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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 STARDy,y 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 HRVTT and LT1-VT1 (SMD=0.08, 95% CI -0.04-0.19, n=22) and between HRVT2 and LT2-VT2 (SMD = -0.06,
95% Cl1-0.15-0.03, n=42). The correlations were very strong between HRVT1 and LT1-VT1 (r=0.85,95% Cl 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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HRV-derived thresholds (HRVT1 and HRVT2) showed trivial standardised mean differences and very strong
correlations with their respective reference thresholds (lactate and ventilatory).

Subjects’ characteristics, ergometer, or initial and incremental workload did not impact HRVTs determination.
HRVT2 is accurately determined by frequency-domain and non-linear HRV indices, and by using short

increments during graded exercise tests.

Keywords Heart rate variability, Ventilatory threshold, Lactate threshold, Sport, Intensity distribution

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 VE vs. workload. Physiologically,
greater anaerobic metabolism raises lactate, generates

H* buffered by HCO;~, and results in an excess CO,
increasing VE [19]. VT2/LT2 delimit heavy (zone 2) and
severe (zone 3) domains. They correspond to the sec-
ond increase in VE vs. workload, a breakpoint in VE/
VCO, increase, and a decrease in PpCO,. Physiologi-
cally, insufficient CO, elimination lowers pH, increasing
VE even more [19]. Although VT1/LT1 and VT2/LT?2 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-al), 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 = ﬁ e 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 VE curve, which tends to drive HF at
high intensities [40, 43, 45, 46]. Furthermore, DFA-al 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
HRYV 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/HRVT?2). 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/
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HRVT?2) 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 HRVTI 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,
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VO,max, health status, subject selection process, eligi-
bility, exclusion criteria and sample size; intervention:
HRYV 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, VO,max, and/or kg expressed
as absolute and/or as percentage of maximum value) and
their standard deviation at all thresholds (HRV'T, LT and/
or VT) were extracted.

Methodological Quality Assessment

The methodological quality of the included studies was
assessed using the QUADAS-2 and the STARDy;y, 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 (STARDyry)
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), VO,max
(mL - min~! . kg™!). 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 a=0.05.

Heterogeneity Analysis

The Cochrane Q-test (heterogeneity significance), I*
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. I* 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
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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/m? Underweight; 18.5-24.9 kg/m? Healthy
weight; 25-29.9 kg/m? Overweight; 30-34.9 kg/m?
Obesity class I; 35-39.9 kg/m?, Obesity class II; > 40 kg/
m?, Obesity class III) [86]. Training status was classified
according to the subjects’ VO,max (mL - min™' - kg™
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



Page 6 of 38

(2024) 10:109

Tanner et al. Sports Medicine - Open

S35119AD) [PUOISSJ0d

TN LIA 95 1z ¥ 71 9lewaH Ul Alljigelie 91eY 1eaH pue Allawolidsaobig Usamiag 9oUepIodUOD) Ploysaiy | AI01e|IIUSA 120z [9L1] e 32 zed-euly
SISIPAD a8 Ul [SLL]
2 I/ 1z €z 8€  SP|OYSaIy} A}ISUIUI SUIWISISP 0} AM|IGeLIRA S}R1 1IBSY JO SISA[RUB UOI}ENIdN|) PapUSIISP JO ANPIeA 720e ‘|B 39 YDIB|\-03}eN
$103[gng s13|ye WLL]e
A i ST 44 ¥ -UON pUe S2313|U1y Ul AlljigelieA 918Y 1BaH AQ UORISURI] DIQOI9RUR-DIGOIY 343 JO UOIRWIIST 9107 19 epljezuang-zadoT
LIA <2 /T 79 31l 2In|iej Leay Yim syuaized ut AjjigerieA axel 1eay buisn pjoysalyl A101e|13USA JO UOIIeUIULIRIR( €10z [€11]2n94da
[N
A 43 T [ord T4 1A PUB |7 91PWIISS 01 A|IGRLIBA 1B 1UB3Y JO 3N 8007 [z11]|e 12 uenadeley
il sploysaiya o1bojoisAyd jo
A oL c¢ 95 €5 JUBUIWISIRP pue Uoidelaiul [ebeA-oy1eduwAs JO J9XIeUOlq SAISEAUI-UOU B Se A}l|IGelIeA 9)el JeaH 8007 [L11] uenadeley
TN S 97 4 0l 9SI219X3 ||ILpeaJ} BuLnp pjoysaiyy AljigelieA 93l 1eay ayi Jo Alljigelay 0z [011] e 1o suabiey
2 St T ¥ 6l A¥xa|dwod 33el 11eay Wiid) Hoys Wolj pjoysaiyy [ebea dejpled buiuiuwiaiag 910C [601] |e 3 uepwen
Saewl paulel} Ajp1elapow Ayijeay ul [801]
TN 67 o4 Yad 0L  Ploysaiyl AI0Ye|IluaA a4} pue A}ijigeleA 31l 1eay Usamiaq diysuone|al ayi 03Ul uolebisaaul uy 310C 0}IA 9 13 ||]pUURID
[£01]
010 i 44 Yad 7L S3SI9AD pROI SSB|D-PIIOM [euolssajoid Ul Spioysaiyl 91e1oe| 1o1paid spjoysaiyl A)jigelieA 1l JesH €102 ‘|e 13 Jege]-e[2len)
[901]
TN LIA 6/ € /1 8 SISI2AD Ul SPOYS4y3 AIOIe|IUSA BUIUIWIIP 104 AJI|IGeLIBA D181 11B3Y JO SISA[eUR UIOJSURIY 1D|9ABM 8007 ‘|B 13 OSUB|A-RIDIED)
UOIBAIIDE D1IaY1edWAS U3 JO ANIAIIDE DY)
4N 3 ¥4 Yad 0z 03 Aouspuadapiaiul Ul AYjigelieA 3)el 1eay Woly Pjoysalyl dIGoIaeUR [BNPIAIPUL Y3 JO JUDUISSISSY z102 [S01] '|e 12 121014
A 6% € o¢ 71 J91em uj 2duewIORd 351219X3 JO 2INSeaW P Se A}|IqelieA 31el 14eay Jo A)suap [es3dads samod ybiH €102 [01] e 1 |zua-
N T4 9C 9s 0l 1593 3j[eM pJay e buunp | A ssesse 03 yoeoidde ajdwis v 0L0c [¢€] e 39 opeinog
[ n l 44 Ll YL 1591 BUILIWIMS [PIUSWIRIDUL UR Ul AYjIgelieA S1R) 1eay WOl PIOYS1Y3 DIGOISRUE 33 JO UOJRWIST Loz [LEles sy Id
Sp|oysaly}
A W o4 4 9| A)l|igelIeA 9)e) i3y pue 3BurYDXD SBE U9aMI( JUsWaIbe Uo A}[BpoW 3510193 JO 9dUsn|ju| 10T [€01] e 3@ BYUND
1591 buluuni
TN LIA €S T [ord 7l DAIISNBYXD [BIUSWIDUI UR BULINP AJ|IGRLIBA 91RJ 1IB3Y WO} JUDUISSISSE SPIOYSIY} AIOIR|IIUIA £00¢ [z01] e 3@ umod
BuloA>
TIN'LIA 89 lc 0¢ L Buunp $193fgns paulei-||am ul A)jjiqelieA a1el 14eay Wolj SPloysalyl A101e|IUSA JO JUSUISSISSY 900¢ [£€] 819 umoD
A /9 |z 143 6 BULIS3UIRIUNOW-S Ul P|OYSIY3 AIOJB|IFUSA SS3SSE O} A}[IqeLIBA S18J 1IeSH G10Z  [LO1] e 12 awelissed)
sAoq paulesy ul
A S 3l €l 7/ 9s1219%a buluuni buunp pjoysaiyy AljigerieA a3el-1eay puodas ay3 pue Juiod uoida|jap a1el-Heay /002 [001] e 1@ u2yydng
TN % |z Sl % SIUDSI|OPE Ul AYI|IGRLIPA 1Bl 1By PUB PIOYSIY} AIOJR|ITUIA 5002 [66] ‘e 1 on2UNIg
elwyIAyIe snuls Aiojelidsal Jo siskjeue
TN LIA S € [ 1 Bulkiea swip BuUISN 1531 9S1049X3 |[eWIXeuUl pue papeld Bulnp spjoysaiyl A101e[1IUDA JO JUIUISSISSY 5002 [86] |8 12 ulelg
UOI}BSIIRWIOINE 13 SIPOYIDU
TIN'LIA LS 12 €C oLl ‘sanbiuysa) :anbeipaed 95uanbay €] 9P PM[iqelien ef Jed SaII0JL[IIUSA S|IN3S SIP UOHeUILLIR] Lcoc [£6]|e 10 P2aqRg
ploysaiyy
A %S 1z ¥ 44 DiqolaeuUe UewNy ay3 30321 peoj dules buunp ajel Jeay ay3 Jo SUoIie||12so Adusnbai-ybiH 000T [9%] '|e 12 AOSOUY
[,-6%
pasn - _ujw-qjw] [[w [A]abe azis
LA-I1 xewCfQpuealy  /BY]|INg uesy ues|y ajdwes Pl ELLIN oyiny

S3IPN1S PaPN|DU JO SDIASIRIDRIRYD UlRN L djgeL



Page 7 of 38

(2024) 10:109

Tanner et al. Sports Medicine - Open

A SS ¥ cc Al 1531 uny 21NYS |diyNA e ul AljiqelieA d1ey LesH Aq passassy ploysalyl A103e|liusA puodas Lcoe JERE) wo_zoao%wm
;95easIp AI91Je A1RUOIOD U] 35[219Xa 9dur)
4N T Vad €9 1z -s1S31 dAIssa1boid Ul pjoysaiy) DIoISrUR SUIWISISP 0} POYIDW 3|qIsed) e AYljigelieA a)el Jeay s| 9107 [#€1] e 10 Buipads
951219X7 2oUr)SISaY bul
L1 { 14 79 0L -Inp sjuaned aseasi A1aMY A1euoioD Ul poysail] 31e1oe dlewiis3 0} ANjigelies siey 1eaH Jo asn 910¢ [e€1] e 19 seowiIS
usW Jap|o Ayijeay ui sjod03oid 351019Xa 9JURISIS) PUB DJWBUAD
[N ¥ 9¢ (074 0¢ SNONUIRUODSIP BuLNP AjigeLIeA 3381 1eay JO sisAleue Ag Ploysaiy3 DIGOISBUR JO UOIIYIRURP ¥10C [cEL] 219 SeoWIS
4N o¢ ST € ¥l A|J2p|2 pue BunoA ayj Ul 3512J9% 90Ue3SISaI BulNp ploysalyy AJ|IGelieA 93el 1eay pue a1eioe] €102 [LE€1] e 19 saQuWIS
uswi Iap|o Ayyeay ul
4N o€ (o4 9 Gl 9SIDI9XD 9OURISISAI DAISSaIB0Id BuINP UOIDRISIUI P|OYS3IY) 93R1DE|-POO|] PUB AYjIGRlIRA S)RI-1IedH 0L0Z [0€ 1] '|e 12 Sa0WIS
an ploysaiy A101ejnusp
A 43 €C St G9 3Y3} 40 U01ID333(Q B} 104 BSID19X [RIUSWRIDU| BuLING ANjIgeIIEA 21RY 1BSH S} JO SisAjeuy awi]-|eay 81L0¢ [6Z1171e 19 1ysielys
USWOM U] 351243Xa BUIIAD [eIUSWaIDUl Buiinp spjo [8z1]
TN LIA o¢ T 43 € -YS24y} DIgOJaeUR pUe DIQOI2. UIULIRISP 01 Al|IGRLPA 91 1Sy JO XdPUl Jeaul|-Uou e JO UOepIeA €202 ‘|e 32 yAZdJeyeyds
1
A 44 € oo 6l $913geIp 7 9dA) UM S[enpIAIpUl Ul PloYSa4yl DIGOI9RUR 91PWIISS 0} POYISW SAISRAUI-UON 1107 [/T1]7|e 19 s9jes
AKousnbal4 Aio1enidsay pue Aljigelie 91ey 1eaH JO saiuadold uolie|a1lo) :s1daduo)
TUN'LIA 84 74 or Lz J9diewolg aniseAu|-uoN [eng buluiquiod Ag spjoysaiy | Alsusiu| 9512193 4o uonewis3 paroidu| €¢0¢ [9z1] e 12 s1oboy
S913|Y3el 93|3 Ul Uolies}
L1 /9 € v 6 -USDUOD) 9}B}DET POO|g UO Paseg ploysaly] JIgolay a4i JO AXOld B Se AYH Jeaul-UON JO Xapu| uy 7202 [8%] ‘e 19 s1sboy
A)|IgeLIBA 91BY 1IRSH JO sa114adold uoliejal
A 9s 14 LT /1 -10D Buisn POYIRIN MON e JO uonepI|eA :SHOdS 8dUBINPU Ul PlOYsaIY | JIGOISRUY 34} JO UoRDRIRQ Leoe [ST1] |2 1o siaboy
Ajiqeie 21ey LesH
LIA 6¢C [oY4 oo 9l JO sa14adold Uoliea110D) Uo paseg uole|ndod aseas|d delpied) e Ul UoIIedYIIuap| pjoysaly | Jiqoidy 1co0T [z 1] |e 19 siaboy
AJl|IgelieA 91y 1eaH JO sa1iadold UOIe|a110D) [BIDRI4 UO paseg uondidsald
LIA ol o4 6¢C /1 Bujulel] pue as2J9X3 SdURINPUT JOJ PIOYSIY] DIOIBY 3Y3 buluyag poyiapy uoidaiag MaN Y 120T [6¥] ‘e 19 s1aboy
[czll
TN LIA 4 T 4 T s19Ae|d |jeqiayseq [euoIssaj0Id Ul SPJOYSaIY] AI103B|1IJUDA S53SSe 01 AY|IQRLIPA 918l LIPSH /107 |e 32 odwed-souley
ZINLIA ]C c¢ yl 0c SIUSS3|0P. 353CO Ul SPOYIDW Z JO UOSLIedUIOD :AYH WOJ) PRUILISISP SPIOYSaIY3 AI01|IIUSA 10T redANERERIENalo)
A /€ € 144 0L  3|doad bunoA Ul xapul ssewl Apog ssajplebal pjloysalyl A101e|1IIUSA S91BWIISS AJ|IGRLIBA 1Rl 1IeaH 8107 [LZ1] e 1 zosenD
' ISINPY AYiesH ui spjo
ZINLIA 3y v 44 € -S4y 91e1DET pue ‘AI01R[IIUSA ‘AM|IgRIBA S1BY 1IBSH U99MISQ UOISIDaId PUR JUsWaaiby 213y S| 2202 [07] |2 12 s9ASN
slauuny lozl]
AR NN { v 0¢ 61 9B Ul Sploysaiy] 21e3oeT sy} sjeunns3 0} AjjigelieA aey MeaH uo poyiay xew( 4o Anjigediddy 610¢ e 39 OyUswIdSeN
l6LL]
2010 i T o€ 6l 135 e1ep All|IQRLRA 1Bl 13y AQ 1531 BuluuNni [eUIXeW Ul SP|OYSaJy} 9181D8| JO UOIIRUIUIRIRQ] /102 ‘|e 19 OjUSWIDSEN
ZIA 65 a4 [ord 9] (PanjoAul SI Apoq Jaddn ay3 usym pljeA :AlljIGeLIPA )el-1eay WO} Ploysaiyl AI0Je|IJUDA pUOdSS 102 [811] |e 1@ 10IN0N
TIN'LIA €C 9C 85 ¥l {95eaSIP DeIPIRD Ul 3|gRIa) 'SP|oYSaly) AI01R|IUSA $535Se O) A1ljIgelieA S1el 1eaH 414 [£11]"|e1930IN0N
[,-6%
pasn - _ulw-qju] [jw [A]abe azis
LA-I1 xewCOpuealy  /BY]|INg uesy ues|y ajdwes L ELDIN loyny

(ponunuod) | 3jqelL



Tanner et al. Sports Medicine - Open (2024) 10:109 Page 8 of 38

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/m? VO,max 44 (10—
79) mL-kg~'-min~!) were included. The characteristics of
each study are presented in Table 1.

VT1,VT2

LT2
VT1,VT2

used
VT2
VT2

MeanVO,max LT-VT

[mL-min~'.
kg™

71

52

27

Mean BMI [kg/

m?]
22
22
30
39

age [y]
24
24
15
42

Sample Mean

size
1
35
35
20

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
STARDyry [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

Recurrence quantification analysis of heart rate variability during continuous incremental exercise

Heart Rate Variability-Established Thresholds to Determine the Ventilatory and Lactate Thresholds
test in obese subjects

of Endurance Athletes
Can Heart Rate Variability be used to Estimate Gas Exchange Threshold in Obese Adolescents?

Determination of the ventilatory thresholds by the heart rate variability

Title

Year
2023
2020
2015
2020

Table 1 (continued)
Vasconcellos et al.
Zimatore et al. [139]

Tschanz et al. [137]
[138]

Thiart et al. [136]

Author
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Identification of studies via databases

] [ Identification of studies via other methods ]

)
Databases: (n = 2263)
c Cochrane Library (n = 64)
o EBSCO (n = 203) Records identified
"‘-“' Embase.com (n = 241) . d: ( 1607) from: (n = 395)
o Ovid (n = 263) Duplicate removed: (n = 7 Google Scholar (n = 300) ) _
&= [| ProQuest (n = 305) —»| Endnote deduplication (n = 1458) Previous review in the Duplicate removed (n = 99)
= PubMed (n = 178) DistillerSR deduplication (n = 149) field* (n = 46) Already found in databases
o Scopus (n = 288) Lab thesis (n = 2)
e} SPORTDiscus (n = 109) Lab references (n = 47)
- Virtual Health Library (n = 226)|
Web of Science (n = 386)
—
Records excluded: (n = 571) Records excluded: (n = 281)
Il:/laanr?uuaal%i;()Tic_atzeoéxc]usion (n=34) Records screened Manual duplicate exclusion (r12= 10)
Records screened o No HRV measurements (n = 52) (n = 296) “g :::(/ir:]na?aeiuergirs]zn;?o(tgc_ol ()n - 49)
(n = 656) . No maximal exercise protog:ol 4 __51) Title and abstract No RefT vs. HRVT comparison (n = 30)
Title and abstract screening No RefT vs. HRVT comparison (n = 168) screening Non-human (n = 7)
Nomtuman 0 Nol vt (- 130
o)) Publication type (n = 33) Publication type (n = 3)
=
c
: ! !
g
(7 Records sought for . = Records sought for . =
retrieval (n = 85) —»| Records not retrieved (n = 0) retrieval (n = 15) Records not retrieved (n = 0)
! }
Records excluded: (n = 39) Records excluded: (n = 11)
Records assessed for Duplicate (n = 1) Records assessed No HRVT det. during max CPEX (n = 7)
s = —>
eligibility (n = 85) HRVT/RefT det. during diff. CPEX (n=3)| | for eligibility (n = 15) No RefT det. during max CPEX (n = 3)
Insufficient information (n = 11) Insufficient information (n = 1)
Language (n = 6)
No HRVT det. during max CPEX (n = 6)
No RefT det. during max CPEX (n = 4)
No RefT vs. HRVT comparison (n = 4)
Poor HRV recording/management (n = 4)

Studies included in

A

review (n = 50)

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]

fulfilled by 53-93% of included studies. Details of the
STARDyy 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 I’ 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 I? 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.
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| O Low OHigh OUnclear

FLOW AND TIMING
£
g REFERENCE STANDARD
8
~
"
<
[=]
g INDEX TEST
o

PATIENT SELECTION
0%

20%
Proportion of studies with low, high or unclear

T T T

40% 60%

RISK of BIAS

80%

Fig. 2 Risk of bias and applicability of included studies assessed by QUADAS-2

Study

Blain et al. [98]

Cottin et al. [37]

Cottin et al. [102]
Garcia-Manso et al. [106]
Garcia-Tabar et al. [107]
Hamdan et al. [109]
Leprétre [113]
Mateo-March et al. [115]
Mina-Paz et al. [116]
Mourot et al. [118]
Nascimento et al. [120]
Nascimento et al. [119]
Neves et al. [20]
Quinart et al. [122]
Ramos-Campo et al. [123]
Rogers et al. [49]
Rogers et al. [48]
Rogers et al. [126]
Schaffarczyk et al. [128]
Simdes et al. [133]
Thiart et al. [136]
Tschanz et al. [137]

Overall
Prediction intervall

Heterogeneity
12=0.57, I2=88.99
Q(21) = 190.68, p < 0.001

20%

100% 0%

T

40%

Proportion of studies with low, high, or unclear

T T

60% 80% 100%

CONCERNS regarding APPLICABILITY

Standardized mean difference

_D_

_D_
_D_

0]

]

>

-1,0

HRVT1 lower than LT1-VT1

HRVT1 higher than LT1-VT1

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

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

1,0

Effect size [95% Cl]

-0.02[-0.13, 0.08]
0.04[-0.16, 0.24]
0.18[0.04, 0.32]
0.32 [0.06, 0.58]

-0.93 [-1.27, -0.59]
1.93[1.51, 2.35]

-0.01[-0.08, 0.06]

-0.11[-0.43, 0.21]

-0.63[-1.15, -0.11]
0.22[0.10, 0.34]

-0.36 [-0.66, -0.06]
0.60 [0.00, 1.21]
0.38[0.11, 0.65]
0.26 [0.13, 0.38]

-0.48 [-0.90, -0.06]
0.06 [-0.04, 0.17]

-0.16 [-0.49, 0.17]
0.01[-0.16, 0.18]
0.33[0.11, 0.55]

-0.23[-0.45, -0.01]
0.26 [0.12, 0.41]
0.09 [-0.04, 0.21]

0.08 [-0.04, 0.19]
0.08 [-0.43, 0.59]

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
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Study Pearson's r correlation coefficient Effect size [95% CI]
Babecki et al. [97] —{}— 0.27[0.16, 0.38]
Blain et al. [98] -7 0.98[0.94,0.99]
Cottin et al. [37] {} 0.82[0.57, 0.93]
Cottin et al. [102] —{F 0.97[0.89,0.99]
Garcia-Tabar et al. [107] _ 1 0.80[0.62, 0.90]
Hamdan et al. [109] {1 0.85[0.64, 0.94]
Leprétre [113] {J 0.98[0.96,0.99]
Mateo-March et al. [115] E 0.51[0.23, 0.72]
Mina-Paz et al. [116] {} 0.73[0.27, 0.92]
Mourot et al. [118] —{ 0.72[0.59, 0.81]
Nascimento et al. [119] {} 0.70[0.47, 0.84]
Nascimento et al. [120] B 0.24 [-0.24, 0.62]
Quinart et al. [122] —{ 0.83[0.75, 0.89]
Ramos-Campo et al. [123] {} 0.53[0.16, 0.77]
Rogers et al. [124] —_— {1 0.90[0.74, 0.97]
Rogers et al. [49] -0 0.98[0.95,0.99]
Rogers et al. [48] —_{ 0.93[0.70, 0.99]
Rogers et al. [126] —{}— 0.82[0.70, 0.89]
Schaffarczyk et al. [128] _— {1} 0.84[0.68, 0.93]
Simoes et al. [133] {} 0.74[0.53, 0.86]
Thiart et al. [136] —{— 0.77 [0.66, 0.85]
Tschanz et al. [137] {7 0.97[0.93, 0.98]
Overall ‘ 0.84 [0.75, 0.91]
Prediction intervall 0.84 [0.06, 0.99]

Heterogeneity 0,0 0,5 1,0

12=0.37,12=93.11
Q(21) = 305.61, p < 0.001

Fig. 4 Forest plot of Pearson’s r correlation coefficient between HRVT1 and LT1-VT1 (random-effect model)

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 VO,max
(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 VO,max), 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
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Moderators Standardized mean difference Moderator p-value
SMD [95% Cl]
Age p=0.69
<16 (1) 0.26 [-0.30, 0.81]
17-35 (16) — 0.07 [-0.08, 0.22]
36-54 (2) o 0.26 [-0.14, 0.67]
> 55 (5) —_— 0.00 [-0.26, 0.26]
Sex p =0.82
Men only (17) — 0.10 [-0.04, 0.25]
Men and women (5) —_— 0.05 [-0.20, 0.29]
Women only (2) -0.03 [-0.47, 0.42]
Weight class p=0.80
Healthy weight (18) — 0.08 [-0.06, 0.22]
Overweight (5) 00— 0.05[-0.21, 0.31]
Obesity class | (1) 0.26 [-0.29, 0.80]
Training status p=0.38
Very poor (< 25) (2) = 0.05[-0.33, 0.43]
Poor (25 - 34) (2) o 0.39[-0.01, 0.79]
Fair (35 - 44) (2) o 0.16 [-0.24, 0.56]
Good (45 - 54) (6) {0 0.29[0.05, 0.53]
Superior (55 - 64) (2) O -0.18 [-0.61, 0.26]
Athlete ( 2 65) (5) 0 0.08 [-0.18, 0.35]
Health status p=0.91
Healthy (20) —{ 0.08 [-0.05, 0.21]
Unhealthy (4) {} 0.10[-0.18, 0.37]
Pathology p =0.65
Coronary artery disease (2) O 0.16 [-0.20, 0.52]
Cardiac heart failure (2) O 0.05[-0.27, 0.36]

-1,0
HRVT1 lower than RefT1

0,0 1,0

HRVT1 higher than RefT1

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 VO,max (mL
-min" -kg™) 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/mz) as Healthy weight (18.5-24), Overweight (25-29), or Obesity class | (30-34)

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, #=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-al (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
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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 VO,max
(mL-minT - kg™) 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/mz) as Healthy weight (18.5-24), Overweight (25-29), or Obesity class | (30-34)

(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-al 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, »=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 HRVTI 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 HRVTI determi-
nation complexity had an impact on both agreement



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

(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), VO, (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 VO, (0.93, 0.0.86—
0.0.97, n=7). The correlation was also lower for Speed
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(0.64, 0.19-0.87, n=4) than Power and VO,. 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 I? 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-a1, 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-a1, 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. 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. VO,max, oxygen
consumption. Initial workload was classified according to the corresponding METs as Light (< 3), Moderate (3-6), or Vigorous (> 6)

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 I? 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
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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. VO,max, oxygen
consumption. Initial workload was classified according to the corresponding METs as Light (< 3), Moderate (3-6), or Vigorous (> 6)

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
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Fig. 11 Forest plot of standardised mean difference between HRVT2 and LT2-VT2 (random-effect model)
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Effect size [95% CI]

0.00[-0.15, 0.16]
0.03 [-0.06, 0.13]
0.07 [-0.14, 0.27]
0.19[0.01, 0.37]
0.00 [-0.19, 0.19]
0.12 [-0.05, 0.28]
0.02 [-0.09, 0.14]
0.15[-0.01, 0.31]
-0.11[-0.25, 0.02]
0.06 [-0.40, 0.52]
0.02[-0.24, 0.29]
0.02 [-0.11, 0.14]
-0.07 [-0.33, 0.19]
-2.90 [-3.23, -2.56]
0.24[0.00, 0.48]
-1.13[-1.65, -0.61]
-0.11[-0.19, -0.04]
-0.04 [-0.22, 0.14]
-0.37 [-0.70, -0.04]
-0.14 [-0.33, 0.05]
-0.12 [-0.22, -0.02]
-0.07 [-0.17, 0.04]
0.15[-0.15, 0.44]
-1.31[-2.01, -0.62]
0.35[0.10, 0.59]
0.57 [0.36, 0.77]
0.21[0.08, 0.34]
0.05[-0.03, 0.14]
-0.20 [-0.54, 0.14]
-0.06 [-0.16, 0.04]
-0.34[-0.53, -0.15]
0.01[-0.18, 0.20]
-0.07 [-0.15, 0.00]
-0.16 [-0.43, 0.12]
0.06 [-0.18, 0.30]
0.03[-0.21, 0.28]
-0.17 [-0.48, 0.15]
0.07 [-0.03, 0.17]
0.54 [0.45, 0.63]
0.07 [-0.04, 0.18]
-0.01[-0.34, 0.33]
0.04[-0.21, 0.30]

-0.06 [-0.15, 0.03]
-0.06 [-0.61, 0.49]
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Study Pearson’s r correlation coefficient Effect size [95% ClI]
Anosov et al. [46] —{} 0.94[0.85, 0.98]
Babecki et al. [97] —_—{— 0.30[0.18, 0.41]
Blain et al. [98] I 0.98[0.95,0.99]
Brunetto et al. [99] {3 0.35[0.18, 0.50]
Buchheit et al. [100] —_—{ 0.69 [0.55, 0.80]
Cassirame et al. [101] —_— {7 0.96 [0.80, 0.99]
Cottin et al. [37] e 0.90[0.74, 0.96]
Cottin et al. [102] —{J  0.98[0.93,0.99]
Cunha et al. [103] —{ 0.86 [0.76, 0.92]
Di Michele et al. [31] —{F+ 0.94[0.86, 0.97]
Dourado et al. [32] ——{ 1~ 0.95[0.78,0.99]
Fenzl et al. [104] " 0.89 [0.65, 0.97]
Flster et al. [105] —{ 0.84[0.76, 0.90]
Garcia-Tabar et al. [107] —D— 0.71[0.59, 0.80]
Grannell et De Vito [108] {} 0.68 [0.30, 0.87]
Hamdan et al. [109] {7 0.86 [0.67, 0.95]
Karapetian et al. [111] —D— 0.86[0.76, 0.92]
Karapetian [112] —{F 0.91[0.87, 0.94]
Lépez-Fuenzalida et al. [114] —D— 0.90[0.76, 0.96]
Mateo-March et al. [115] B 0.51[0.23, 0.72]
Mina-Paz et al. [116] _{— 0.88[0.73, 0.95]
Mourot et al. [118] —{F 0.95[0.90, 0.97]
Mourot et al. [117] —{— 0.73[0.64, 0.80]
Nascimento et al. [119] D 0.78[0.60, 0.88]
Nascimento et al. [120] {} 0.42[-0.04, 0.73]

Queiroz et al. [121] {} 0.53[0.38, 0.65]
Quinart et al. [122] —{ 0.85[0.77, 0.90]
Ramos-Campo et al. [123] {1 0.93[0.89, 0.96]
Rogers et al. [125] {} 0.78[0.45, 0.92]
Rogers et al. [126] —{} 0.90[0.83, 0.94]
Sales et al. [127] — 0.90 [0.83, 0.94]
Schaffarczyk et al. [128] —{ 0.88[0.75, 0.95]
Shiraishi et al. [129] 0.80[0.75, 0.83]
Simdes et al. [132] {} 0.80[0.52, 0.93]
Simdes et al. [131] H; 0.58 [0.37, 0.74]
Simédes et al. [130] {3 0.58 [0.35, 0.74]
Stergiopoulos et al. [135] —D 0.96 [0.92, 0.98]
Thiart et al. [136] —{F 0.92[0.87, 0.95]
Tschanz et al. [137] - 0.96 [0.93, 0.98]
Vasconcellos et al. [138] S 0.70[0.47, 0.84]
Zimatore et al. [139] e 0.86 [0.68, 0.94]
Overall <2 0.85 [0.80, 0.89]
Prediction intervall 1 0.85 [0.27, 0.98]
Heterogeneity 0:5 1,0

=037, 2= 93.11
Q(21) = 305.61, p < 0.001

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 VO,max (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 VO,max), 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
HRVT?2 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
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LT2-VT2 (p=0.06). HRV variables used to determine
HRVT?2 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-al 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,
»<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
HRVT?2 (p=0.01). Finally, Pearson’s r was lower for DFA-
al derived HRVT2 (0.80, 0.64—0.89, n=>5) compared to
HF (p=0.02) or respiratory-derived HRVT2 (p=0.02).
HRYV 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
HRVT?2 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



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

Page 22 of 38

Moderators Standardized mean difference Moderator p-value
SMD [95% Cl]
Age p =0.66
<16 (5) 0 0.11[-0.17, 0.39]
17-35 (29) —{ 1} -0.05 [-0.16, 0.08]
36-54 (5) v -0.07 [-0.33, 0.19]
=55 (10) s e -0.10 [-0.29, 0.09]
Sex p=0.94

Men only (32)
Men and women (15)

-0.05 [-0.16, 0.06]
-0.03[-0.18, 0.13]

Women only (3)

Weight class

-0.08 [-0.41, 0.25]

p =0.61

Underweight (1)
Healthy weight (30)
Overweight (12)

0.19 [-0.40, 0.77]
-0.07 [-0.18, 0.04]
-0.09 [-0.27, 0.09]

Obesity class | (5)

o 0.13[-0.14, 0.41]

Obesity class Il (1)

Training status

0.04[-0.57, 0.66]

p =022

Very poor (< 25) (6) —_— -0.12[-0.28, 0.03]
Poor (25 - 34) (9) 0 0.04[-0.09, 0.18]
Fair (35 - 44) (8) —_— 0.06 [-0.07, 0.18]
Good (45 - 54) (13) —{— 0.05[-0.05, 0.15]
Superior (55 - 64) (3)  ——— -0.12 [-0.33, 0.09]
Athlete ( = 65) (5) —_— 0.11[-0.05, 0.27]

Health status
Healthy (42)

p = 0.47
-0.03 [-0.12, 0.05]

Unhealthy (4) = -0.15[-0.43, 0.14]
Pathology p=0.11
Coronary artery disease (2) —— -0.02 [-0.16, 0.11]
Chronic heart failure (1) —_— -0.21 [-0.34, -0.08]
Diabetes type 2 (1) -0.23 [-0.53, 0.06]
-1,0 0,0 1,0

HRVT2 lower than RefT2

HRVT2 higher than RefT2

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 VO,max
(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/mz) as Underweight (< 18.5), Healthy weight (18.5-24), Overweight (25-29), Obesity class | (30-34), or Obesity class Il (35-39)

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=38,
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
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Moderators Pearson's r correlation coefficient Moderator p-value
Pearson's r [95% Cl]
Age p=0.30
<16 (5) O 0.71[0.41, 0.87]
17-35 (28) —} 0.85[0.79, 0.90]
36-54 (5) —_— 0.88[0.72, 0.95]
> 55 (9) —_— 0.88[0.78, 0.94]
Gender p=0.76
Men only (24) —{} 0.86 [0.79, 0.90]
Men and women (20) —{ 0.84 [0.76, 0.89]
Women only (3) 0.89[0.70, 0.96]
Weight class p=0.85
Underweight (1) 0.69[-0.02, 0.94]
Healthy weight (30) —{} 0.87 [0.82, 0.90]
Overweight (10) —_— 0.85[0.73, 0.91]
Obesity class | (4) = 0.83[0.63, 0.93]
Obesity class I (1) 0.86 [0.33, 0.98]
Training status p=0.58
Very poor (< 25) (6) O 0.84[0.66, 0.93]
Poor (25 - 34) (9) —{— 0.90 [0.80, 0.95]
Fair (35 - 44) (7) 7 0.77[0.55, 0.89]
Good (45 - 54) (13) —{— 0.88[0.79, 0.93]
Superior (55 - 64) (3) = 0.81[0.45, 0.94]
Athlete ( = 65) (4) O 0.87 [0.65, 0.95]
Health status p=0.27
Healthy (40) |} 0.85[0.80, 0.88]
Unhealthy (4) —_— 0.911[0.77, 0.97]
Pathology p=0.11
Coronary artery disease (1) —C— 0.93[0.84, 0.97]
Chronic heart failure (1) —_— 0.97[0.91, 0.99]
Diabetes type 2 (1) 0.83[0.66, 0.92]
Myocardial infarction (1) —— 0.87[0.74, 0.93]
0,0 0,5 1,0

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 VO,max
(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/mz) as Underweight (< 18.5), Healthy weight (18.5-24), Overweight (25-29), Obesity class | (30-34), or Obesity class Il (35-39)

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 VO, (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

HRVT?2 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).
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Moderators Standardized mean difference Moderator p-value
SMD [95% Cl]
Reference threshold p <0.001
LT2 (16) —— -0.28 [-0.40, -0.15]
VT2 (31) B 0.02 [-0.07, 0.10]
RefT determination type p=0.16
Computed (4) -1.06 [-2.59, 0.47]
Visual (38) . 0.03 [-0.03, 0.09]
HRV domain p=0.012
Frequency (16) —— 0.02[-0.09, 0.12]
Non-linear (8) —— 0.03[-0.16, 0.23]
Time (20) B 0.19[-0.29, -0.09]
HRV variable p <0.001
DFA-a-1 (5) —_— 0.06 [-0.24, 0.36]
High Frequency (16) —— 0.07 [-0.06, 0.21]
MSD and SD (0)
Respiratory (RSA or EDR) (4) —_— -0.12[-0.44, 0.20]
RMSSD (=SD1) (14) —— -0.25[-0.38,-0.13]
SD2 (3) - -0.12[-0.52, 0.28]
SDNN (2) -0.26 [-0.84, 0.32]
Number of HRV variables p=0.29
One (33) g-_ -0.10[-0.19, -0.02]
Two (14) -0.07 [-0.21, 0.06]
Three (3) _— 0.15[-0.15, 0.46]
HRVT2 determination type p =0.028
Computed (12) —a— -0.31[-0.59, -0.03]
Visual (31) B 0.02 [-0.06, 0.10]
HRVT2 determination complexity p=0.42
Algorithm (5) _— 0.03 [-0.24, 0.31]
Simple (38) -D- -0.09[-0.16, -0.01]
HRV recording devices p=0.83
ECG (9) — -0.01[-0.21,0.19]
Movesense (1) -0.06 [-0.66, 0.53]
Polar H10 (2) -0.16 [-0.62, 0.29]
Polar H7 (1) 0.35[-0.29, 0.98]
Polar H3 (0)
Polar RS400 (1) 0.04 [-0.60, 0.68]
Polar RS800 (8) —_—{ -0.22[-0.45, 0.00]
Polar RS800CX (1) 0.24[-0.39, 0.88]
Polar $810 (17) —}— -0.06 [-0.21, 0.10]
Polar T61 (1) 0.00 [-0.62, 0.62]
Polar Vantage 2/XL (1) -0.16 [-0.80, 0.49]
HRV recording device types p=0.73
Chest strap (5) _— -0.01[-0.27, 0.26]
ECG (9) -0.01[-0.20, 0.18]
Sport watch (28) ﬁ—u_ -0.09 [-0.20, 0.03]
HRYV software p =0.003
HRV Analysis (1) -0.34[-0.95, 0.26]
Kubios (19) —— 0.02[-0.12, 0.16]
LARY CR (1) 0.02 [-0.56, 0.61]
Matlab (2) 0.07 [-0.34, 0.49]
Polar Precision Performance (4) —_— 0.06 [-0.25, 0.37]
Polar ProTrainer (3) ¢—@—— -0.89 [-1.26, -0.51]
Vicardio (1) 0.02 [-0.57, 0.61]
Unknown (11) —a— -0.07 [-0.25, 0.12]
-1,0 0,0 1,0
HRVT2 lower than RefT2 HRVT2 higher than RefT2

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-a1, 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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Pearson's r correlation coefficient

Moderator p-value
Pearson's r [95% Cl]

Reference threshold p=0.30
LT2 (15) 0.79[0.71, 0.84]
VT2 (31) 0.83[0.78, 0.86]

RefT determination type
Computed (4)

p=0.33
0.71[0.53, 0.83]

Visual (37) D 0.82[0.79, 0.86]
HRV domain p=0.06
Frequency (17) —{} 0.85[0.80, 0.89]
Non-linear (8) — 0.86[0.76, 0.92]
Time (20) —{F 0.77[0.71, 0.82]
HRYV variable p <0.001
DFA-a-1 (5) —_—e 0.80 [0.64, 0.89]
High frequency (16) E 3} 0.91[0.87, 0.93]
MSD and SD (2) _—— 0.89[0.73, 0.95]
Respiratory (RSA or EDR) (4) —a 0.93[0.87, 0.97]
RMSSD (=SD1) (13) —B— 0.70[0.62, 0.76]
SD2 (3) = 0.73[0.49, 0.87]
SDNN (0)
Number of HRV variable p=0.08
One (31) -D- 0.79[0.74, 0.83]
Two (14) — 0.86 [0.80, 0.90]
Three (3) —_— 0.87[0.73, 0.94]
HRVT2 determination type p =0.001
Computed (13) —B— 0.74[0.66, 0.80]

Visual (29)

HRVT2 determination complexity
Algorithm (6)

0.85[0.81, 0.88]

p=0.44
0.77[0.61, 0.87]

Simple (36) -|:| 0.82[0.78, 0.85]

HRYV recording devices p=0.35
ECG (9) —{ 0.91[0.84, 0.95]
Movesense (1) O 0.90[0.50, 0.98]
Polar H10 (2) 0.75[0.28, 0.93]
Polar H3 (1) 0.30 [-0.53, 0.83]
Polar H7 (1) 0.68 [-0.20, 0.95]
Polar RS400 (1) 0.86[0.29, 0.98]
Polar RS800 (8) —{— 0.86[0.74, 0.93]
Polar RS800CX (1) 0.86[0.28, 0.98]
Polar S810 (14) —{ 0.81[0.71, 0.88]

o—

Polar T61 (1)
Polar Vantage 2/XL (2)

HRV recording device types
Chest strap (6)

ECG (9)

Sport watch (26)

Rl
—{F
=

0.96 [0.61, 1.00]
0.83[0.47, 0.96]

p =0.09

0.77[0.54, 0.89]
0.91[0.84, 0.95]
0.83[0.77, 0.88]

HRV sofware p=0.16
HRV Analysis (1) 0.90 [0.52, 0.98]
Kubios (17) 0.84[0.76, 0.90]
LARY CR (1) 0.98[0.84, 1.00]
Matlab (3) 0.85[0.62, 0.95]

Polar Precision Performance (3)

0.55[0.11, 0.81]

Polar ProTrainer (3) —_—L 0.91[0.74, 0.97]
Vicardio (1) 0.84[0.33, 0.97]
Unknown (12) —{ 0.86[0.76, 0.92]

0,0 05 1,0

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-a1, 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
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and LT1-VT1. The leave-one-out sensitivity analysis
highlighted no outlier.

The RoB assessment for the LT2-VT2 — HRVT?2 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-VTI.
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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Moderators Standardized mean difference Moderator p-value
SMD [95% ClI]
Outcome p <0.001
HR (20) - 0.01 [-0.09, 0.11]
Kg (4) . — -0.08 [-0.34, 0.19]
Power (17) —- -0.28[-0.39, -0.18]
Speed (11) —a— 0.06 [-0.11, 0.23]
Time (3) - -0.07 [-0.35, 0.21]
VO2 (16) —— 0.04 [-0.06, 0.14]
Outcome format p <0.001
Absolute (41) . -0.01 [-0.06, 0.05]
Percentage (8) —— -0.53 [-0.70, -0.37]
Ergometer p =0.90
Arm-leg (1) 0.02 [-0.55, 0.59]
Cycling (21) -0.10 [-0.22, 0.01]

Leg press (4) O -0.08 [-0.37, 0.21]

Swimming (1) -0.11[-0.63, 0.41]

Track (4) " 0.04 [-0.24, 0.31]
_D_

Treadmill (13) -0.01[-0.17, 0.15]

Initial workload (METS) p =0.07
Light (< 3) (16) — 0.05[-0.10, 0.19]
Moderate (3 - 6) (21) — 0.16 [-0.29, -0.03]
Vigorous (> 6) (9) —{— 0.04[-0.15, 0.23]

Increment workload (METs) p=0.10
<1 (15) — 0.08 [-0.07, 0.22]
>1t0<2(12) —{}— -0.05[-0.23, 0.12]
>2(19) — -0.14[-0.27, -0.01]

Increment workload % p=0.18
< 25% (14) —— 0.05[-0.10, 0.21]
25 - 50% (15) —{— -0.03[-0.19, 0.12]
> 50% (17) — -0.14 [-0.28, 0.00]

Increment duration p=0.018

< 1min (2) -0.07 [-0.46, 0.33]
1min (19) —— 0.06 [-0.08, 0.19]
2min (9) —a— 0.06 [-0.13, 0.25]
2 3min (16) —B— -0.24[-0.39, -0.09]

Continent p =0.06

Africa (1) 0.54[0.01, 1.07]
Asia (1) -0.07 [-0.60, 0.45]
Europe (24) —{ 1} -0.09 [-0.20, 0.02]
North America (2) -0.46 [-0.88, -0.03]
South America (14) —{}— 0.01[-0.15, 0.16]
1,0 0,0 10
HRVT2 lower than RefT2 HRVT2 higher than RefT2

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. VO,max, oxygen consumption. Initial workload was classified according to the corresponding MET as Light (< 3), Moderate (3-6), or
Vigorous (> 6)

and study protocol-related variables did. The results of A few methodological considerations are required to
relevant moderator analyses are discussed below. Details  interpret these meta-analyses results further. The agree-
of all moderator analyses for HRVT1 and HRVT2 can ment and correlation between HRVT1/HRVT2 and
be found in Online Resource 5 and Online Resource 6, LT1-VT1/LT2-VT2, respectively, were assessed regard-
respectively. less of the type (LT or VT) and method by which the

reference thresholds were determined, which raises two
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Moderators Pearson's r correlation coefficient Moderator p-value
Pearson's r [95% CI]
Outcome p =0.044

HR (17) —- 0.86[0.81, 0.90]

Kg (3) » 0.66 [0.32, 0.85]

Power (16) —- 0.85[0.80, 0.89]

Speed (9) —— 0.87[0.78, 0.92]

Time (3) = 0.67 [0.37, 0.84]

VO2 (14) —— 0.79[0.72, 0.84]

Outcome format p =0.062

Absolute (40) D 0.84[0.81, 0.87]

Percentage (8) —{— 0.75[0.62, 0.84]
Egrometer p=0.28

Arm-leg (1) 0.89[0.29, 0.99]

Cycling (23) —} 0.85 [0.78, 0.90]

Leg press (3) O 0.66 [0.22, 0.88]

Swimming (1) O— 0.94[0.62, 0.99]

Track (5) —_— 0.91[0.78, 0.96]

Treadmill (11) " 0.78[0.63, 0.87]
Initial workload (METs) p =0.60

Light (< 3) (14) 0.84[0.73, 0.90]

Moderate (3 - 6) (23) 0.82[0.74, 0.88]

Vigorous (> 6) (9) —{— 0.88[0.77, 0.94]
Increment workload (METs) p = 0.46

<1(14) —{ 0.88[0.79, 0.93]

>1t052(12) 0.80[0.66, 0.89]

> 2 (20) 0.83[0.75, 0.89]
Increment workload % p=0.50

< 25% (14) —{ 0.86[0.77, 0.92]

25 - 50% (15) —{ 0.86[0.77, 0.92]

> 50% (17) — 0.80 [0.69, 0.87]
Increment duration p=0.72

<1min (1) 0.90 [0.45, 0.99]

1min (21) —} 0.85[0.77, 0.90]

2min (8) —_—{— 0.87[0.75, 0.93]

2 3min (16) —{— 0.80[0.70, 0.88]
Continent p=0.20

Africa (1) 0.92[0.52, 0.99]

Asia (1) 0.801[0.11, 0.97]

Europe (25) —{} 0.88[0.82, 0.92]

North America (2) 0.89[0.60, 0.97]

South America (12) {1 0.74[0.57, 0.85]

0,0 0,5 1,0

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. VO,max, oxygen consumption. Initial workload was classified according to the corresponding MET as Light (< 3), Moderate (3-6), or

Vigorous (> 6)

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
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Funnel Plot of Standard Error by Fisher’s Z
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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 Zin 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

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
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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
HRVTI1 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 VO,max 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
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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
HRVTI 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 VO, (mL - min~! . kg™).
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 HRVTI. 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 VO,max 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, VE, and VO, 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
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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 HRVTI. 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
HRVT?2 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 HRVT?2
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
HRVT?2. Moreover, as for HRVT], 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 HRVTI.
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 HRVT?2, it resulted in lower HRVT2 than when
expressed as heart rate (bpm), speed (km/h) or VO, (mL -
min~' - kg™!). 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
HRVT?2 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
HRYV 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 VO,max 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 VT?2. This suggests that HRVT1 better agree
with LT1 and HRVT?2 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.
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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 STARD gy
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 (STARDiygy
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 STARDy 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 HRVT?2 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:
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+ 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 STARDyyy 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 HRVT?2)
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
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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.
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