreement 
between HRVT2 and LT2-VT2 (p < 0.001). Indeed, 
HRVT2 was lower when expressed as a function of 
Power (-0.28, -0.39 – -0.18, n = 17) than as a function 
of Heart rate (0.01, -0.09–0.11, n = 20, p < 0.001), Speed 
(0.06, -0.11–0.23, n = 11, p < 0.001), or V ̇O2 (0.04, -0.06–
0.14, n = 16, p < 0.001). The SMD between HRVT2 and 
LT2-VT2 was equal to -0.08 (-0.34–0.19, n = 4) for Kg 
and − 0.07 (-0.35–0.21, n = 3) for Time. Outcomes also 
impacted the correlation between HRVT2 and LT2-
VT2 (p = 0.04). Indeed, Pearson’s r was lower when 

HRVT2 was expressed as a function of Kg (0.66, 0.32–
0.85, n = 3) or Time (0.67, 0.37–0.84, n = 3) compared to 
Heart rate (0.86, 0.81–0.90, p = 0.04 and p = 0.03 respec-
tively) and Speed (0.87, 0.78–0.92, p = 0.048 and p = 0.04 
respectively). Outcome formats impacted the agree-
ment between HRVT2 and LT2-VT2 (p < 0.001). Indeed, 
when the outcomes were expressed as percentage values 
(-0.53, -0.70 – -0.37, n = 8), the HRVT2 was lower than 
when expressed as an absolute value (-0.01, -0.06–0.05, 
n = 41). However, the outcome format had no impact on 
the correlation between HRVT2 and LT2-VT2 expressed 
as absolute (0.84, 0.81–0.87, n = 41) or percentage (0.75, 
0.62–0.84, n = 8) values (p = 0.06). Ergometers used for the 
incremental exercise test did not impact the agreement 
and correlation between HRVT2 and LT2-VT2 (p = 0.90 
and p = 0.28, respectively).

Fig. 14  Forest Plots of correlation between HRVT2 and LT2-VT2 with subjects’ characteristics as moderators. Square sizes are proportional to the number 
of studies in subgroup. CAD, coronary artery disease; CHF, chronic heart failure; n, number of studies. Training status was classified according to V̇O2max 
(mL · min-1 · kg-1) as Very poor (< 25), Poor (25–34), Fair (35–44), Good (45–54), Superior (55–64), or Athlete (≥ 65). Weight class was classified according to 
BMI (kg/m2) as Underweight (< 18.5), Healthy weight (18.5–24), Overweight (25–29), Obesity class I (30–34), or Obesity class II (35–39)
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Fig. 15  Forest Plots of agreement between HRVT2 and LT2-VT2 with thresholds determination characteristics as moderators. Solid black squares indicate 
moderators with significant impact on effect size. Square sizes are proportional to the number of studies in subgroup. DFA-ɑ1, detrended fluctuation anal-
ysis alpha 1; ECG, electrocardiogram; EDR, ECG derived respiration; HRVT2, heart rate variability threshold 2; MSD, mean successive differences; n, number 
of studies; LT2-VT2, reference threshold 2; RMSSD, root mean square of successive differences; RSA, respiratory sinus arrhythmia; SDNN, standard deviation 
of NN intervals; SD1, Poincaré plot standard deviation perpendicular the line of identity; SD2, Poincaré plot standard deviation along the line of identity
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Fig. 16  Forest Plots of correlation between HRVT2 and LT2-VT2 with thresholds determination characteristics as moderators. Solid black squares indicate 
moderators with significant impact on effect size. Square sizes are proportional to the number of studies in subgroup. DFA-ɑ1, detrended fluctuation anal-
ysis alpha 1; ECG, electrocardiogram; EDR, ECG derived respiration; HRVT2, heart rate variability threshold 2; MSD, mean successive differences; n, number 
of studies; LT2-VT2, reference threshold 2; RMSSD, root mean square of successive differences; RSA, respiratory sinus arrhythmia; SDNN, standard deviation 
of NN intervals; SD1, Poincaré plot standard deviation perpendicular the line of identity; SD2, Poincaré plot standard deviation along the line of identity
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Furthermore, subgroups analysis showed that initial 
workload in METs (p = 0.07, p = 0.60) and increment work-
load in METs (p = 0.10, p = 0.46) or percentage of initial 
workload (p = 0.18, p = 0.50) had no impact on the agree-
ment and correlation between HRVT2 and LT2-VT2. 
All these subgroup analyses were confirmed using meta-
regressions on the corresponding continuous variables, 
which showed no correlation between the characteris-
tics of incremental test protocols and the corresponding 
effect size (SMD and Person’s r). However, the incre-
ment duration impacted the agreement (p = 0.02) but 
not the correlation (p = 0.72) between HRVT2 and LT2-
VT2. Indeed, when 3 min increments or more were used 
(-0.24, -0.39 – -0.09, n = 16) during incremental exercise 
protocol, the HRVT2 determined was lower than with 1 
(0.06, -0.08–0.19, n = 19, p = 0.04) or 2  min (0.06, -0.13–
0.25, n = 9) increments. The continent where the study 
was conducted had no impact on the agreement and 
correlation between HRVT2 and LT2-VT2 (p = 0.06 and 
p = 0.20, respectively). Meta-regression analysis revealed 
that the publication date did not affect the agreement 
and correlation between HRVT2 and LT2-VT2 (p = 0.90 
and p = 0.27, respectively). Furthermore, meta-regression 
showed that the SMD and Pearson’s r were unrelated to 
either the study sample size (p = 0.08 and p = 0.58, respec-
tively) or the number of comparisons between HRVT2 
and LT2-VT2 done in each study (p = 0.22 and p = 0.26, 
respectively). Details of study protocol subgroup analy-
ses as forest plots in Figs. 17 and 18, in which solid black 
squares indicate moderators significantly impacting 
effect size.

Risk of Bias Assessment
The risk of bias assessment for the agreement meta-
analysis between HRVT1 and LT1-VT1 showed a slightly 
asymmetrical funnel plot to the left (see Fig.  19a), no 
correlation between effect size and study sample size 
according to the Begg and Mazumdar rank correlation 
test (p = 0.43), and no significance of the Egger’s test 
(p = 0.92). The fail-safe N was not applicable since the 
combined standardised mean difference between HRVT1 
and LT1-VT1 was not statistically significant (p = 0.18). 
The leave-one-out sensitivity analysis highlighted no out-
lier. Furthermore, none of the effect sizes computed after 
the sequential exclusion of each study showed a signifi-
cant difference between HRVT1 and LT1-VT1. The RoB 
assessment for the correlation meta-analysis between 
HRVT1 and LT1-VT1 showed a symmetrical funnel plot 
(see Fig.  19b), no correlation between effect size and 
study sample size according to the Begg and Mazumdar 
rank correlation test (p = 0.14), and a significant Egger’s 
test of the intercept (p < 0.001). The fail-safe N suggested 
that 9644 null effects studies would be required to over-
turn the overall significant correlation between HRVT1 

and LT1-VT1. The leave-one-out sensitivity analysis 
highlighted no outlier.

The RoB assessment for the LT2-VT2 – HRVT2 agree-
ment meta-analysis showed an asymmetrical funnel plot 
to the right (see Fig. 19c), no correlation between effect 
size and study sample size according to the Begg and 
Mazumdar rank correlation test (p = 0.19), and no sig-
nificance of the Egger’s test (p = 0.15). The fail-safe N was 
not applicable since the combined standardised mean 
difference between HRVT1 and LT1-VT1 was not statis-
tically significant (p = 0.19). The leave-one-out sensitiv-
ity analysis highlighted no outlier. Furthermore, none of 
the effect sizes computed after the sequential exclusion 
of each study showed a significant difference between 
HRVT2 and LT2-VT2. The RoB assessment for the 
LT2-VT2 – HRVT2 correlation meta-analysis showed a 
slight asymmetric funnel plot to the right (see Fig. 19d), 
no correlation between effect size and study sample size 
according to the Begg and Mazumdar rank correlation 
test (p = 0.20), and a significant Egger’s test of the inter-
cept (p = 0.002). The fail-safe N suggested that 24,200 null 
effects studies would be required to overturn the overall 
significant correlation between HRVT1 and LT1-VT1. 
The leave-one-out sensitivity analysis highlighted no 
outlier.

Certainty Assessment
As the studies included were not randomised controlled 
trials, the level of evidence was considered low a priori 
[94]. Thus, low-certainty evidence indicates that HRV 
thresholds (HRVT1 and HRVT2) are not statistically 
different from reference thresholds (LT1-VT1 and LT2-
VT2). Moderate-certainty evidence indicates that HRV 
thresholds are correlated with reference thresholds. 
Indeed, the evidence for both correlation meta-analyses 
was upgraded once because of the large magnitude of the 
effect and its narrow confidence interval.

Discussion
This systematic review with meta-analyses is the first 
to compute overall effect sizes to assess the agreement 
and correlation between heart rate variability thresholds 
(HRVT1/HRVT2) and reference – lactate and ventila-
tory – thresholds (LT1-VT1/LT2-VT2). Furthermore, 
for the first time, the impact of the subjects’ character-
istics, HRV methods, and study protocols on the agree-
ment and correlation between LT-VTs and HRVTs was 
assessed comprehensively and methodically. HRVT1 
and HRVT2 showed trivial standardised mean differ-
ences (SMD = 0.08 and SMD = -0.06) and very strong 
correlations (r = 0.84 and r = 0.85) with LT1-VT1 and 
LT2-VT2, respectively. None of the subjects’ character-
istics impacted either the agreement or the correlation 
between HRVTs and LT-VTs, but some HRV methods 
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and study protocol-related variables did. The results of 
relevant moderator analyses are discussed below. Details 
of all moderator analyses for HRVT1 and HRVT2 can 
be found in Online Resource 5 and Online Resource 6, 
respectively.

A few methodological considerations are required to 
interpret these meta-analyses results further. The agree-
ment and correlation between HRVT1/HRVT2 and 
LT1-VT1/LT2-VT2, respectively, were assessed regard-
less of the type (LT or VT) and method by which the 
reference thresholds were determined, which raises two 

Fig. 17  Forest Plots of agreement between HRVT2 and LT2-VT2 with study protocol characteristics as moderators. Solid black squares indicate mod-
erators with significant impact on effect size. Square sizes are proportional to the number of studies in subgroup. MET, metabolic equivalent of task; n, 
number of studies. V̇O2max, oxygen consumption. Initial workload was classified according to the corresponding MET as Light (< 3), Moderate (3–6), or 
Vigorous (> 6)
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points. Firstly, the agreement between LTs and VTs is 
still debatable [143–145], but there is a growing body of 
evidence to view them as closely related [2, 14, 27, 146, 
147]. Secondly, the various methods used to determine 
LTs and VTs can lead to divergent results. Although 
all the included studies compared HRVTs to LT-VTs 
derived from pre-established, validated, and widely used 

determination methods, the latter may not be equiva-
lent depending on the context. However, given the lack 
of meta-analysis on HRVTs determination to date, this 
review focused on the characteristics of the methods 
used to determine HRVTs. These HRVTs were thus 
compared with their corresponding LT-VTs, regardless 
of their determination methods, allowing this review to 

Fig. 18  Forest Plots of correlation between HRVT2 and LT2-VT2 with study protocol characteristics as moderators. Solid black squares indicate mod-
erators with significant impact on effect size. Square sizes are proportional to the number of studies in subgroup. MET, metabolic equivalent of task; n, 
number of studies. V̇O2max, oxygen consumption. Initial workload was classified according to the corresponding MET as Light (< 3), Moderate (3–6), or 
Vigorous (> 6)
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be more straightforward and emphasise the option of 
HRVTs as a potential solution to the multiple LT-VTs 
determination methods issue. All in all, the following 
results obtained by comparing studies using LTs and VTs 
as references should be interpreted cautiously and con-
sidering the aforementioned elements.

Concerning the applicability of the present meta-
analyses results, it should be noted that the SMD is 
widely used as an agreement effect size index when stud-
ies assess the same outcome but measure it in different 
ways [55]. However, the SMD has the disadvantage of 
not being expressed in easily interpretable units. Nev-
ertheless, the SMD is more generalizable than the mean 
difference [148]. In this context, since LTs and VTs are 
closely related [2, 14, 27, 146, 147] and allow for training 
prescription, planning, and control [14], comparing their 
agreement and correlation to the agreement and corre-
lation between HRVTs and LT-VTs might help to deter-
mine if HRVTs could be used as a surrogate for LT-VTs. 
The overall agreements and correlations between HRVTs 
and LT-VTs yielded by our meta-analyses are in the range 
of values reported for VTs – LTs comparisons [13, 149–
151], as mentioned by [52]. Moreover, according to the 
computation proposed by Grice and Barret [152], who 
revised Cohen’s overlapping proportions [75], the overlap 
in agreement between HRVT1/HRVT2 and LT1-VT1/
LT2-VT2 is equal to 96.9% (SMD = 0.08) and 97.7% (SMD 
= -0.06) respectively. Altogether, these findings suggest 

that, in given situations detailed in the moderator analy-
sis thereafter, HRVTs might be an appropriate surrogate 
for conventional reference thresholds when taken as a 
whole.

Moderator Analyses for First Heart Rate Variability 
Threshold Determination
Our analyses revealed that subjects’ characteristics such 
as age, sex, weight class or training status have no sig-
nificant impact on HRVT1 determination. Even varying 
health conditions, including coronary artery disease and 
cardiac heart failure, did not exhibit significant differ-
ences in HRVT1 agreement and correlation. However, 
the latter statement about health conditions is limited by 
the small number of studies including patients in their 
protocol [113, 117, 124, 133]. A more detailed analysis 
of the various demographic characteristics yielded some 
interesting findings. Indeed, ageing is associated with a 
decrease in HRV, primarily due to decreased parasym-
pathetic modulation [36, 39, 153, 154], and lower time 
domain HRV indices were observed in elderly subjects 
at rest and during exercise compared to young subjects 
[131]. However, since HRVT1 determination is not 
impacted by age, this suggests that, despite lower levels 
in elderly subjects, HRV variations and dynamics still 
allow for precise HRVT1 determination. In addition, the 
higher vagal activity in premenopausal women [155] and 
the impact of ovarian hormones during the menstrual 

Fig. 19  Funnel plots of selected studies for the four meta-analyses with x-axis representing effect size (standardized mean difference in panels “a” and “c”, 
and Fisher’s Z in panels “b” and “d”) and y-axis representing standard error; pseudo 95% confidence intervals are represented by two oblique lines, mean 
effect sizes are represented by vertical lines
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cycle on autonomic tone [156, 157] do not appear to 
interfere with HRVT1 determination despite the previ-
ously described issues surrounding agreement between 
HRVT1 and VT1 in women [128]. The fact that one of 
the two studies determining HRVT1 in women only [116, 
128] enrolled professional cyclists may explain why the 
overall results of HRVT1 determination in women are 
similar to those of men. Indeed, reduced ovarian hor-
mones [158, 159] and athletic oligo- or amenorrhea [160] 
are common in female elite endurance athletes and may 
result in HRV activity comparable with men. Concern-
ing training status, some previous considerations [108, 
131], such as different heart rate acceleration dynamics 
between trained and untrained subjects [161] which may 
account for earlier vagal withdrawal in trained subjects 
[161, 162] or the impact of V̇O2max on cardiac auto-
nomic control [162–164] suggested that physical condi-
tion may influence HRVTs determination. According to 
our results, these differences in the autonomic nervous 
system activation among different aerobic capacities, 
however, do not appear to impact HRVT1 determina-
tion directly. Finally, despite the low parasympathetic 
modulation in obese [121], diabetic [127] or cardiac [117] 
patients and the multiple influences of their various 
medications on HRV [113], HRVT1 had a good overall 
agreement and correlation with LT1-VT1. These find-
ings highlight the potential applicability and suggest that 
HRVT1 determination remains consistent across differ-
ent population demographics.

The analyses regarding determination methods for 
HRVT1 and LT1-VT1 showed interesting and contrast-
ing influence patterns on agreement and correlation. 
The reference threshold used (lactate or ventilatory) 
significantly impacted agreement, with HRVT1 show-
ing better agreement when compared to LT than to VT. 
Furthermore, contrary to previous results [52, 127], 
HRVT1 values were, on average, higher than VTs but 
lower than LTs. Different LT-VT determination meth-
ods may explain these discrepancies in results [8, 165]. 
This difference in agreement did not affect the correla-
tion between HRVT1 and LT1-VT1, indicating that while 
agreement might vary, the overall correlation remained 
strong. The domain of HRV variables used to determine 
HRVT1 had no impact on the agreement or the correla-
tion between HRVT1 and LT1-VT1. Indeed, neither the 
limitation of the non-linear methods mentioned by [53] 
(intrinsic individual variability, accumulation of sampling 
error, non-stationarity or dependence on the parametric 
values) nor the putative superiority of frequency-domain 
over linear-domain for HRVT determination [122] were 
observed in the present agreements results. In fact, the 
time-domain showed a non-significant tendency to have 
better agreement with LT-VTs than frequency or non-
linear domain. In addition, the HRV variables used for 

HRVT1 determination did not significantly affect the 
agreement between HRVT1 and LT1-VT1 but had an 
impact on their correlation. Indeed, RMSSD-derived 
HRVT1 yielded a lower correlation than HF-related 
HRVT1, which may be explained by the fact that infor-
mation about breathing mechanics is embedded in the 
HF signal. In contrast, RMSSD reflects primarily the 
activity of the autonomic nervous system itself [122, 166]. 
Furthermore, the method used to determine HRVT1 had 
no impact on the agreement between HRVT1 and LT1-
VT1 but visually determined HRVT1 yielded higher 
correlation with LT1-VT1 than computed ones. The lat-
ter is in line with previous results showing that visual 
determinations had higher reliability than computed 
methods [20, 167]. The determination complexity of 
HRVT1 significantly impacted both agreement and cor-
relation, with simpler determination methods resulting 
in better agreement and stronger correlation than algo-
rithmic methods. This suggests that a straightforward 
approach to HRVT1 determination may yield more reli-
able results and that algorithmic determinations some-
times described as promising are not, to date, superior 
for HRVT1 determination.

The moderator analysis for studies protocols showed 
contrasting influence patterns on agreement and corre-
lation between HRVT1 and LT1-VT1. On the one hand, 
the outcomes used to assess HRVT1 did not significantly 
impact the agreement between HRVT1 and LT1-VT1 
but influenced correlation, with outcomes expressed as 
time resulting in lower correlation compared to heart 
rate (bpm), power (W) and V ̇O2 (mL · min−1 · kg−1). 
This suggests that the outcome variables may affect the 
strength of the correlation between HRVT1 and LT1-
VT1. However, further practical implications remain 
to be clarified, especially since only two studies used 
speed to assess HRVT1. In this context, it is notewor-
thy to emphasise that the units used to assess HRVTs 
are important. Indeed, when expressed in km/h (speed) 
or W (power), for example, HRVTs do not measure only 
aerobic endurance but also V̇O2max and mechanical 
efficiency [6]. Moreover, whether expressed as absolute 
values or percentages, the outcome format significantly 
impacted the agreement between HRVT1 and LT1-VT1. 
Indeed, HRVT1 expressed in percentage values resulted 
in a worse agreement and lower HRVT1 values than 
when expressed in absolute values. However, this differ-
ence did not affect correlation, indicating that the format 
of outcomes may influence the absolute values of HRVT1 
but not its relationship with LT1-VT1. Conversely, none 
of the incremental exercise protocol characteristics 
impacted the agreement or correlation between HRVT1 
and LT1-VT1. Firstly, the ergometer used for the incre-
mental exercise test (cycling, treadmill, running track or 
even leg-press) did not influence HRVT1 determination, 
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confirming and generalizing previous results. Indeed, 
HRVT1 has already been reliably determined across vari-
ous ergometers such as cycle ergometry [167, 168] and 
treadmill [110]. However, some mentions in the literature 
seemed to suggest that, when using frequency domain 
HRV variables, the results obtained for HRVT1 deter-
mination with a treadmill and a cyclo-ergometer are not 
concordant [20, 169–171]. This seemed to be explained 
by the fact that HRVT1 may happen simultaneously with 
the transition between walking and running [170], which 
does not occur using cycle ergometry. Furthermore, 
the walking–running transition may alter physiologi-
cal variables (HR, V̇E, and V̇O2 among other), causing 
interference in autonomic control and thus making the 
interpretation of HRV parameters to identify HRVT1 
more challenging [170]. In addition, since the cadence 
is typically maintained constant on the cycle-ergometer, 
the influence of the increased striding frequency inher-
ent to running during an incremental exercise test may 
influence the breathing frequency and thus cause fur-
ther contrasting HRV dynamics between treadmill or 
track ergometers and cycle-ergometry [100, 172]. Over-
all, none of this inter-ergometer variation was confirmed 
either on agreement, or on correlation between HRVT1 
and LT1-VT1 by the present moderator analysis, suggest-
ing that HRVT1 determination remains consistent across 
different ergometers. Secondly, neither the initial work-
load nor the incremental workload or duration impacted 
the agreement and correlation between HRVT1 and LT1-
VT1, which confirmed and extended previous findings 
obtained on cycle ergometer [173].

Moderator Analyses for Second Heart Rate Variability 
Threshold Determination
Only the new elements specific to the determination of 
HRVT2 are discussed here for clarity and concision. 
Indeed, the moderator analyses for HRVT1 and HRVT2 
revealed substantial similarities, and the considerations 
when discussing HRVT1 determinations also apply for 
HRVT2.

As for HRVT1, the moderator analysis revealed that 
subjects’ characteristics, including age, sex, weight class, 
training and health status, did not significantly impact 
the agreement or correlation between HRVT2 and LT2-
VT2. Additionally, despite the small number of stud-
ies that included patients [117, 127, 129, 134], specific 
pathologies such as coronary artery disease, myocardial 
infarction, chronic heart failure, or type 2 diabetes did 
not influence either the agreement or the correlation 
between HRVT2 and LT2-VT2. Those results are not 
surprising given that intensities at HRVT2 are demand-
ing, require intense autonomic modulations [101] and 
correspond to a loss of physiological sustainability and 
organismic destabilisation [125, 128]. Those physiological 

adaptations may, therefore, result in better recognition of 
inflexion points and less discrepancy between LT2-VT2 
and HRVT2 [123] and might be more resistant to exter-
nal influence than HRVT1. The latter has already been 
shown for the impact of hormonal change. Indeed, com-
paring HRVT2 determination in men and women yielded 
similar results [128].

The moderator analyses regarding determination 
methods for HRVT2 and LT2-VT2 showed similarities 
with those concerning HRVT1 and LT1-VT1. Indeed, 
reference threshold used (lactate or ventilatory) also sig-
nificantly impacted agreement, with HRVT2 values on 
average slightly higher than VTs and lower than LTs. 
However, contrary to HRVT1, HRVT2 showed better 
agreement when compared to VTs than LTs. However, 
contrary to HRVT1, the domain of HRV variables used 
to determine HRVT2 impacted the agreement between 
HRVT2 and LT2-VT2. Indeed, time-domain derived 
HRVT2 showed significantly worse agreement than fre-
quency-domain or non-linear HRVT2 determinations. 
This poorer agreement and difference between HRVT1 
and HRVT2 can be explained by the low signal-to-noise 
ratio in time-domain HRV indices at exercise intensities 
corresponding to HRVT2, as previously described [52]. 
In addition, time-domain showed a non-significant ten-
dency also to yield a weaker correlation between HRVT2 
and LT2-VT2. Furthermore, analyses of HRV variables 
confirmed those results with time-domain HRV variables 
(RMSSD and SDNN) showing worse agreements and 
weaker correlations between HRVT2 and LT2-VT2 than 
other frequency or non-linear indices. The method used 
to determine HRVT2 impacted the agreement between 
HRVT2 and LT2-VT2. Indeed, computed determina-
tion showed worse agreement than visually determined 
HRVT2. Moreover, as for HRVT1, visually determined 
HRVT2 yielded a higher correlation with LT2-VT2 
than computed methods, confirming that visual meth-
ods are, to date, still superior for HRVT determinations. 
Unlike HRVT1, HRVT2 determination complexity did 
not impact the agreement and correlation. Nevertheless, 
since more complicated methods do not provide better 
results, the conclusion is the same as for HRVT1 deter-
mination: promising algorithmic methods are not yet 
superior to simple methods for HRVT determination.

The analysis of studies protocols showed contrast-
ing patterns of influence on agreement and correla-
tion between HRVT2 and LT2-VT2 as for HRVT1. 
On the one hand, the outcomes used to assess HRVT2 
impacted agreement and correlation between HRVT2 
and LT2-VT2. Indeed, when power (W) was used to 
express HRVT2, it resulted in lower HRVT2 than when 
expressed as heart rate (bpm), speed (km/h) or V̇O2 (mL · 
min−1 · kg−1). Moreover, the correlation between HRVT2 
and LT2-VT2 was weaker when expressed as a function 
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of Kg or time (s) compared to heart rate and speed. The 
choice of outcome variable may affect the agreement 
and the strength of the correlation between HRVT2 and 
LT2-VT2. The outcomes format had a similar impact on 
HRVT2 than on HRVT1. Indeed, HRVT2 expressed in 
percentage values also resulted in a worse agreement and 
lower HRVT2 values than when expressed in absolute 
values, and this difference did not affect correlation. On 
the other hand, as for HRVT1, the majority of the incre-
mental exercise protocol characteristics did not impact 
the agreement or correlation between HRVT2 and LT2-
VT2, suggesting that ergometer, initial and incremen-
tal workload did not significantly impact the agreement 
or correlation between HRVT2 and LT2-VT2. Indeed, 
the different ergometers used (even those involving the 
upper body, such as swimming or those for simultaneous 
arms and legs movements) showed no significant differ-
ence in HRVT2 determination. It is noteworthy because 
some HRV parameters, especially frequency-domain 
HRV indices, are more likely to be affected by upper body 
movements at high intensity corresponding to HRVT2 
than at relatively low HRVT1 intensity. It should also be 
noted that, unlike for HRVT1, HRVT2 determination 
was impacted by the increment duration. Indeed, the 
agreement between HRVT2 and LT2-VT2 was worse, 
and HRVT2 values were lower than LT2-VT2 when 
increments of 3 min or more were used. Using such long 
increments in included studies is understandable since 
it allows for better stability in the RR intervals [112]. 
However, unfortunately, it also reduces the accuracy of 
the V̇O2max estimation [87] and thus might explain the 
lower agreement between HRVT2 and LT2-VT2.

Comparison of First vs. Second Heart Rate Variability 
Threshold Determination
The moderator analyses for HRVT1 and HRVT2 revealed 
many similarities, demonstrating the robustness of the 
analyses performed in this review. However, contrasting 
results were shown regarding the impact of the reference 
threshold chosen. Indeed, HRVT1 – VT1 and HRVT2 
– LT2 values disagreed significantly, whereas there was 
good agreement between HRVT1 and LT1 and between 
HRVT2 and VT2. This suggests that HRVT1 better agree 
with LT1 and HRVT2 better agree with VT2. Further-
more, the agreement between HRVTs and their respec-
tive LT-VTs highlights an interesting pattern. Indeed, 
both HRVTs were defined above their corresponding VTs 
but below their lactic thresholds. At this point, it is not 
possible to state that HRVTs lie between ventilatory and 
lactic thresholds, especially since the included studies 
were not designed to compare LTs to VTs. Nevertheless, 
these results demonstrate the absence of unidirectional 
bias and strong correlation but ambiguous agreement 
between HRVTs and LT-VTs.

Methodological Quality Assessment
The QUADAS-2 assessment revealed a generally low 
risk of bias across its four domains, with most studies 
demonstrating low bias in flow and timing (88%), refer-
ence standard (84%), patient selection (80%), and index 
test (64%). Furthermore, the applicability of the results 
of included studies was excellent, as low concerns for 
applicability were reported for the three corresponding 
domains in 98% (reference standard), 90% (index test), 
and 86% (patient selection) of included studies. Method-
ological quality assessment using the adapted STARDHRV 
provides a more nuanced evaluation. The included stud-
ies achieved an average score of 78 ± 8%. The distribu-
tion of scores indicates that while half of the included 
studies showed good HRV methodology (STARDHRV 
score ≥ 80%), there is still room for improvement, as 20% 
of studies scored < 70%. Improvement is particularly 
needed in information about sample size determination, 
mention of a stabilization period prior to HRV sampling, 
and specification of whether breathing was controlled 
during HRV recording since these three items were often 
underreported. Meanwhile, some areas where most stud-
ies performed well, such as validation study designation, 
structured abstracts, background clarity, within-subject 
design, and extensive description of setups and protocols, 
highlight the strengths of current research practices in 
HRVTs determination but were also often inclusion cri-
teria for the studies in this systematic review. Altogether, 
the QUADAS-2 and STARDHRV assessments indicated a 
predominantly low RoB, good applicability and moderate 
to good HRV-related methodology in included studies, 
providing an appropriate basis for our data analyses and 
interpretations.

Risk of Bias Assessment
The slightly asymmetrical funnel plot to the left for the 
agreement meta-analysis between HRVT1 and LT1-VT1 
suggested a minor publication bias or small study effects 
favouring smaller studies. However, the statistical tests 
do not support this visual inspection. The lack of cor-
relation between effect size and study sample size and a 
non-significant Egger’s test indicates no firm evidence of 
publication bias. Moreover, no outliers were identified 
during the leave-one-out sensitivity analysis. Concern-
ing the correlation meta-analysis between HRVT1 and 
LT1-VT1, the RoB assessment showed that, while there 
might not be a visual indication of bias (symmetrical fun-
nel plot), a significant Egger test suggests potential RoB. 
However, the fail-safe N indicated that an extremely large 
number of unpublished or null studies would be needed 
to invalidate the significant correlation between HRVT1 
and LT1-VT1, and the leave-one-out sensitivity analysis 
found no outliers, thus supporting the robustness of this 
correlation.
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An asymmetrical funnel plot to the right for the agree-
ment meta-analysis between HRVT2 and LT2-VT2 
suggested potential publication bias, yet this is not cor-
roborated by Begg and Mazumdar (p = 0.19) or Egger’s 
test (p = 0.15), suggesting no firm evidence of bias, which 
is reinforced by the absence of outliers or significant 
changes in effect size upon sequential study exclusion 
in the leave-one-out sensitivity analysis. Concerning the 
correlation meta-analysis between HRVT2 and LT2-VT2, 
a slight asymmetry in the funnel plot and the significant 
Egger’s test suggested the presence of bias. However, this 
is not confirmed by the Begg and Mazumdar test. First 
and foremost, the extremely large fail-safe N suggests a 
robust correlation between HRVT2 and LT2-VT2 that 
unpublished or additional studies would not easily over-
turn. The consistency of the correlation is further sup-
ported by the leave-one-out analysis, which identified no 
influential outliers.

In conclusion, while there are some indications of 
potential publication bias in the four meta-analyses, the 
overall RoB assessment generally suggesteda low risk of 
publication bias. Funnel plots asymmetries and signifi-
cances of statistical tests for RoB were observed, butthe 
substantial evidence from the fail-safe N (for the correla-
tion meta-analyses) and sensitivity analyses results rein-
force the validity of the meta-analyses conducted in this 
review. Overall, the RoB assessment suggested that the 
results of the present meta-analyses are reliable.

Practical Implications
The following potential applications highlight the use-
fulness of heart rate variability thresholds in clinical and 
exercise prescription settings:

 	• HRVTs have great potential for clinical and exercise 
prescription applications.

 	• Age, sex, weight class, training status and health 
status do not impact HRVT’s accuracy.

 	• Ergometer type, initial and incremental workload do 
not impact HRVT’s accuracy.

 	• The choice of outcome variable impacts HRVT’s 
determination and interpretation.

 	• Increment duration under 3 min is recommended for 
accurate HRVT2 determination.

 	• Frequency-domain and non-linear HRV indices yield 
better agreement and stronger correlation between 
HRVT2 and LT2-VT2 than time-domain HRV 
variables.

Recommendations for Future Research
Further research in the field should:

 	• Report exact p-values for agreement and correlation 
analyses, as well as the Pearson correlation 
coefficient (r) and Bland-Altmann plots with limits 
of agreement, for each comparison between HRVT 
and LT-VT.

 	• Expand subject diversity by incorporating more 
women, patients, young and old subjects.

 	• Develop and assess algorithmic and more generally 
computed approaches for HRVTs determinations.

 	• Assess the test-retest reliability of HRVT 
determination in different settings and subjects.

 	• Conduct longitudinal studies to assess the predictive 
value of acute HRV responses to exercise or long-
term adaptations in various populations and clinical 
settings.

 	• Investigate HRVTs determination when the upper 
body is involved (e.g., rowing, swimming, cross-
country skiing, or ski-mountaineering).

 	• Use the STARDHRV tool during the conceptualization 
stage to ensure that all items are considered, with 
particular attention to allow for a stabilization 
period prior to HRV sampling, to acknowledge 
whether breathing was controlled or not during HRV 
recording and to provide information about sample 
size determination. To this end, future studies could 
use the concordance and correlation values provided 
in this review to calculate the sample size required 
for their study (e.g. in the same way as [114]).

The seven recommendations reported above will improve 
the homogeneity and the scientific quality of the next 
publications in this field.

Strengths and Limitations
The primary strength of this systematic review with 
meta-analysis is the exhaustiveness of the literature 
review carried out using a wide range of databases with 
search equations reviewed and corrected by an expert 
and adapted to each database. Moreover, and despite the 
strict inclusion criteria, the number of studies included 
in this review is relatively largecompared with previous 
reviews. Finally, the detailed and differentiated analysis of 
all main moderators that could impact HRVTs determi-
nation provides, for the first time, crucial information for 
future studies in this active research field.

According to the methodological quality assessment, 
the quality of the included studies should be improved to 
draw even more solid conclusions about the correlations 
and agreements between HRVTs and LT-VTs and the dif-
ferent moderators’ analyses conducted in this study. In 
addition, the comprehensive RoB analyses showed that 
a slight publication bias could not be ruled out for each 
of the four meta-analyses conducted in this review. Fur-
thermore, most subjects were young, healthy men, which 
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somewhat also limits the conclusions that can be drawn 
from this meta-analysis. Moreover, the moderators’ anal-
yses hardly explained the heterogeneity in the four com-
puted effect sizes.

There are also limitations to this study’s methodol-
ogy and the choices made during its conceptualisation. 
Firstly, LT and VT were considered equivalent for the 
global effect sizes computations, although the agreement 
between ventilatory and LTs is still an ongoing debate. 
Secondly, the limits of agreement, which are frequently 
displayed in Bland-Altmann plots, were not analysed 
because they were available in less than half of the agree-
ment analyses between HRVT and LT-VTs. Thirdly, since 
the HRVTs were determined using various outcomes 
expressed in different units, it was not possible to provide 
confidence intervals in the units of the corresponding 
outcomes. This would have made the reader’s assessment 
of the present results much easier. However, the stan-
dardised scales used to classify the SMD and Pearson’s 
r are adequate substitutes widely used in meta-analyses. 
Finally, due to clarity and sample size constraints, it was 
not possible to thoroughly evaluate each pair of exact 
HRVT and LT-VT determination methods separately. 
Indeed, because of the tremendous amount of HRVTs, 
LTs and VTs determination methods, this made impossi-
ble to create groups of sufficient size to assess the impact 
of the different HRV methods. As a result, the HRVT 
determination methods have been grouped by variable.

Conclusion
Overall, HRV-derived thresholds (HRVT1 and HRVT2) 
showed trivial standardised mean differences and very 
strong correlation with their respective reference thresh-
olds. However, ambiguous agreements were found when 
LTs and VTs were compared separately to HRVTs, sug-
gesting that HRVT1 better agreed with LT1 and HRVT2 
better agreed with VT2. Nevertheless, this systematic 
review with meta-analyses showed that subjects’ char-
acteristics, ergometer, or initial and incremental work-
load had no impact on HRVTs determination and that 
straightforward, simple, and visual HRVTs determina-
tion methods yielded reliable results. In addition, fre-
quency-domain and non-linear HRV indices, and short 
increment duration during graded exercise are better for 
HRVT2 determination. Considering the aforementioned 
conditions and limitations, the present results indicate 
that HRVTs might serve as surrogates for traditional ref-
erence thresholds when taken as a whole. However, it is 
essential to acknowledge the presence of heterogeneity 
across study results and differences in agreement when 
LTs and VTs are compared separately to HRVTs, under-
scoring the need for further research and development in 
this area, especially since HRVTs allowed non-invasive 
and cost-effective threshold determinations. The present 

findings contribute to the growing body of knowledge in 
the field, emphasizing the utility of HRVTs as promising 
and accessible tools for clinical and exercise prescription 
purposes.

Abbreviations
CI	� Confidence Interval
DFA-α1	� Detrended Fluctuation Analysis α1
ECG	� Electrocardiogram
fHF	� Frequency peak of the HF band
Fisher’s Z	� Normally distributed Fisher transformation of the Pearson 

correlation coefficient
HF	� High-Frequency spectral power
HRV	� Heart Rate Variability
HRVT1/2	� Heart Rate Variability Threshold 1/2
I2	� Proportion of variance between studies attributed to true 

variation in effect sizes
LF	� Low Frequency spectral power
LT1/2	� Lactate Threshold 1/2
METs	� Metabolic Equivalent of Task (a measure of exercise intensity)
LT1/2	� Lactate Threshold 1/2
Power	�  Exercise power output
LT1/2	� Lactate Threshold 1/2
Pearson’s r	� Pearson correlation coefficient
Q-test	� Cochrane Q-test for heterogeneity significance
RoB	� Risk of Bias
RQA	� Recurrence Quantification Analysis
RMSSD	� Root Mean Square of Successive Differences
RSA 	� Respiratory Sinus Arrhythmia
SDNN	� Standard Deviation of NN intervals
SD1/2	� Poincaré plot Standard Deviation 1/2
SMD	� Standardized Mean Difference
VT1/VT2	� Ventilatory Threshold 1/2

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s40798-024-00768-8.

Supplementary Material 1: Peer-reviewed search strategies

Supplementary Material 2: Full text screening exclusions

Supplementary Material 3: QUADAS-2

Supplementary Material 4: STARD HRV

Supplementary Material 5: HRVT1 moderator analyses

Supplementary Material 6: HRVT2 moderator analyses

Acknowledgements
We would like to thank Alexia Trombert (Health information specialist, 
University Library of Medicine, Lausanne, Switzerland) for her help and 
valuable advice about systematic literature research and revision of the search 
strategies. We also acknowledge Dr. Michael Borenstein (Managing Director at 
Biostat, Inc., United States), who provided quick, precise, and valuable support 
about the Comprehensive Meta-Analysis software and precious statistical 
advice on meta-analysis in general.

Author Contributions
VT designed the study, conducted the systematic literature search, selected 
articles that met the eligibility criteria, coded effects, carried out meta-
analyses and drafted the initial manuscript. NB selected articles that met the 
eligibility criteria, revised the initial manuscript critically and gave advice to 
VT for corrections. GM revised the initial manuscript critically and gave advice 
to VT for corrections. All authors read and approved the final version of the 
manuscript.

Funding
Open access funding provided by University of Lausanne.

https://doi.org/10.1186/s40798-024-00768-8
https://doi.org/10.1186/s40798-024-00768-8


Page 35 of 38Tanner et al. Sports Medicine - Open          (2024) 10:109 

Data Availability
Data are available from the corresponding author upon reasonable request.

Code Availability
Not applicable.

Declarations

Ethics Approval
The study was conducted in accordance with the Declaration of Helsinki.

Consent to Participate
Not applicable.

Consent for Publication
Not applicable.

Conflict of Interest
The authors declare that they have no potential conflicts of interest that might 
be relevant to the contents of this manuscript. This also includes professional 
interests, personal relationships, or personal beliefs.

Author details
1Quartier UNIL-Centre, Institute of Sport Sciences, University of Lausanne, 
Bâtiment Synathlon, Lausanne 1015, Switzerland

Received: 6 December 2023 / Accepted: 30 August 2024

References
1.	 Wasserman K, McIlroy MB. Detecting the threshold of anaerobic metabolism 

in cardiac patients during exercise. Am J Cardiol. 1964;14:844–52.
2.	 Wasserman K, Whipp BJ, Koyl SN, Beaver WL. Anaerobic threshold and respi-

ratory gas exchange during exercise. J Appl Physiol. 1973;35:236–43.
3.	 Wasserman K. The anaerobic threshold: definition, physiological sig-

nificance and identification. Adv Cardiol. 1986;35:1–23. https://doi.
org/10.1159/000413434

4.	 Poole DC, Rossiter HB, Brooks GA, Gladden LB. The anaerobic threshold: 
50 + years of controversy. J Physiol. 2021;599:737–67.

5.	 Faude O, Kindermann W, Meyer T. Lactate threshold concepts. Sports Med. 
2009;39:469–90.

6.	 Bosquet L, Léger L, Legros P. Methods to determine aerobic endurance. 
Sports Med Auckl NZ. 2002;32:675–700.

7.	 Meyler S, Bottoms L, Muniz-Pumares D. Biological and methodological factors 
affecting V̇O2max response variability to endurance training and the influ-
ence of exercise intensity prescription. Exp Physiol. 2021;106:1410–24.

8.	 Jamnick NA, Pettitt RW, Granata C, Pyne DB, Bishop DJ. An examination and 
critique of current methods to Determine Exercise Intensity. Sports Med. 
2020;50:1729–56.

9.	 Stöggl TL, Sperlich B. Editorial: training intensity, volume and recovery 
distribution among elite and recreational endurance athletes. Front Physiol. 
2019;21:10. https://doi.org/10.3389/fphys.2019.00592

10.	 Kendall KL, Smith AE, Graef JL, Fukuda DH, Moon JR, Beck TW, et al. Effects of 
four weeks of high-intensity interval training and creatine supplementation 
on critical power and anaerobic working capacity in college-aged men. J 
Strength Cond Res. 2009;23:1663–9.

11.	 Hansen D, Stevens A, Eijnde BO, Dendale P. Endurance exercise intensity 
determination in the rehabilitation of coronary artery disease patients: a criti-
cal re-appraisal of current evidence. Sports Med Auckl NZ. 2012;42:11–30.

12.	 Walter AA, Smith AE, Kendall KL, Stout JR, Cramer JT. Six weeks of high-
intensity interval training with and without beta-alanine supplementa-
tion for improving cardiovascular fitness in women. J Strength Cond Res. 
2010;24:1199–207.

13.	 Pallarés JG, Morán-Navarro R, Ortega JF, Fernández-Elías VE, Mora-Rodriguez 
R. Validity and reliability of Ventilatory and Blood Lactate thresholds in Well-
trained cyclists. PLoS ONE. 2016;11:e0163389.

14.	 Meyer T, Lucía A, Earnest CP, Kindermann W. A conceptual Framework 
for performance diagnosis and training prescription from Submaximal 

Gas Exchange Parameters - Theory and Application. Int J Sports Med. 
2005;26:S38–48.

15.	 Lucía A, Hoyos J, Carvajal A, Chicharro J. Heart rate response to Professional 
Road Cycling: the Tour De France. Int J Sports Med. 2007;20:167–72.

16.	 Burnley M, Jones AM. Oxygen uptake kinetics as a determinant of sports 
performance. Eur J Sport Sci. 2007;7:63–79.

17.	 Seiler S, Tønnessen E. Intervals, thresholds, and long slow Distance: the role 
of intensity and duration in endurance training. SPORTSCIENCE · Sportsciorg. 
2009;13:32–53.

18.	 Myers J, Ashley E, Dangerous Curves. Chest. 1997;111:787–95.
19.	 Vallier JM, Bigard AX, Carré F, Eclache JP, Mercier J. Détermination des seuils 

lactiques et ventilatoires. Position de la Société française de médecine du 
sport. Sci Sports. 2000;15:133–40.

20.	 Neves LNS, Gasparini Neto VH, Araujo IZ, Barbieri RA, Leite RD, Carletti L. Is 
there Agreement and Precision between Heart Rate Variability, Ventilatory, 
and Lactate thresholds in healthy adults? Int J Environ Res Public Health. 
2022;19:14676.

21.	 Sales MM, Sousa CV, da Silva Aguiar S, Knechtle B, Nikolaidis PT, Alves PM, 
et al. An integrative perspective of the anaerobic threshold. Physiol Behav. 
2019;205:29–32.

22.	 Gaesser GA, Poole DC. Lactate and ventilatory thresholds: disparity in 
time course of adaptations to training. J Appl Physiol Bethesda Md 1985. 
1986;61:999–1004.

23.	 Maté-Muñoz JL, Domínguez R, Lougedo JH, Garnacho-Castaño MV. The 
lactate and ventilatory thresholds in resistance training. Clin Physiol Funct 
Imaging. 2017;37:518–24.

24.	 Meyer K, Hajric R, Westbrook S, Samek L, Lehmann M, Schwaibold M, et al. 
Ventilatory and lactate threshold determinations in healthy normals and car-
diac patients: methodological problems. Eur J Appl Physiol. 1996;72:387–93.

25.	 Davis HA, Bassett J, Hughes P, Gass GC. Anaerobic threshold and lactate 
turnpoint. Eur J Appl Physiol. 1983;50:383–92.

26.	 Wyatt FB. Comparison of lactate and ventilatory threshold to maximal oxy-
gen consumption: a Meta-analysis. J Strength Cond Res. 1999;13:67.

27.	 Svedahl K, MacIntosh BR. Anaerobic threshold: the Concept and methods of 
measurement. Can J Appl Physiol. 2003;28:299–323.

28.	 Chicharro JL, Pérez M, Vaquero AF, Lucía A, Legido JC. Lactic threshold vs 
ventilatory threshold during a ramp test on a cycle ergometer. J Sports Med 
Phys Fit. 1997;37:117–21.

29.	 Plato PA, McNulty M, Crunk SM, Tug Ergun A. Predicting lactate threshold 
using ventilatory threshold. Int J Sports Med. 2008;29:732–7.

30.	 Amann M, Subudhi AW, Foster C. Predictive validity of ventilatory and 
lactate thresholds for cycling time trial performance. Scand J Med Sci Sports. 
2006;16:27–34.

31.	 Di Michele R, Gatta G, Di Leo A, Cortesi M, Andina F, Tam E, et al. Estimation of 
the anaerobic threshold from heart rate variability in an incremental swim-
ming test. J Strength Cond Res. 2012;26:3059–66.

32.	 Dourado VZ, Banov MC, Marino MC, de Souza VL, Antunes LC, de O, McBurnie 
MA. A simple approach to assess VT during a field walk test. Int J Sports Med. 
2010;31:698–703.

33.	 Buchheit M. Monitoring training status with HR measures: do all roads lead to 
Rome? Front Physiol. 2014;5:73.https://doi.org/10.3389/fphys.2014.00073

34.	 Zakynthinaki MS. Modelling heart rate kinetics. PLoS ONE. 2015;10:e0118263.
35.	 Mongin D, Chabert C, Uribe Caparros A, Guzmán JFV, Hue O, Alvero-Cruz JR, 

et al. The complex relationship between effort and heart rate: a hint from 
dynamic analysis. Physiol Meas. 2020;41:105003.

36.	 Task Force. Heart rate variability: standards of measurement, physiological 
interpretation, and clinical use. Task Force of the European Society of Cardiol-
ogy and the North American Society of Pacing and Electrophysiology. Eur 
Heart J. 1996;17:354–81.

37.	 Cottin F, Leprêtre P-M, Lopes P, Papelier Y, Médigue C, Billat V. Assessment of 
ventilatory thresholds from heart rate variability in well-trained subjects dur-
ing cycling. Int J Sports Med. 2006;27:959–67.

38.	 Ciccone AB, Siedlik JA, Wecht JM, Deckert JA, Nguyen ND, Weir JP. Reminder: 
RMSSD and SD1 are identical heart rate variability metrics. Muscle Nerve. 
2017;56:674–8.

39.	 Tulppo MP, Mäkikallio TH, Takala TE, Seppänen T, Huikuri HV. Quantitative 
beat-to-beat analysis of heart rate dynamics during exercise. Am J Physiol. 
1996;271:H244–252.

40.	 Casadei B, Moon J, Johnston J, Caiazza A, Sleight P. Is respiratory sinus 
arrhythmia a good index of cardiac vagal tone in exercise? J Appl Physiol. 
1996;81:556–64.

https://doi.org/10.1159/000413434
https://doi.org/10.1159/000413434
https://doi.org/10.3389/fphys.2019.00592
https://doi.org/10.3389/fphys.2014.00073


Page 36 of 38Tanner et al. Sports Medicine - Open          (2024) 10:109 

41.	 Cottin F, Papelier Y, Escourrou P. Effects of Exercise load and breathing fre-
quency on heart rate and blood pressure variability during dynamic Exercise. 
Int J Sports Med. 1999;20:232–8.

42.	 Macor F, Fagard R, Amery A. Power Spectral Analysis of RR Interval and blood 
pressure short-term variability at Rest and during dynamic Exercise: compari-
son between cyclists and controls. Int J Sports Med. 1996;17:175–81.

43.	 Blain G, Meste O, Bermon S. Influences of breathing patterns on respiratory 
sinus arrhythmia in humans during exercise. Am J Physiol-Heart Circ Physiol. 
2005;288:H887–95.

44.	 Yamamoto Y, Hughson RL, Nakamura Y. Autonomic nervous sys-
tem responses to exercise in relation to ventilatory threshold. Chest. 
1992;101:S206–10.

45.	 Cottin F, Médigue C, Leprêtre P-M, Papelier Y, Koralsztein J-P, Billat V. Heart 
Rate Variability during Exercise Performed below and above ventilatory 
threshold. Med Sci Sports Exerc. 2004;36:594–600.

46.	 Anosov O, Patzak A, Kononovich Y, Persson PB. High-frequency oscillations of 
the heart rate during ramp load reflect the human anaerobic threshold. Eur J 
Appl Physiol. 2000;83:388–94.

47.	 Schaffarczyk M, Rogers B, Reer R, Gronwald T. Validation of a non-linear index 
of heart rate variability to determine aerobic and anaerobic thresholds during 
incremental cycling exercise in women. Eur J Appl Physiol. 2022;123:299–309.

48.	 Rogers B, Berk S, Gronwald T. An index of non-linear HRV as a Proxy of the 
aerobic threshold based on blood lactate concentration in Elite triathletes. 
Sports Basel Switz. 2022;10:25.

49.	 Rogers B, Giles D, Draper N, Hoos O, Gronwald T. A New Detection Method 
defining the aerobic threshold for endurance Exercise and training prescrip-
tion based on fractal correlation properties of Heart Rate Variability. Front 
Physiol. 2021;11:596567.

50.	 Balagué N, Hristovski R, Almarcha M del C, Garcia-Retortillo S, Ivanov PC. Net-
work physiology of exercise: vision and perspectives. Front Physiol. 2020;11. 
https://doi.org/10.3389/fphys.2020.611550

51.	 Platisa MM, Gal V. Correlation properties of heartbeat dynamics. Eur Biophys J. 
2008;37:1247–52.

52.	 Kaufmann S, Gronwald T, Herold F, Hoos O. Heart rate variability-derived 
thresholds for Exercise Intensity prescription in endurance sports: a system-
atic review of interrelations and agreement with different ventilatory and 
blood lactate thresholds. Sports Med - Open. 2023;9:59.

53.	 Zimatore G, Gallotta MC, Campanella M, Skarzynski PH, Maulucci G, Serantoni 
C, et al. Detecting metabolic thresholds from nonlinear analysis of Heart Rate 
Time Series: a review. Int J Environ Res Public Health. 2022;19:12719.

54.	 Gomes CJ, Molina GE. Use of heart rate variability to identify the anaerobic 
threshold: a systematic review. Rev Educ Fis. 2014;25:675–83.

55.	 Deeks JJ, Bossuyt PM, Leeflang MM, Takwoingi Y, editors. Cochrane handbook 
for systematic reviews of diagnostic test accuracy. 2023. https://training.
cochrane.org/handbookdiagnostic-test-accuracy/current. Accessed 7 Aug 
2023.

56.	 Page MJ, Moher D, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. 
PRISMA 2020 explanation and elaboration: updated guidance and exemplars 
for reporting systematic reviews. BMJ. 2021;372:n160.

57.	 Rethlefsen ML, Kirtley S, Waffenschmidt S, Ayala AP, Moher D, Page MJ, et 
al. PRISMA-S: an extension to the PRISMA Statement for reporting literature 
searches in systematic reviews. Syst Rev. 2021;10:39.

58.	 Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. 
The PRISMA 2020 statement: an updated guideline for reporting systematic 
reviews. BMJ. 2021;372:n71.

59.	 Ardern CL, Büttner F, Andrade R, Weir A, Ashe MC, Holden S, et al. Implement-
ing the 27 PRISMA 2020 Statement items for systematic reviews in the sport 
and exercise medicine, musculoskeletal rehabilitation and sports science 
fields: the PERSiST (implementing Prisma in Exercise, Rehabilitation, Sport 
medicine and SporTs science) guidance. Br J Sports Med. 2022;56:175–95.

60.	 Rogers B, Giles D, Draper N, Mourot L, Gronwald T. Influence of artefact 
correction and Recording device type on the practical application of a non-
linear heart rate variability biomarker for aerobic threshold determination. 
Sensors. 2021;21:821.

61.	 DistillerSR User Guide. DistillerSR Support. 2023. https://help.distillersr.com/
hc/enus/articles/4488246674189-DistillerSR-User-Guide. Accessed 16 Feb 
2023.

62.	 Read K, Husson H, Dobbins M. Can AI learn to identify systematic reviews 
on the effectiveness of public health interventions? Eur J Public Health. 
2021;31:ckab164.279.

63.	 Smela-Lipińska B, Taieb V, Szawara P, Tetzlaff J, O’Blenis P, Francois C, PNS306 
USE OF ARTIFICIAL INTELLIGENCE WITH DISTILLERSR SOFTWARE AS A 

REVIEWER FOR A SYSTEMATIC LITERATURE REVIEW OF RANDOMIZED CON-
TROLLED TRIALS. Value Health. 2019;22:S815.

64.	 Kamra S, Hyderboini R, Sirumalla Y, Rao JV, Chidirala S, Dabral S, et al. MSR70 
pilot study to evaluate efficiency of DISTILLERSR®’S Artificial Intelligence 
(AI) Tool over Manual Screening process in Literature Review. Value Health. 
2022;25:S532.

65.	 Gartlehner G, Affengruber L, Titscher V, Noel-Storr A, Dooley G, Ballarini N, 
et al. Single-reviewer abstract screening missed 13% of relevant studies: a 
crowd-based, randomized controlled trial. J Clin Epidemiol. 2020;121:20–8.

66.	 Wang Z, Nayfeh T, Tetzlaff J, O’Blenis P, Murad MH. Error rates of human 
reviewers during abstract screening in systematic reviews. PLoS ONE. 
2020;15:e0227742.

67.	 Hamel C, Hersi M, Kelly SE, Tricco AC, Straus S, Wells G, et al. Guidance for 
using artificial intelligence for title and abstract screening while conducting 
knowledge syntheses. BMC Med Res Methodol. 2021;21:285.

68.	 Smela B, Myjak I, O’Blenis P, Millier A. PNS60 use of Artificial Intelligence with 
Distillersr Software in selected systematic literature reviews. Value Health Reg 
Issues. 2020;22:S92.

69.	 O’Mara-Eves A, Thomas J, McNaught J, Miwa M, Ananiadou S. Using text 
mining for study identification in systematic reviews: a systematic review of 
current approaches. Syst Rev. 2015;4:5.

70.	 Cichewicz A, Burnett H, Huelin R, Kadambi A. SA3 Utility of Artificial Intel-
ligence in Systematic Literature Reviews for Health Technology Assessment 
Submissions. Value Health. 2022;25:S604.

71.	 Taieb V, Smela-Lipińska B, O’Blenis P, François C, PRM181 - USE OF ARTIFICIAL 
INTELLIGENCE WITH DISTILLERSR SOFTWARE FOR A SYSTEMATIC LITERATURE 
REVIEW OF UTILITIES IN INFECTIOUS DISEASE. Value Health. 2018;21:S387.

72.	 Whiting PF, Rutjes AWS, Westwood ME, Mallett S, Deeks JJ, Reitsma JB, et al. 
QUADAS-2: a revised Tool for the Quality Assessment of Diagnostic Accuracy 
studies. Ann Intern Med. 2011;155:529–36.

73.	 Cohen JF, Korevaar DA, Altman DG, Bruns DE, Gatsonis CA, Hooft L, et al. 
STARD 2015 guidelines for reporting diagnostic accuracy studies: explanation 
and elaboration. BMJ Open. 2016;6:e012799.

74.	 Dobbs WC, Fedewa MV, MacDonald HV, Holmes CJ, Cicone ZS, Plews DJ, et 
al. The accuracy of acquiring Heart Rate Variability from Portable devices: a 
systematic review and Meta-analysis. Sports Med Auckl NZ. 2019;49:417–35.

75.	 Cohen J. Statistical power analysis for the behavioral sciences. 2nd ed. New 
York: Routledge; 1988.

76.	 Cohen J. A power primer. Psychol Bull. 1992;112:155–9.
77.	 Chan YH. Biostatistics 104: correlational analysis. Singap Med J. 2003;44:614–9.
78.	 Borenstein M, Hedges LV, Higgins JPT, Rothstein HR. Introduction to meta-

analysis. John Wiley & Sons; 2011. https://onlinelibrary.wiley.com/doi/
book/10.1002/9780470743386

79.	 Borenstein M, Hedges LV, Higgins JPT, Rothstein HR. A basic introduction to 
fixed-effect and random-effects models for meta-analysis. Res Synth Meth-
ods. 2010;1:97–111.

80.	 Borenstein M. Common mistakes in Meta-analysis and how to avoid them. 
Incorporated: Biostat; 2019.

81.	 Borenstein M. Research note: in a meta-analysis, the I index does not tell us 
how much the effect size varies across studies. J Physiother. 2020;66:135–9.

82.	 Hedges LV, Vevea JL. Fixed- and random-effects models in meta-analysis. 
Psychol Methods. 1998;3:486–504.

83.	 Hox J, Moerbeek M, Schoot R van de. Multilevel analysis: techniques and 
applications. 2nd ed. New York: Routledge; 2010.

84.	 DerSimonian R, Laird N. Meta-analysis in clinical trials. Control Clin Trials. 
1986;7:177–88.

85.	 Huedo-Medina TB, Sánchez-Meca J, Marín-Martínez F, Botella J. Assessing 
heterogeneity in meta-analysis: Q statistic or I2 index? Psychol Methods. 
2006;11:193–206.

86.	 A healthy lifestyle - WHO recommendations. 2023. https://www.who.int/
europe/newsroom/fact-sheets/item/a-healthy-lifestyle---who-recommenda-
tions. Accessed 23 Oct 2023.

87.	 American College of Sports Medicine. In: Liguori G, Feito Y, Fountaine CJ, Roy 
B, editors. ACSM’s guidelines for exercise testing and prescription. Eleventh 
edition. Philadelphia Baltimore New York London$PBuenod Aires Hong Kong 
Sydney Tokyo: Wolters Kluwer; 2022.

88.	 American College of Sports Medicine’s Metabolic Calculations Handbook. 1st 
ed. Philadelphia: Lippincott Williams & Wilkins; 2007.

89.	 DiPietro L, Buchner DM, Marquez DX, Pate RR, Pescatello LS, Whitt-Glover 
MC. New scientific basis for the 2018 U.S. physical activity guidelines. J Sport 
Health Sci. 2019;8:197–200.

https://doi.org/10.3389/fphys.2020.611550
https://training.cochrane.org/handbookdiagnostic-test-accuracy/current
https://training.cochrane.org/handbookdiagnostic-test-accuracy/current
https://help.distillersr.com/hc/enus/articles/4488246674189-DistillerSR-User-Guide
https://help.distillersr.com/hc/enus/articles/4488246674189-DistillerSR-User-Guide
https://onlinelibrary.wiley.com/doi/book/10.1002/9780470743386
https://onlinelibrary.wiley.com/doi/book/10.1002/9780470743386
https://www.who.int/europe/newsroom/fact-sheets/item/a-healthy-lifestyle---who-recommendations
https://www.who.int/europe/newsroom/fact-sheets/item/a-healthy-lifestyle---who-recommendations
https://www.who.int/europe/newsroom/fact-sheets/item/a-healthy-lifestyle---who-recommendations


Page 37 of 38Tanner et al. Sports Medicine - Open          (2024) 10:109 

90.	 Sterne JAC, Egger M. Funnel plots for detecting bias in meta-analysis: guide-
lines on choice of axis. J Clin Epidemiol. 2001;54:1046–55.

91.	 Orwin RG. A fail-safe N for effect size in Meta-Analysis. J Educ Stat. 
1983;8:157–9.

92.	 Egger M, Davey Smith G, Schneider M, Minder C. Bias in meta-analysis 
detected by a simple, graphical test. BMJ. 1997;315:629–34.

93.	 Begg CB, Mazumdar M. Operating characteristics of a rank correlation test for 
Publication Bias. Biometrics. 1994;50:1088–101.

94.	 Schünemann H, Brożek J, Guyatt G, Oxman A. Handbook for grading the 
quality of evidence and the strength of recommendations using the GRADE 
approach. 2013. https://gdt.gradepro.org/app/handbook/handbook.html. 
Accessed 12 Oct 2023.

95.	 Bezerra CT, Grande AJ, GalvGalvãoo VK, Santos DHM dos, Atallah ÁN, Silva 
V. Assessment of the strength of recommendation and quality of evidence: 
GRADE checklist. A descriptive study. Sao Paulo Med J. 2022;140:829–36.

96.	 Meader N, King K, Llewellyn A, Norman G, Brown J, Rodgers M, et al. A check-
list designed to aid consistency and reproducibility of GRADE assessments: 
development and pilot validation. Syst Rev. 2014;3:82.

97.	 Babecki A, Bourdillon N, Millet GP. Détermination des seuils ventilatoires par 
la variabilité de la fréquence cardiaque: techniques, méthodes et automatisa-
tion. 2021. Unpublished.

98.	 Blain G, Meste O, Bouchard T, Bermon S. Assessment of ventilatory thresholds 
during graded and maximal exercise test using time varying analysis of 
respiratory sinus arrhythmia * Commentary. Br J Sports Med. 2005;39:448–52.

99.	 Brunetto AF, Silva BM, Roseguini BT, Hirai DM, Guedes DP. Ventilatory 
threshold and heart rate variability in adolescents. Rev Bras Med Esporte. 
2005;11:22–33.

100.	 Buchheit M, Solano R, Millet GP. Heart-rate deflection point and the second 
heart-rate variability threshold during running exercise in trained boys. 
Pediatr Exerc Sci. 2007;19:192–204.

101.	 Cassirame J, Tordi N, Fabre N, Duc S, Durand F, Mourot L. Heart rate vari-
ability to assess ventilatory threshold in ski-mountaineering. Eur J Sport Sci. 
2015;15:615–22.

102.	 Cottin F, Médigue C, Lopes P, Leprêtre P-M, Heubert R, Billat V. Ventilatory 
thresholds assessment from heart rate variability during an incremental 
exhaustive running test. Int J Sports Med. 2007;28:287–94.

103.	 Cunha FA, Montenegro RA, Midgley AW, Vasconcellos F, Soares PP, Farinatti 
P. Influence of exercise modality on agreement between gas exchange and 
heart rate variability thresholds. Braz J Med Biol Res Rev Bras Pesqui Medicas 
E Biol. 2014;47:706–14.

104.	 Fenzl M, Schlegel C, Villiger B, Aebli N, Gredig J, Krebs J. High Power Spectral 
Density of Heart Rate Variability as a measure of Exercise Performance in 
Water. Phys Med Rehabil Kurortmed. 2013;23:225–30.

105.	 Flöter N, Schmidt T, Keck A, Reer R, Jelkmann W, Braumann K. Assessment of 
the individual anaerobic threshold from Heart Rate Variability in Interdepen-
dency to the activity of the sympathetic activation. Dtsch Z Für Sportmed. 
2012;2012:41–5.

106.	 García-Manso JM, Sarmiento-Montesdeoca S, Martín-González JM, Calderón-
Montero FJ, Da Silva-Grigoletto E. Wavelet transform analysis of heart rate 
variability for determining ventilatory thresholds in cyclists. Rev Andal Med 
Deporte. 2008;1:90–7.

107.	 Garcia-Tabar I. Heart Rate Variability Thresholds Predict Lactate thresholds in 
Professional World-Class Road cyclists. J Exerc Physiol Online. 2013;16:38–50.

108.	 Grannell A, De Vito G. An investigation into the relationship between heart 
rate variability and the ventilatory threshold in healthy moderately trained 
males. Clin Physiol Funct Imaging. 2018;38:455–61.

109.	 Hamdan RA, Schumann A, Herbsleb M, Schmidt M, Rose G, Bär KJ, et al. 
Determining cardiac vagal threshold from short term heart rate complexity. 
Curr Dir Biomed Eng. 2016;2:155–9.

110.	 Hargens TA, Chambers S, Luden ND, Womack CJ. Reliability of the heart rate 
variability threshold during treadmill exercise. Clin Physiol Funct Imaging. 
2022;42:292–9.

111.	 Karapetian GK. Heart rate variability as a non-invasive biomarker of 
sympatho-vagal interaction and determinant of physiologic thresholds. 
2008. https://education.wayne.edu/eer_dissertations/2008_karapetian.pdf. 
Accessed 2 Oct 2023.

112.	 Karapetian GK, Engels HJ, Gretebeck RJ. Use of heart rate variability to esti-
mate LT and VT. Int J Sports Med. 2008;29:652–7.

113.	 Leprêtre P-M, Bulvestre M, Ghannem M, Ahmaidi S, Weissland T, Lopes P. 
Determination of ventilatory threshold using heart rate variability in patients 
with heart failure. Surg Curr Res. 2013;S12:003. https://www.omicsonline.

org/determination-of-ventilatory-threshold-using-heart-rate-variability-in-
patients-with-heart-failure-2161-1076.S12-003.php?aid=13423

114.	 López-Fuenzalida A, N DL, Rosa FJB, de la LJC. Estimation of the aerobic-
anaerobic transition by heart rate variability in athletes and non-athletes 
subjects. Int J Kinesiol Sports Sci. 2016;4:36–42.

115.	 Mateo-March M, Moya-Ramón M, Javaloyes A, Sánchez-Muñoz C, Clemente-
Suárez VJ. Validity of detrended fluctuation analysis of heart rate variability to 
determine intensity thresholds in elite cyclists. Eur J Sport Sci. 2022;1:8.

116.	 Mina-Paz Y, Tafur-Tascón LJ, Cabrera-Hernández MA, Povea-Combariza 
C, Tejada X, Hurtado-Gutiérrez H, et al. Ventilatory threshold concor-
dance between ergoespirometry and heart rate variability in female 
professional cyclists. J Hum Sport Exerc. 2023;18:1–10. http://hdl.handle.
net/10045/114884

117.	 Mourot L, Tordi N, Bouhaddi M, Teffaha D, Monpere C, Regnard J. Heart rate 
variability to assess ventilatory thresholds: reliable in cardiac disease? Eur J 
Prev Cardiol. 2012;19:1272–80.

118.	 Mourot L, Fabre N, Savoldelli A, Schena F. Second ventilatory threshold from 
heart-rate variability: valid when the upper body is involved? Int J Sports 
Physiol Perform. 2014;9:695–701.

119.	 Fernandes Nascimento EM, Augusta Pedutti Dal Molin Kiss M, Meireles 
Santos T, Lambert M, Pires FO. Determination of lactate thresholds in 
maximal running test by heart rate variability data set. Asian J Sports Med. 
2017;8(3):e58480. https://brief.land/asjsm/articles/58480.html#abstract

120.	 Nascimento EMF, Antunes D, do Nascimento Salvador PC, Borszcz FK, de 
Lucas RD. Applicability of Dmax Method on Heart Rate Variability to Estimate 
the Lactate thresholds in male runners. J Sports Med Hindawi Publ Corp. 
2019;2019:2075371.

121.	 Queiroz MG, Arsa G, Rezende DA, Sousa LCJL, Oliveira FR, Araujo GG, et al. 
Heart rate variability estimates ventilatory threshold regardless body mass 
index in young people. Sci Sports. 2018;33:39–46.

122.	 Quinart S, Mourot L, Nègre V, Simon-Rigaud ML, Nicolet-Guénat M, Bertrand 
AM, et al. Ventilatory thresholds determined from HRV: comparison of 2 
methods in obese adolescents. Int J Sports Med. 2014;35:203–8.

123.	 Ramos-Campo DJ, Rubio-Arias JA, Ávila-Gandía V, Marín-Pagán C, Luque A, 
Alcaraz PE. Heart rate variability to assess ventilatory thresholds in profes-
sional basketball players. J Sport Health Sci. 2017;6:468–73.

124.	 Rogers B, Mourot L, Gronwald T. Aerobic threshold identification in a Cardiac 
Disease Population based on correlation properties of Heart Rate Variability. J 
Clin Med. 2021;10:4075.

125.	 Rogers B, Giles D, Draper N, Mourot L, Gronwald T. Detection of the anaerobic 
threshold in endurance sports: validation of a New Method using correlation 
properties of Heart Rate Variability. J Funct Morphol Kinesiol. 2021;6:38.

126.	 Rogers B, Schaffarczyk M, Gronwald T. Improved estimation of Exercise 
Intensity Thresholds by combining dual non-invasive biomarker concepts: 
correlation properties of Heart Rate Variability and respiratory frequency. 
Sensors. 2023;23:1973.

127.	 Sales MM, Campbell CSG, Morais PK, Ernesto C, Soares-Caldeira LF, Russo P, et 
al. Noninvasive method to estimate anaerobic threshold in individuals with 
type 2 diabetes. Diabetol Metab Syndr. 2011;3:1.

128.	 Schaffarczyk M, Rogers B, Reer R, Gronwald T. Validation of a non-linear index 
of heart rate variability to determine aerobic and anaerobic thresholds during 
incremental cycling exercise in women. Eur J Appl Physiol. 2023;123:299–309.

129.	 Shiraishi Y, Katsumata Y, Sadahiro T, Azuma K, Akita K, Isobe S, et al. Real-time 
analysis of the Heart Rate Variability during Incremental Exercise for the 
detection of the ventilatory threshold. J Am Heart Assoc. 2018;7:e006612.

130.	 Simoes RP, Mendes RG, Castello V, Machado HG, Almeida LB, Baldissera V, 
et al. Heart-rate variability and blood-lactate threshold Interaction during 
Progressive Resistance Exercise in Healthy Older men. J Strength Cond Res. 
2010;24:1313–20.

131.	 Simoes RP, Castello-Simoes V, Mendes RG, Archiza B, Santos DA, Machado HG, 
et al. Lactate and heart rate variability threshold during resistance exercise in 
the young and elderly. Int J Sports Med. 2013;34:991–6.

132.	 Simoes RP, Castello-Simoes V, Mendes RG, Archiza B, dos Santos DA, Bonjorno 
JC Jr, et al. Identification of anaerobic threshold by analysis of heart rate 
variability during discontinuous dynamic and resistance exercise protocols in 
healthy older men. Clin Physiol Funct Imaging. 2014;34:98–108.

133.	 Simoes RP, Mendes RG, Castello-Simoes V, Catai AM, Arena R, Borghi-Silva 
A. Use of Heart Rate Variability to Estimate Lactate threshold in coronary 
artery Disease patients during Resistance Exercise. J Sports Sci Med. 
2016;15:649–57.

134.	 Sperling MPR, Simões RP, Caruso FCR, Mendes RG, Arena R, Borghi-Silva A. Is 
heart rate variability a feasible method to determine anaerobic threshold in 

https://gdt.gradepro.org/app/handbook/handbook.html
https://education.wayne.edu/eer_dissertations/2008_karapetian.pdf
https://www.omicsonline.org/determination-of-ventilatory-threshold-using-heart-rate-variability-in-patients-with-heart-failure-2161-1076.S12-003.php?aid=13423
https://www.omicsonline.org/determination-of-ventilatory-threshold-using-heart-rate-variability-in-patients-with-heart-failure-2161-1076.S12-003.php?aid=13423
https://www.omicsonline.org/determination-of-ventilatory-threshold-using-heart-rate-variability-in-patients-with-heart-failure-2161-1076.S12-003.php?aid=13423
http://hdl.handle.net/10045/114884
http://hdl.handle.net/10045/114884
https://brief.land/asjsm/articles/58480.html#abstract


Page 38 of 38Tanner et al. Sports Medicine - Open          (2024) 10:109 

progressive resistance exercise in coronary artery disease? Braz J Phys Ther. 
2016;20:289–97.

135.	 Stergiopoulos DC, Kounalakis SN, Miliotis PG, Geladas ND. Second ventilatory 
threshold assessed by Heart Rate Variability in a multiple shuttle run Test. Int J 
Sports Med. 2021;42:48–55.

136.	 Thiart N, Coetzee B, Bisschoff C. Heart rate variability-established thresholds 
to determine the ventilatory and Lactate thresholds of endurance athletes. 
Int J Hum Mov Sports Sci. 2023;11:398–410.

137.	 Tschanz L, Millet G, Bourdillon N. Determination of the ventilatory thresholds 
by the heart rate variability. 2020. Unpublished.

138.	 Vasconcellos F, Seabra A, Montenegro R, Cunha F, Bouskela E, Farinatti P. Can 
Heart Rate Variability be used to Estimate Gas Exchange threshold in obese 
adolescents? Int J Sports Med. 2015;36:654–60.

139.	 Zimatore G, Gallotta MC, Innocenti L, Bonavolontà V, Ciasca G, De Spirito 
M, et al. Recurrence quantification analysis of heart rate variability during 
continuous incremental exercise test in obese subjects. Chaos Interdiscip J 
Nonlinear Sci. 2020;30:033135.

140.	 Higgins JPT, Thompson SG. Quantifying heterogeneity in a meta-analysis. Stat 
Med. 2002;21:1539–58.

141.	 Schroll JB, Moustgaard R, Gøtzsche PC. Dealing with substantial heteroge-
neity in Cochrane reviews. Cross-sectional study. BMC Med Res Methodol. 
2011;11:22.

142.	 Alba AC, Alexander PE, Chang J, MacIsaac J, DeFry S, Guyatt GH. High statisti-
cal heterogeneity is more frequent in meta-analysis of continuous than 
binary outcomes. J Clin Epidemiol. 2016;70:129–35.

143.	 Leti T, Mendelson M, Laplaud D, Flore P. Prediction of maximal lactate 
steady state in runners with an incremental test on the field. J Sports Sci. 
2012;30:609–16.

144.	 Racinais S, Buchheit M, Girard O. Breakpoints in ventilation, cerebral and 
muscle oxygenation, and muscle activity during an incremental cycling 
exercise. Front Physiol. 2014;5. https://doi.org/10.3389/fphys.2014.00142

145.	 Ribeiro J, Figueiredo P, Sousa M, De Jesus K, Keskinen K, Vilas-Boas JP, et al. 
Metabolic and ventilatory thresholds assessment in front crawl swimming. J 
Sports Med Phys Fit. 2015;55:701–7.

146.	 Dickhuth H-H, Yin L, Niess A, Röcker K, Mayer F, Heitkamp H-C, et al. Ventila-
tory, lactate-derived and catecholamine thresholds during incremental 
Treadmill running: relationship and reproducibility. Int J Sports Med. 
1999;20:122–7.

147.	 Nikooie R, Gharakhanlo R, Rajabi H, Bahraminegad M, Ghafari A. Noninvasive 
determination of anaerobic threshold by monitoring the %SpO2 changes 
and respiratory gas exchange. J Strength Cond Res. 2009;23:2107–13.

148.	 Takeshima N, Sozu T, Tajika A, Ogawa Y, Hayasaka Y, Furukawa TA. Which is 
more generalizable, powerful and interpretable in meta-analyses, mean 
difference or standardized mean difference? BMC Med Res Methodol. 
2014;14:30.

149.	 Schuylenbergh RV, Eynde BV, Hespel P. Correlations between lactate and 
ventilatory thresholds and the Maximal Lactate Steady State in Elite cyclists. 
Int J Sports Med. 2004;25:403–8.

150.	 Cerezuela-Espejo V, Courel-Ibáñez J, Morán-Navarro R, Martínez-Cava A, 
Pallarés JG. The relationship between lactate and ventilatory thresholds in 
runners: validity and reliability of exercise test performance parameters. Front 
Physiol. 2018;9. https://doi.org/10.3389/fphys.2018.01320

151.	 Parpa K, Michaelides M. Comparison of ventilatory and blood lactate 
thresholds in elite soccer players. Sport Mont J. 2022;20:3–7. https://doi.
org/10.26773/smj.221001.

152.	 Grice JW, Barrett PT. A note on Cohen’s overlapping proportions of normal 
distributions. Psychol Rep. 2014;115:741–7.

153.	 Melo RC, Santos MDB, Silva E, Quitério RJ, Moreno MA, Reis MS, et al. Effects 
of age and physical activity on the autonomic control of heart rate in healthy 
men. Braz J Med Biol Res Rev Bras Pesqui Medicas E Biol. 2005;38:1331–8.

154.	 Takahashi ACM, Porta A, Melo RC, Quitério RJ, da Silva E, Borghi-Silva A, et al. 
Aging reduces complexity of heart rate variability assessed by conditional 
entropy and symbolic analysis. Intern Emerg Med. 2012;7:229–35.

155.	 Adjei T, Xue J, Mandic DP. The female heart: sex differences in the dynamics 
of ECG in response to stress. Front Physiol. 2018;9. https://doi.org/10.3389/
fphys.2018.01616

156.	 Bai X, Li J, Zhou L, Li X. Influence of the menstrual cycle on nonlinear proper-
ties of heart rate variability in young women. Am J Physiol-Heart Circ Physiol. 
2009;297:H765–74.

157.	 Yildirir A, Kabakci G, Akgul E, Tokgozoglu L, Oto A. Effects of Menstrual cycle 
on Cardiac autonomic innervation as assessed by Heart Rate Variability. Ann 
Noninvasive Electrocardiol. 2001;7:60–3.

158.	 Loucks AB, Mortola JF, Girton L, Yen SS. Alterations in the hypothalamic-pitu-
itary-ovarian and the hypothalamic-pituitary-adrenal axes in athletic women. 
J Clin Endocrinol Metab. 1989;68:402–11.

159.	 Pauli SA, Berga SL. Athletic amenorrhea: energy deficit or psychogenic chal-
lenge? Ann N Y Acad Sci. 2010;1205:33–8.

160.	 Gimunová M, Paulínyová A, Bernaciková M, Paludo AC. The prevalence of 
Menstrual Cycle disorders in female athletes from different sports disciplines: 
a Rapid Review. Int J Environ Res Public Health. 2022;19:14243.

161.	 Bunc V, Heller J, Leso J. Kinetics of heart rate responses to exercise. J Sports 
Sci. 1988;6:39–48.

162.	 Tulppo MP, Mäkikallio TH, Seppänen T, Laukkanen RT, Huikuri HV. Vagal modu-
lation of heart rate during exercise: effects of age and physical fitness. Am J 
Physiol. 1998;274:H424–429.

163.	 Aubert AE, Seps B, Beckers F. Heart rate variability in athletes. Sports Med. 
2003;33:889–919.

164.	 Mourot L, Bouhaddi M, Perrey S, Rouillon J-D, Regnard J. Quantitative Poin-
caré plot analysis of heart rate variability: effect of endurance training. Eur J 
Appl Physiol. 2004;91:79–87.

165.	 Beneke R, Leithäuser RM, Ochentel O. Blood lactate diagnostics in exercise 
testing and training. Int J Sports Physiol Perform. 2011;6:8–24.

166.	 Warren JH, Jaffe RS, Wraa CE, Stebbins CL. Effect of autonomic blockade 
on power spectrum of heart rate variability during exercise. Am J Physiol. 
1997;273:R495–502.

167.	 Candido N, Okuno N, da Silva C, Machado F, Nakamura F. Reliability of the 
heart rate variability threshold using Visual Inspection and Dmax methods. 
Int J Sports Med. 2015;36:1076–80.

168.	 Novelli F, de Araújo J, Tolazzi G, Tricot G, Arsa G, Cambri L. Reproducibility 
of heart rate variability threshold in untrained individuals. Int J Sports Med. 
2019;40:95–9.

169.	 Millet GP, Vleck VE, Bentley DJ. Physiological differences between Cycling and 
running. Sports Med. 2009;39:179–206.

170.	 Monteiro WD, Araújo CGS. Walking-running transition: physiological consider-
ations and perspectives for future studies. Rev Bras Med Esporte. 2001;7:207–
22. https://doi.org/10.1590/S1517-86922001000600004

171.	 Nabetani T, Ueda T, Teramoto K. Measurement of ventilatory threshold by 
respiratory frequency. Percept Mot Skills. 2002;94:851–9.

172.	 Wells JA, Smyth RJ, Rebuck AS. Thoracoabdominal motion in response to 
treadmill and cycle exercise. Am Rev Respir Dis. 1986;134:1125–8.

173.	 Fleitas-Paniagua PR, de Almeida Azevedo R, Trpcic M, Murias JM, Rogers B. 
Effect of ramp slope on intensity thresholds based on correlation properties 
of heart rate variability during cycling. Physiol Rep. 2023;11:e15782.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.3389/fphys.2014.00142
https://doi.org/10.3389/fphys.2018.01320
https://doi.org/10.26773/smj.221001
https://doi.org/10.26773/smj.221001
https://doi.org/10.3389/fphys.2018.01616
https://doi.org/10.3389/fphys.2018.01616
https://doi.org/10.1590/S1517-86922001000600004

	﻿Agreement Between Heart Rate Variability - Derived vs. Ventilatory and Lactate Thresholds: A Systematic Review with Meta-Analyses
	﻿Abstract
	﻿Key Points
	﻿Background
	﻿Methods
	﻿Search Strategy
	﻿Eligibility Criteria
	﻿Review Process
	﻿Data Extraction
	﻿Methodological Quality Assessment
	﻿Effect Size Calculation and Data Analysis
	﻿Heterogeneity Analysis
	﻿Risk of Bias Assessment
	﻿Certainty Assessment

	﻿Results


