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Abstract: Regular exercise at the intensity matching maximal fat oxidation (FATmax) has been pro-
posed as a key element in both athletes and clinical populations when aiming to enhance the body’s
ability to oxidize fat. In order to allow a more standardized and tailored training approach, the
connection between FATmax and the individual aerobic thresholds (AerT) has been examined. Al-
though recent findings strongly suggest that a relationship exists between these two intensities,
correlation alone is not sufficient to confirm that the intensities necessarily coincide and that the error
between the two measures is small. Thus, this systematic review and meta-analysis aim to examine
the agreement levels between the exercise intensities matching FATmax and AerT by pooling limits of
agreement in a function of three parameters: (i) the average difference, (ii) the average within-study
variation, and (iii) the variation in bias across studies, and to examine the influence of clinical and
methodological inter- and intra-study differences on agreement levels. This study was registered
with PROSPERO (CRD42021239351) and ClinicalTrials (NCT03789045). PubMed and Google Scholar
were searched for studies examining FATmax and AerT connection. Overall, 12 studies with forty-five
effect sizes and a total of 774 subjects fulfilled the inclusion criteria. The ROBIS tool for risk of bias
assessment was used to determine the quality of included studies. In conclusion, the overall 95%
limits of agreement of the differences between FATmax and AerT exercise intensities were larger
than the a priori determined acceptable agreement due to the large variance caused by clinical and
methodological differences among the studies. Therefore, we recommend that future studies follow a
strict standardization of data collection and analysis of FATmax- and AerT-related outcomes.

Keywords: peak fat oxidation; aerobic threshold; exercise; agreement

Int. J. Environ. Res. Public Health 2023, 20, 453. https://doi.org/10.3390/ijerph20010453 https://www.mdpi.com/journal/ijerph

https://doi.org/10.3390/ijerph20010453
https://doi.org/10.3390/ijerph20010453
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijerph
https://www.mdpi.com
https://orcid.org/0000-0002-6866-997X
https://orcid.org/0000-0002-1453-4105
https://orcid.org/0000-0001-9773-5043
https://orcid.org/0000-0002-1549-2082
https://orcid.org/0000-0002-7207-9016
https://orcid.org/0000-0003-3345-6293
https://doi.org/10.3390/ijerph20010453
https://www.mdpi.com/journal/ijerph
https://www.mdpi.com/article/10.3390/ijerph20010453?type=check_update&version=2


Int. J. Environ. Res. Public Health 2023, 20, 453 2 of 15

1. Introduction

Lipids and carbohydrates are the main substrates utilized during exercise with their
absolute and relative contribution being influenced by sex, diet, exercise intensity and
duration, fitness level, and time of day [1]. During exercise, the fat oxidation rate follows a
curvilinear pattern, and as the exercise workload progressively augments, fat oxidation
increases to its maximal oxidation rate called FATmax, a term used to describe an intensity at
which the energy contribution from lipids is at its highest [2,3]. As the workload progresses
toward heavy-to-severe exercise intensities, lipid oxidation decreases and carbohydrates
become the predominant energy substrate with lipids becoming negligible [4]. With
the body’s limited storage capacity for carbohydrates, optimizing substrates’ availability
is recognized as one of key factors limiting the performance during high intensity and
prolonged exercise [5].

Regular exercise at FATmax is of high interest for athletes as training at this intensity
can improve lipid oxidation during exercise, which is associated with the performance
of endurance-trained individuals [5,6]. Moreover, with the current obesity epidemic rep-
resenting a serious global medical issue, exercising at FATmax has also gained attention
among public health professionals and has been recommended for treating several chronic
metabolic health issues [5,6]. In patients with chronic metabolic diseases, FATmax training
provides a beneficial alternative for optimizing fat oxidation during exercise, which has
proven to be an effective strategy for improving body composition, insulin sensitivity,
and oxidative capacity in patients with obesity, metabolic syndrome, and type 2 diabetes
mellitus [7,8]. Concretely, (i) the progressive activation of type II muscle fibers that exhibit
a high glycolytic activity, (ii) the rise in circulating levels of glucagon and catecholamines
that promote glycogen partitioning in the liver and skeletal muscle, (iii) the reduction in
carnitine levels at the sarcoplasm, and (iv) the inhibition of the enzyme carnitine palmitoyl-
transferase I (CTP1) due to pH modifications are all considered physiological and molecular
mechanisms explaining the effects of FATmax-based training [9–11].

The accurate prescription of individualized exercise intensities is a complex and still
controversial task [12–14]. The traditional approach used to prescribe and monitor exercise
intensity is based on the use of physiological parameters, such as oxygen uptake (VO2)
or heart rate (HR), expressed either in absolute (e.g., mL/kg/min and beats per minute
(b/min), respectively) or relative (e.g., percentages of their maximal values, %VO2max
and %HRmax, respectively) values [13]. Although these methods are commonly used and
widely accepted by the scientific community, they have been shown to produce a high
inter-individual variability in exercise intensity [15]. Indeed, the high inter-individual vari-
ability in the metabolic responses resulting from exercise prescription methods based on
fixed percentages of maximum values yielding FATmax (35–75%VO2max and 45–65%HRmax)
has been revealed [1,8,16]. Previous studies have postulated that, when exercise intensity
is expressed as a fixed percentage of maximal values, it may not accurately reflect the
responses of the human body [17–19]. Therefore, some authors recommend using exercise
prescription based on the workload corresponding to individualized metabolic thresh-
olds, allowing for more accurate intensity standardization [13,14,18]. In this way, specific
transition points between metabolic pathways are defined, allowing for a prescription of
individualized exercise while overcoming differences in an individual’s phenotype [14].

Two metabolic thresholds have been traditionally identified, defining three distinct
zones of energy production [20]. In this paper, to avoid any confusion, the terminology
provided by Meyer et al. [20] is preferred, with the term aerobic threshold (AerT) used
for the first threshold. The modification of the muscle fibers’ pH induced by the rise
in glucose oxidation and lactic acid accumulation activates the Acid-sensing ion chan-
nels (ASICs), increasing afferent neuron activity, which signals the cardiovascular and
respiratory centers to elevate the blood pressure, heart rate, left ventricular contractility,
and ventilation [21,22]. This physiological acute adaptation of humans is defined as the
“metaboreflex”, and evidences that metabolic transition points could be assessed by the
measurement of cardiorespiratory parameters (e.g., heart rate and pulmonary ventila-
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tion), with a detailed description of appropriate methodological approaches used for their
identification provided elsewhere [23].

In order to increase the accuracy and effectiveness of training prescription [13,16],
scientists have investigated the relationship between FATmax and AerT in different popula-
tions [24–26]. However, over the last few decades, the scientific literature in this field has
produced controversial results, leaving this topic open for debate. Overall, large variations
in relationship strength have been revealed, varying from almost no relationship to an
almost absolute relationship in different populations [16,24–26]. A recent systematic review
tried to provide some conclusions and eventually confirmed the existence of a strong
association between the exercise intensities matching FATmax and AerT [27]. It is worth
noting that the authors highlighted that the association between FATmax and AerT seems
to be influenced by the variations in the studies’ methodological approaches, fore mostly
used for the estimation of both physiological biomarkers [27]. Despite the conclusions
drawn by Peric et al. [27], the results on the correlations and standardized mean difference
failed to investigate whether FATmax and AerT intensities can be used interchangeably and
yield an acceptably low error at the individual level. Even though the presence of a strong
association between FATmax and AerT confirms that both outcomes are correlated, knowing
the error for a given individual—which is of paramount importance for aerobic exercise
prescription purposes—remains unknown. For example, Rynders et al. [28] reported a large
error with wide limits of agreement (LoAs) between intensities matching FATmax and AerT
despite observing a strong association between both parameters. On the contrary, Gonzales-
Haro [29] revealed a weak association followed by wide LoAs. Therefore, although the
exercise intensities that elicit FATmax and AerT have been thoroughly investigated [1,30,31],
the agreement and interchangeability of FATmax and AerT is still a controversial topic that
requires further research.

Hence, the purpose of this systematic review and meta-analysis is to examine the
agreement between the exercise intensities at FATmax and AerT and identify relevant
moderators affecting their agreement.

2. Methodology
2.1. Study Design

The present systematic review was registered in both PROSPERO (International
Prospective Register of Systematic Reviews; CRD42021239351) and the ClinicalTrials.gov
website (NCT03789045). We used the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) checklist/flow-diagram in order to (i) structure this docu-
ment, (ii) effectively explain the methodology, and (iii) systematically report the search
results [32].

2.2. Search Strategy

A systematic search in MEDLINE (via PubMed) and Google Scholar was conducted
for the identification of studies investigating exercise intensities at FATmax and AerT in
humans. For this purpose, we used a Boolean Logic limiting the search results through
different operators (i.e., AND/OR) in order to identify the manuscripts that reported
the above-mentioned biomarkers. The following terms were combined to account for
differences in the terminology [31]: (“fat oxidation” OR “maximal fat oxidation” OR
“optimal fat oxidation” OR “peak fat oxidation”) AND (“aerobic threshold” OR “anaerobic
threshold” OR “ventilatory threshold” OR “lactate threshold” OR “metabolic threshold”
OR “gas exchange threshold”). Two reviewers (PR and NZ) independently developed and
conducted the search in accordance with the PRISMA statement [32]. Moreover, given that
the FATmax concept was initially referred to in 2001 [4], the search included publications
from 1 January 2001 to 30 March 2022.
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2.3. Inclusion/Exclusion Criteria and Risk of Bias Assessment

In the present systematic review, only original studies (i.e., randomized and non-
randomized controlled trials, cohort studies, case–control studies, and cross-sectional
studies) in the form of full text, abstracts, or congress presentations were included. Se-
lected articles were classified by using the defined population, intervention, comparison,
outcomes, and study design (PICOS) [33]. Moreover, the studies included had to report
(i) AerT and FATmax intensities values (i.e., mean ± SD of difference) or (ii) the levels of
agreement of Bland–Altman analysis. If one of the requirements failed to be reported
or could not be determined from the full-text, the corresponding author was contacted
and asked to provide either the missing information or the individual subjects’ raw data,
allowing us to compute the data. Nevertheless, independent of its form, all studies required
a clear and reproducible description of the methods used to determine both AerT and
FATmax to be considered eligible. Case reports, editorials, reviews, and opinion papers
were excluded. In addition, only studies that included participants with no evidence of
any metabolic, pulmonary, or cardiovascular diseases (i.e., conditions potentially affecting
substrate utilization) were considered acceptable. No other restrictions to participants’
characteristics were introduced other than age (18–60 years). Report criteria required stud-
ies to be written in English and to be published in a peer-reviewed journal. The grading
of recommendations, assessment, development, and evaluation (GRADE) approach was
applied to define the quality of a body of evidence for selected studies [34]. A tool for
assessing the risk of bias in systematic reviews, ROBIS, was used for critical evaluation of
the collected data [35].

2.4. Data Extraction

Data extraction of the articles that met the inclusion criteria was performed in an un-
blinded standardized way, by four independent reviewers (PR, TP, IACG, and FMC), using
a data extraction Excel spreadsheet (Microsoft, Redmond, WA, USA). Any disagreements
about data extraction were resolved by consensus between the reviewers.

2.5. Statistical Analysis

All statistical analyses were performed with R software (version 4.0.4) (The R Foun-
dation, Vienna, Austria) by using metafor (version 3.8.1), clubSandwich (version 0.5.8),
forester (version 0.2.0), and outliers (version 0.15) packages [36–39]. The analyses of agree-
ment between the AerT and FATmax were assessed by using a Bland–Altman meta-analytic
approach [40]. Due to the differences between the scales of the measurement units used
to identify FATmax and AerT, the agreement analyses were performed separately for each
of the measurement units identified. The primary outcome of the Bland–Altman meta-
analyses was the limits of agreements (LoAs) of the differences in exercise intensities
matching AerT and FATmax, and secondarily their mean bias. For each study, the mean bias
(i.e., the mean difference between AerT and FATmax) and the standard deviation (SD) of
the bias were retrieved or imputed from the AerT and FATmax means, SDs, and Pearson
correlation (r) or bias LoA of the selected studies. In one study [41], due to the lack of
information needed to estimate the SD of the bias, the r between AerT and FATmax was
estimated as the median correlation of the studies having the same measurement unit
(i.e., r = 0.76) [27], which was used to compute the SD of the bias. Then, the mean and SD
of the biases were used to calculate the Bland–Altman meta-analyses LoAs.

Specifically, both the average within-study variation (i.e., the averages across the
studies of the mean biases (δ) and of the within-study variations in the differences (σ2)) and
the between-study variation (i.e., variation in the mean bias across studies (τ2)) were used
to account for different sources of variability and to compute population LoAs as follows:
δ ± 2

√
(σ2 + τ2) [42,43]. Additionally, the outer 95% confidence intervals (CIs) for pooled

limits of agreement were computed to account for the LoA uncertainty.
Estimating the LoAs and their 95% CIs required several steps. First, the study mean

biases were modeled using a (multilevel) random-effects model, providing estimates of
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δ and τ2. Second, the study (logged) variances were modeled using separate (multilevel)
random effects, providing an estimate of σ2. The standard errors of estimates of δ and
σ2 were estimated using Robust Variance Estimation (RVE), while the standard error of
τ2 was estimated using a formula previously provided [40]. Third, these estimates and
their standard errors were combined in order to estimate the LoAs and their 95% CIs using
estimators proposed elsewhere [40].

In analyses in which there was only a single effect size from each sample, standard
random-effects models were used [42]. In analyses where multiple effect sizes originated
from the same sample, a correlated hierarchical effects model was used [43]. This required
imputing the correlation (RHO) between these effect sizes, as it was unreported; hence,
we set RHO to be the median correlation between AerT and FATmax (e.g., median r = 0.77
for mL/kg/min and 0.76 for %VO2max, respectively) [27]. In order to guard against
possible misspecification, we used RVE to estimate the standard errors [44,45]. Additionally,
sensitivity analyses with RHO equal to 0.1 were also performed [46]. The same analyses
were performed for several subgroups, grouped according to methodological and clinical
difference in order to account for sources of potential heterogeneity [47]. When a subgroup
presented only one effect size, the LoAs were estimated as mean bias ± 1.96 SD of the
bias [40].

The Grubbs test was used to evaluate the presence and effect of the outliers in the
current data, and a cut-point for such outliers’ recognition was estimated [48]; such outliers
were excluded to recalculate an overall pool estimation, as a sensitive analysis.

Finally, a priori determination of a clinical and physiologically practical acceptable
range of the LoA was based on the concept of FATmax zone (i.e., range of exercise intensities
with fat oxidation rates within 10% of fat oxidation rates at FATmax) [4], which was estimated
using a meta-analytical approach (Supplementary Material Section S1) [49]. If the LoA
failed within the FATmax zone reported for the corresponding measurement unit, then AerT
could be used for optimizing fat oxidation with an acceptable error. The R software code
used in this study is freely available in Supplementary Material.

3. Results
3.1. Descriptive Results

The systematic search retrieved a total of 72,205 papers with 18,420 identified as
duplicates. After the screening of the paper’s title and language, a total of 675 manuscripts
were retained. Finally, articles’ abstracts were screened and a total of 89 records were
selected to be read in full as potentially eligible. An additional 77 articles were excluded
after reading the full text as they did not meet the inclusion criteria. The literature search
and study selection process are reported using the PRISMA statement in Figure 1. The
internal validity of included studies, as obtained by the ROBIS tool, showed no risk of bias
within the included data. Overall, twelve papers and a total of 45 effect sizes were included
in the present study. Due to anticipated heterogeneity, four investigators (PR, TP, TE, and
FMC) independently performed the identification of potentially relevant moderators and
their subgroups, allowing sources of variation to be investigated. The identified moderator
variables, categorized by differences in characteristics of the studies (i.e., methodological
diversity) and by study populations (i.e., clinical diversity), are reported in Table 1.

3.2. Clinical Differences

When the selected studies were examined for their clinical diversity, two moderators
were identified: (i) sex and (ii) physical activity level, each having two different subgroups
(Table 1). The included papers evaluated 774 participants, out of which 299 (38.6%) were
females and 545 (61.4%) were males. Within the twelve included studies, seven studies
(58.3%) used males as primary participants, whereas one (8.3%) study tested only females.
In four (33.3%) studies, both sexes were evaluated. When classified by physical activity
level, seven studies (58.3%) examined active subjects (e.g., high-level cyclists, moderately
trained cyclists, triathlon athletes, endurance runners, sprinters, and ball game athletes),



Int. J. Environ. Res. Public Health 2023, 20, 453 6 of 15

whereas five (41.7%) studies examined inactive participants (e.g., sedentary and obese).
Out of the overall included participants, 311 (40.2%) subjects were active while 463 (59.8%)
were inactive.
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Table 1. Descriptive statistics of all included studies after the systematic review with identified
categorical moderator variables, categorized by differences in study populations (clinical diversity)
and characteristics of the studies (methodological diversity).

Trial Trial ID Group
within Trial N Measurement

Unit Sex Physical
Level Ergometer AeT Detection

Method
VO2max
Protocol

FATmax
Detection
Method

FATmax
Protocol

1 Achten et al.,
(2004) [41]

a 33 b/min Male Active Cycle Lactate Short Visual Identical
b 33 L/min Male Active Cycle Lactate Short Visual Identical

2 Bircher et al.,
(2005) [50]

a 48 mL/min/kg Male Active Cycle Lactate Short Visual Identical
b 48 b/min Male Active Cycle Lactate Short Visual Identical
c 48 b/min Male Active Cycle Lactate Long Visual Identical

d * 48 mL/min/kg Male Active Cycle Lactate Long Visual Identical
e 30 mL/min/kg Female Active Cycle Lactate Short Visual Identical
f 30 b/min Female Active Cycle Lactate Short Visual Identical
g 30 b/min Female Active Cycle Lactate Long Visual Identical

h * 30 mL/min/kg Female Active Cycle Lactate Long Visual Identical

3 Emerenziani et al.,
(2019) [25]

a 52 b/min Female Inactive Treadmill Gas analysis Short Mathematical Identical
b 52 mL/min/kg Female Inactive Treadmill Gas analysis Short Mathematical Identical
c 52 %HRmax Female Inactive Treadmill Gas analysis Short Mathematical Identical
d 52 %VO2max Female Inactive Treadmill Gas analysis Short Mathematical Identical

4 Gonzalez-Haro
(2011) [29]

a 11 %VO2max Male Active Cycle Lactate Long Mathematical Identical
b 11 %VO2max Male Active Cycle Lactate Long Mathematical Identical

5 Michallet et al.,
(2008) [26]

a 14 L/min - Active Cycle Gas analysis Short Mathematical Additional
b 14 L/min - Active Cycle Lactate Short Mathematical Additional
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Table 1. Cont.

Trial Trial ID Group
within Trial N Measurement

Unit Sex Physical
Level Ergometer AeT Detection

Method
VO2max
Protocol

FATmax
Detection
Method

FATmax
Protocol

6 Nikolovski et al.,
(2021) [16]

a 22 mL/min/kg Male Active Cycle Gas analysis Short Mathematical Identical
b 22 %VO2max Male Active Cycle Gas analysis Short Mathematical Identical
c 22 %HRmax Male Active Cycle Gas analysis Short Mathematical Identical

7 Peric et al., (2018)
[51]

a 57 mL/min/kg Male Active Treadmill Gas analysis Short Visual Identical
b 57 %VO2max Male Active Treadmill Gas analysis Short Visual Identical

8 Peric et al., (2020)
[52]

a 19 mL/min/kg Male Inactive Treadmill Gas analysis Short Visual Identical
b 19 %VO2max Male Inactive Treadmill Gas analysis Short Visual Identical

9 Rynders et al.,
(2011) [28]

a 74 mL/min/kg Male Inactive Cycle Lactate Short Visual Identical
b 74 mL/min/kg Female Inactive Cycle Lactate Short Visual Identical

10 Venables et al.,
(2004) [53]

a * 157 %VO2max Male Inactive Treadmill Gas analysis Short Visual Identical
b 143 %VO2max Female Inactive Treadmill Gas analysis Short Visual Identical

11 Zurbuchen et al.,
(2020) [54]

a 22 mL/min/kg Male Active Cycle Gas analysis Short Mathematical Additional
b 22 %VO2max Male Active Cycle Gas analysis Short Mathematical Additional

12 Chavez-Guevara
et al., (2022) [55]

a 18 mL/min/kg Male Inactive Treadmill Gas analysis Short Visual Identical
b 18 %VO2max Male Inactive Treadmill Gas analysis Short Visual Identical
c 18 mL/min/kg Male Inactive Treadmill Lactate Short Visual Identical
d 18 %VO2max Male Inactive Treadmill Lactate Short Visual Identical

NOTE: * effect sizes that resulted as potential outliers and excluded in the sensitivity analysis.

3.3. Methodological Differences

When the selected studies were examined for their methodological diversity, six
moderators with relevant subgroups were identified (Table 1). The primary moderator
identified was related to the characteristic of measurement unit used to assess the exercise
intensities matching FATmax and AerT and, consequently, agreement. Due to the high
variability present, only this moderator is presented according to the effect sizes (Table 1).
In three (6.7%) effect sizes, percentage of maximal HR (%HRmax) was used, whereas in
five (11.1%) cases, HR beats per minute (b/min) was used. For two (4.4%) effect sizes,
absolute VO2max values were used (L/min). A %VO2max was used in 12 (26.7%) cases,
whereas relative VO2max values (mL/kg/min) were used in 13 cases (28.9%). As for the
ergometry type used, cycle ergometry was the preferred method in seven (58.3%) studies,
whereas a treadmill was employed in five (41.7%). When considering the methods used to
determine the AerT, four (33.3%) studies preferred the lactate method, whereas gas analysis
was used in six (50%). On two (16.7%) occasions, the studies used both methods. Regarding
the protocols used to assess VO2max/AerT, our results showed that all studies favored a
graded exercise test (GXT) type protocol. Even though the included studies used GXT
protocols ranging anywhere from 1 min to 5 min, no two studies implemented the same
GXT protocol. Hence, due to high variability and to assure appropriate statistical analysis,
stage lengths ≤3 min were classified as short, whereas those >3 min were considered as
long. Ten (83.3%) studies preferred shorter stages while longer stages were used in only
one study (8.3%). One (8.3%) study used both short and long stages. FATmax identification
was performed by using visual inspection of the appropriate plots in seven (58.3%) studies,
while five (41.7%) studies identified this occurrence by using a mathematical model. Lastly,
ten (83.3%) studies determined FATmax during the assessment of VO2max/AerT, whereas
two (16.7%) studies used an additional test.

3.4. Agreement Analyses

Assuming the normal distribution of differences between AerT and FATmax, expressed
as mL/kg/min and %VO2max, the effect of pooling study distributions can be seen in
Figure 2. For this graphical representation, each individual study’s distribution is given
in grey, with the overall pooled distribution given in black. A benefit of this visualization
is that it makes it clear that the focus of the analysis is not simply on the average bias
(delta) but rather on LoA. The results (LoAs and mean biases) of all studies (with or
without potential outliers) and subgroup Bland–Altman meta-analyses for the analyzed
measurement units are reported in Figure 3. Additional agreement indicators are presented
in Supplementary Material Section S2.
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3.5. Sensitivity Analysis

Due to results of the sensitivity analyses, the overall estimates were also performed
without two effect sizes for mL/kg/min and one for %VO2max, respectively (Table 1 and
Figure 3). Additionally, in the follow-up sensitivity analysis, the results of all the above-
mentioned analyses were computed with an estimated correlation between repeated mea-
sures deriving from the same individual of RHO = 0.1 (Supplementary Material Section S3).
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Figure 3. Forest plots of the pooled 95% limits of agreement (LoA) and mean bias with the esti-
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pressed as mL/kg/min (a panel) and as %VO2max (b panel) further divided into subgroups. NOTE:
Sample: number of samples for each study. All study samples represent estimates including all
studies; w/o outlier represents estimate performed excluding potential outliers.

4. Discussion

In the present study, the agreement between FATmax and AerT was investigated
primarily by looking at the LoAs, which provides information about the expected range
including 95% of the differences in exercise intensity at FATmax and AerT, and secondarily
on the bias. The main result of this study is that, regardless of the measurement unit used,
the overall LoAs were larger than the a priori clinically acceptable cut-off. Therefore, the
observed results imply that researchers and practitioners might experience a clinically
relevant error (i.e., difference between the two intensities) at the individual level when
aiming to interchangeably use FATmax and AerT exercise intensities.

Follow-up subgroup analyses show that, when VO2 is expressed in mL/kg/min,
the main factors (moderators) affecting the agreement between FATmax and AerT are the
physical activity level (e.g., active vs. inactive), the type of ergometer used (e.g., treadmill
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vs. cycle), the analytical process used to identify the AerT (e.g., lactate vs. gas analysis),
and the duration of GXT exercise stages (e.g., short vs. long). However, the same trends
were not observed in the agreement analyses between FATmax and AerT when exercise
intensities are expressed in %VO2max where apparently none of the moderators have an
effect on the agreement.

The results obtained for the physical activity level (using mL/kg/min) moderator
could be due to the fact that the subgroup including inactive individuals was characterized
by studies that included participants with a similar lower fitness level (i.e., sedentary and
obese), creating a narrower range of possible exercise intensities (resulting in narrower
LoAs) for this subgroup. Contrarily, the fitter individuals were characterized by a wider
range of exercise intensities due to a higher VO2max, and a higher heterogeneity due
to different individual characteristics caused by the practice of different sports types
(i.e., endurance athletes, sprinters, and team sports).

On the other hand, the results observed for the physical activity level (using %VO2max)
moderator could be related to the exercise intensity range and the fact that it can always
reach 100% of %VO2max, resulting in a greater normalization of the exercise intensity range,
independently from the physical activity type. Therefore, the narrower LoAs observed for
the exercise intensity expressed in mL/kg/min might be related to a lack of standardization
in this particular method and its smaller scale caused by participants with lower fitness level.
This could be further explained by both physiological and methodological factors. From a
physiological standpoint, the fitness level and the training exercise intensity can dictate
the levels of improvement of the AerT [56]. Specifically, in endurance-trained athletes,
the AerT occurs at higher relative exercise intensities, compared to other athletes [20].
Therefore, the discrepancies in the training regimens (e.g., cycling vs. running), and the
fitness level (e.g., moderately trained vs. athletes) of active individuals considered in
this meta-analysis could lead toward a larger inter-subject variability in AerT, due to
variations in sport-specific physiological demands. Indeed, the intra-individual coefficient
of variation (CV) of the AerT was higher in the studies performed on active individuals
(CV: 3–54%) [16,29,41,51,54] in comparison to those studies performed on inactive subjects
(CV: 12–45%) [25,28,50,53,55]. Furthermore, similar factors have been reported to affect
the FATmax [5,30]. Therefore, considering that FATmax and AerT tend to be affected by
similar factors (e.g., individuals with higher fitness level tend to have higher FATmax and
AerT) and, as shown in a recent systematic review [27], are correlated with each other,
the existence of an association between AerT and FATmax should cause a shift in both
parameters simultaneously when certain factors change. Consequently, the factors that
affect the exercise intensity at which FATmax and AerT appear do not necessarily affect their
agreement. According to our data, such a reaction was only observed in inactive subjects,
whereas active individuals failed to demonstrate such a connection, leaving this open for
further debate.

As for the type of ergometer used, we believe a similar explanation could be the
potential answer. Indeed, the studies that preferred the treadmill in the current systematic
review tended to have subjects with a lower fitness level (Table 1), hence providing the
basis for a narrower LoA in this subgroup.

A broad LoA of the differences between FATmax and AerT in the long GXT stages
subgroup, independently from the measurement unit used, could be due to the presence of
only two ESs deriving from the same study when VO2 was expressed as mL/kg/min [50]
and when VO2 was expressed as %VO2max [29], yielding a less robust representation of the
LoAs. Hence, future studies with variations in the GXT stages’ length are needed to allow
a more detailed insight.

As for the analytical process used to assess AerT, three of the studies that evaluated ac-
tive individuals determined the AerT by the measurement of blood lactate levels [29,41,50],
while three studies determined the AerT by gas analysis [16,51,54]. Such inconsistency in
the analytical procedures may partly explain the larger heterogeneity observed in active in-
dividuals and provide a basis for the narrower LoAs observed. In fact, research studies that
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used blood lactate concentration to identify the AerT reported a lower agreement between
the VO2 at FATmax and at AerT compared to those using gas analysis (Figure 3a). It is
worth noting that all the studies that evaluated the AerT by gas analysis used the universal
method: the ventilatory equivalents of oxygen approach [23], whereas different analytical
procedures were used for the definition of the AerT by lactate. Moreover, the studies of
Bircher et al. [24] and Michallet et al. [26] defined the AerT as the exercise intensity at which
blood lactate increased 0.5 mmol above baseline. This analytical procedure previously
showed a poor agreement and association with the AerT on trained individuals [57] and
men with obesity [55]. Indeed, studies defined the AerT as the exercise intensity at which
lactate started to accumulate, showing a sustained increment in the bloodstream [28,29,55].
This analytical procedure showed a stronger association and a good agreement between
AerT and FATmax in both trained and sedentary individuals [57,58]. Thus, considering that
the manipulations of the lactate method can affect the validity of the lactate threshold [59],
future studies need to corroborate the influence of the analytical procedure used to define
the lactate threshold when examining the connection between FATmax and AerT.

It is noticeable that when exercise intensity is expressed in mL/kg/min, three of
the five studies evaluating inactive subjects examined patients with obesity [24,50,55],
suggesting that, in this population, using AerT to prescribe exercise can yield intensities
relatively within the FATmax zone, with small differences between FATmax and the AerT
intensities. Additional studies investigating the agreement between the lactate threshold
and FATmax in inactive individuals with obesity when %VO2max is used are needed as only
Chávez-Guevara et al. [55] defined the AerT by using both lactate and gas analysis. The
analysis of blood lactate concentration may be a valuable alternative to gas exchange as
it allows clinicians and healthcare practitioners to identify FATmax in field-based settings.
From a physiological point of view, the connection between the FATmax and AerT can
be further explained by the metaboreflex paradigm. This model explains that both fatty
acid oxidation and ventilatory response are regulated by the metabolic transitions induced
by muscle acidosis, which also results in lactate accumulation in the muscle [10,22]. The
physiological background provided by this paradigm supports the observed association
and agreement between the FATmax and AerT. This is a very important finding because
chronic exercise training at FATmax has been shown to improve physical fitness, metabolic
flexibility, and cardiovascular function in patients with obesity [6,8].

There are some limitations that need to be considered for a proper interpretation of
the findings reported in this meta-analysis. In the first place, it was not possible to finely
investigate every methodological study difference. Indeed, in order to analyze the method-
ological within- and between-studies differences and their influence on the agreement,
identified moderators had to be divided into subgroups. Even though our results revealed
a direct influence of certain moderators (i.e., physical activity level, the type of ergometer,
the analytical process used to identify the AerT, and the duration of GXT exercise stages)
on the agreement, a limited number of the included studies and a large presence of method-
ological between-studies differences failed to allow a more detailed subgrouping, leaving
some questions unanswered (i.e., variations within the short GXT stages, variation within
inactive subjects, etc.). Further on, only those studies performed in young and middle-aged
adults were included into this meta-analysis. Previously, Tolfrey et al. [59] reported a
good agreement between the FATmax and AerT defined by lactate analysis in untrained
adolescents. Moreover, Meucci et al. [60] reported a strong relationship between FATmax
and AerT defined by gas analysis in adolescents. Both studies used %HRmax to identify
exercise intensity matching FATmax and AerT. To the best of our knowledge, no studies
have investigated the agreement or association between the FATmax and AerT in elders,
warranting further research. In the second place, studies have reported a substantial day-to-
day variation in the FATmax (CV: 3–26%) [61,62]; hence, further studies need to investigate
the reliability of the agreement between FATmax and AerT. As previously mentioned, our
results showed narrower LoAs for mL/kg/min when compared to %VO2max. It is worth
noting that comparing LoAs coming from different measurement units with different scales



Int. J. Environ. Res. Public Health 2023, 20, 453 12 of 15

will always lead toward a higher range if % is used. Therefore, between-measurement-unit
differences should be taken with care and not directly compared. Indeed, when interpreting
the main factors (subgroups) moderating the agreement (e.g., physically inactive vs. active),
a probable cause of our observation could be due to the smaller scale. Therefore, the lack of
a visible important effect of a subgrouping variable when a different measurement unit is
used is presumably due to the inability of one of the measurement units to standardize the
intensity in the different subgroups, which could be due to the different scales of the units
and not directly due to the moderator (subgroup) effect. Another limitation of the obtained
results is that the agreement for all measurement units used to prescribe aerobic exercise
intensity was not assessed. As in the case of the moderators, this was due to the limited
number of studies presenting agreement for certain measurement units (e.g., bpm, %HRmax,
and L/min; see Table 1). Therefore, future studies assessing the agreement between FATmax
and AerT using alternative parameters to those analyzed in the present study are recom-
mended. Lastly, a priori identification of the clinically relevant FATmax zone was partially
based on the studies included in this study, but mostly originated from different studies
where the needed data for such calculation were available. Hence, we applied the FATmax
zone obtained in different groups of subjects, which might have resulted in a potential bias
of our results.

5. Conclusions

Our results showed that the agreement between FATmax and AerT intensities is low
and seems to be primarily affected by the measurement unit used to define exercise intensity
matching AerT and FATmax followed by the influence of certain moderators. Therefore,
prescribing exercise based on the AerT to maximize fat oxidation should be performed
cautiously because, due to the high variability, there is a substantial possibility that AerT
could fall well outside the FATmax zone.
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35. Whiting, P.; Savović, J.; Higgins, J.P.; Caldwell, D.M.; Reeves, B.C.; Shea, B.; Davies, P.; Kleijnen, J.; Churchill, R.; ROBIS Group.
ROBIS: A new tool to assess risk of bias in systematic reviews was developed. J. Clin. Epidemiol. 2016, 69, 225–234. [CrossRef]

36. Boyes, R. Forester: An R Package for Creating Publication-Ready Forest Plots. R Package Version 0.3.0. 2021. Available online:
https://github.com/rdboyes/forester (accessed on 27 May 2022).

37. Komsta, L. Outliers: Tests for Outliers. R Package Version 0.15. 2022. Available online: https://CRAN.R-project.org/package=
outliers (accessed on 27 May 2022).

38. Pustejovsky, J. Clubsandwich: Cluster-Robust (Sandwich) Variance Estimators with Small-Sample Corrections. R Package Version
0.5.8. 2022. Available online: https://CRAN.R-project.org/package=clubSandwich (accessed on 29 May 2022).

39. Viechtbauer, W. Conducting meta-analyses in R with the metafor package. J. Stat. Softw. 2010, 36, 1–48. [CrossRef]
40. Tipton, E.; Shuster, J. A framework for the meta-analysis of Bland-Altman studies based on limits of agreement approach. Stat

Med. 2017, 36, 3621–3635. [CrossRef]
41. Achten, J.; Jeukendrup, A.E. Relation between plasma lactate concentration and fat oxidation rates over a wide range of

exerciseintensities. Int. J. Sports Med. 2004, 25, 32–37.
42. Hedges, L.V.; Vevea, J.L. Fixed- and random-effects models in meta-analysis. Psychol. Methods. 1998, 3, 486–504. [CrossRef]
43. Pustejovsky, J.E.; Tipton, E. Meta-analysis with robust variance estimation: Expanding the range of working models. Prev. Sci.

2022, 23, 425–438. [CrossRef]
44. Hedges, L.V.; Tipton, E.; Johnson, M.C. Robust variance estimation in meta-regression with dependent effect size estimates. Res.

Synth. Methods. 2010, 1, 39–65. [CrossRef] [PubMed]
45. Tipton, E. Small sample adjustments for robust variance estimation with meta-regression. Psychol. Methods 2015, 20, 375.

[CrossRef] [PubMed]
46. Cro, S.; Morris, T.P.; Kenward, M.G.; Carpenter, J.R. Sensitivity analysis for clinical trials with missing continuous outcome data

using controlled multiple imputation: A practical guide. Stat. Med. 2020, 39, 2815–2842. [CrossRef] [PubMed]
47. Higgins, J.P.T.; Thomas, J.; Chandler, J.; Cumpston, M.; Li, T.; Page, M.J.; Welch, V.A. (Eds.) Cochrane Handbook for Systematic

Reviews of Interventions, 2nd ed.; John Wiley & Sons: Chichester, UK, 2019.
48. Grubbs, F.E. Sample criteria for testing outlying observations. Ann. Math. Stat. 1950, 21, 27–58. [CrossRef]
49. Van den Noortgate, W.; López-López, J.A.; Marín-Martínez, F.; Sánchez-Meca, J. Three-level meta-analysis of dependent effect

sizes. Behav. Res. Methods. 2013, 45, 576–594. [CrossRef]
50. Bircher, S.; Knechtle, B.; Müller, G.; Knecht, H. Is the highest fat oxidation rate coincident with the anaerobic threshold in obese

women and men? Eur. J. Sport Sci. 2005, 5, 79–87. [CrossRef]
51. Peric, R.; Meucci, M.; Bourdon, P.C.; Nikolovski, Z. Does the aerobic threshold correlate with the maximal fat oxidation rate in

short stage treadmill tests? J. Sports Med. Phys. Fit. 2018, 58, 1412–1417. [CrossRef]
52. Peric, R.; Nikolovski, Z. Can metabolic thresholds be used as exercise markers in adult men with obesity? Comp. Exerc. Physiol.

2020, 16, 113–119. [CrossRef]
53. Venables, M.C.; Achten, J.; Jeukendrup, A.E. Determinants of fat oxidation during exercise in healthy men and women: A

cross-sectional study. J. Appl. Physiol. 2005, 98, 160–167. [CrossRef]
54. Zurbuchen, A.; Lanzi, S.; Voirol, L.; Trindade, C.B.; Gojanovic, B.; Kayser, B.; Bourdillon, N.; Chenevière, X.; Malatesta, D. Fat

oxidation kinetics is related to muscle deoxygenation kinetics during exercise. Front Physiol. 2020, 4, 571. [CrossRef]
55. Chávez-Guevara, I.A.; Hernández-Torres, P.R.; Trejo-Trejo, M.; Moreno-Brito, V.; González-Rodríguez, E.; Ramos-Jiménez, A.

Association among different aerobic threshold markers and FATmax in men with obesity. Res. Q. Exerc. Sport 2022, 1–8. [CrossRef]
56. Londeree, B.R. Effect of training on lactate/ventilatory thresholds: A meta-analysis. Med. Sci. Sports Exerc. 1997, 29, 837–843.

[CrossRef]
57. Pallarés, J.G.; Morán-Navarro, R.; Ortega, J.F.; Fernández-Elías, V.E.; Mora-Rodriguez, R. Validity and reliability of ventilatory

and blood lactate thresholds in well-trained cyclists. PLoS ONE 2016, 11, e0163389. [CrossRef] [PubMed]
58. Jamnick, N.A.; Botella, J.; Pyne, D.B.; Bishop, D.J. Manipulating graded exercise test variables affects the validity of the lactate

threshold and VO2peak. PLoS ONE 2018, 13, e0199794. [CrossRef]
59. Tolfrey, K.; Jeukendrup, A.E.; Batterham, A.M. Group- and individual-level coincidence of the ‘FATmax’ and lactate accumulation

in adolescents. Eur. J. Appl. Physiol. 2010, 109, 1145–1153. [CrossRef]
60. Meucci, M.; Nandagiri, V.; Kavirayuni, V.S.; Whang, A.; Collier, S.R. Correlation between heart rate at maximal fat oxidation and

aerobic threshold in healthy adolescent boys and girls. Pediatr. Exerc. Sci. 2021, 33, 139–143. [CrossRef]

http://doi.org/10.1113/JP279963
http://doi.org/10.1186/s13643-021-01626-4
http://doi.org/10.1186/1472-6947-7-16
http://doi.org/10.1136/bmj.39489.470347.AD
http://doi.org/10.1016/j.jclinepi.2015.06.005
https://github.com/rdboyes/forester
https://CRAN.R-project.org/package=outliers
https://CRAN.R-project.org/package=outliers
https://CRAN.R-project.org/package=clubSandwich
http://doi.org/10.18637/jss.v036.i03
http://doi.org/10.1002/sim.7352
http://doi.org/10.1037/1082-989X.3.4.486
http://doi.org/10.1007/s11121-021-01246-3
http://doi.org/10.1002/jrsm.5
http://www.ncbi.nlm.nih.gov/pubmed/26056092
http://doi.org/10.1037/met0000011
http://www.ncbi.nlm.nih.gov/pubmed/24773356
http://doi.org/10.1002/sim.8569
http://www.ncbi.nlm.nih.gov/pubmed/32419182
http://doi.org/10.1214/aoms/1177729885
http://doi.org/10.3758/s13428-012-0261-6
http://doi.org/10.1080/17461390500167078
http://doi.org/10.23736/S0022-4707.17.07555-7
http://doi.org/10.3920/CEP190035
http://doi.org/10.1152/japplphysiol.00662.2003
http://doi.org/10.3389/fphys.2020.00571
http://doi.org/10.1080/02701367.2022.2065235
http://doi.org/10.1097/00005768-199706000-00016
http://doi.org/10.1371/journal.pone.0163389
http://www.ncbi.nlm.nih.gov/pubmed/27657502
http://doi.org/10.1371/journal.pone.0199794
http://doi.org/10.1007/s00421-010-1453-3
http://doi.org/10.1123/pes.2020-0210


Int. J. Environ. Res. Public Health 2023, 20, 453 15 of 15

61. Gmada, N.; Marzouki, H.; Sassi, R.H.; Tabka, R.; Shephard, R.; Brun, J.F.; Bouhlel, E. Relative and absolute reliability of the
crossover and maximum fat oxidation points and their relationship to ventilatory threshold. Sci. Sports. 2013, 28, 99–105.
[CrossRef]

62. Croci, I.; Borrani, F.; Byrne, N.M.; Wood, R.E.; Hickman, I.J.; Chenevière, X.; Malatesta, D. Reproducibility of FATmax and fat
oxidation rates during exercise in recreationally trained males. PLoS ONE 2014, 9, e114115. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.scispo.2012.04.007
http://doi.org/10.1371/journal.pone.0097930

	Introduction 
	Methodology 
	Study Design 
	Search Strategy 
	Inclusion/Exclusion Criteria and Risk of Bias Assessment 
	Data Extraction 
	Statistical Analysis 

	Results 
	Descriptive Results 
	Clinical Differences 
	Methodological Differences 
	Agreement Analyses 
	Sensitivity Analysis 

	Discussion 
	Conclusions 
	References

