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Abstract

Background Polarized training intensity distribution (POL) was recently suggested to be superior to other training intensity
distribution (TID) regimens for endurance performance improvement.

Objective We aimed to systematically review and meta-analyze evidence comparing POL to other TIDs on endurance
performance.

Methods PRISMA guidelines were followed. The protocol was registered at PROSPERO (CRD42022365117). PubMed,
Scopus, and Web of Science were searched up to 20 October 2022 for studies in adults and young adults for >4 weeks com-
paring POL with other TID interventions regarding VO,peak, time-trial (TT), time to exhaustion (TTE) or speed or power
at the second ventilatory or lactate threshold (V/P at VT,/LT,). Risk of bias was assessed with RoB-2 and ROBINS-I. Cer-
tainty of evidence was assessed with GRADE. Results were analyzed by random effects meta-analysis using standardized
mean differences.

Results Seventeen studies met the inclusion criteria (n =437 subjects). Pooled effect estimates suggest POL superiority
for improving VO,peak (SMD =0.24 [95% CI 0.01, 0.48]; z=2.02 (p=0.040); 11 studies, n=284; I>=0%; high certainty
of evidence). Superiority, however, only occurred in shorter interventions (< 12 weeks) (SMD=0.40 [95% CI 0.08, 0.71;
7=2.49 (p=0.01); n=163; I’=0%) and for highly trained athletes (SMD =0.46 [95% CI 0.10, 0.82]; z=2.51 (p=0.01);
n=125; ’=0%). The remaining endurance performance surrogates were similarly affected by POL and other TIDs: TT
(SMD=-0.01 [95% CI -0.28, 0.25]; z= —0.10 (p=0.92); n=221; I*=0%), TTE (SMD =0.30 [95% CI —0.20, 0.79]; z=1.18
(p=0.24); n=66; I’=0%) and V/P VT,/LT, (SMD=0.04 [95% CI -0.21, 0.29]; z=0.32 (p =0.75); n=253; I’=0%). Risk
of bias for randomized controlled trials was rated as of some concern and for non-randomized controlled trials as low risk
of bias (two studies) and some concerns (one study).

Conclusions POL is superior to other TIDs for improving VO,peak, particularly in shorter duration interventions and highly
trained athletes. However, the effect of POL was similar to that of other TIDs on the remaining surrogates of endurance
performance. The results suggest that POL more effectively improves aerobic power but is similar to other TIDs for improv-
ing aerobic capacity.
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Polarized training is superior to other training intensity
distribution models for the improvement of VO,peak.
There was no evidence of polarized training superiority
for any of the remaining endurance performance sur-
rogates investigated.

Polarized training superiority was mostly evident for
interventions lasting less than 12 weeks. When exercise
interventions were longer than 12 weeks, VO,peak was
shown to increase similarly in those using POL or other
training intensity distribution models.

Baseline endurance performance level was shown to
influence the effect of polarized training on VO,peak
improvement in highly trained/national level athletes.

1 Introduction

Endurance performance is highly dependent on variables
such as volume, frequency, intensity, and training intensity
distribution (TID). Since high-level endurance athletes per-
form high training volumes, close to a maximum physiologi-
cally tolerable limit [1], adequate manipulation of TID is
fundamental for performance optimization [2, 3]. TID can
be characterized according to the percentage of training vol-
ume spent on zones demarcated by established physiological
thresholds. Three [4] or five [5] intensity zones are usually
defined. The most used model defines Zone 1 (Z1) as inten-
sity below the first ventilatory or lactate threshold, Zone 3
(Z3) as above the second ventilatory or lactate threshold, and
Zone 2 (Z2) between Z1 and Z3 [6, 7].

Of the most frequently used TIDs [4, 7] polarized training
(POL) and threshold training (THR) seem to be the most
effective in endurance performance improvement [8—10].
POL consists of high training volumes in Z1 (75-80%),
moderate volumes in Z3 (15-20%), and a small fraction in
72 (<10%). In THR training, volume in Z2 is emphasized
(>35%), with the remaining volume distributed between
Z1 and Z3 [11]. THR was, until recently, the predominant
endurance training model [12—15]. However, recent evidence
suggesting the superiority of POL has led to its preferential
adoption [16] by high-level [7] and recreational athletes [17]
alike. Preferred adoption of THR until recently was based
on the argument that training mostly between ventilatory
thresholds optimally recruited aerobic metabolism [18, 19].
The rationale supporting POL superiority is based on knowl-
edge of the signaling pathways involved in mitochondrial

biogenesis [20]. The intracellular calcium signaling path-
way is mainly potentiated by high training volumes at low
intensity [21], while the 5' AMP-activated protein kinase
(AMPK) pathway is optimally activated by depleting the
cell ATP, particularly during high-intensity efforts [22,
23]. A combination of both low and high training intensity
would, therefore, optimally recruit these signaling pathways,
enhancing endurance performance [18].

Despite these physiological arguments, studies comparing
POL with other TIDs have provided conflicting results, with
some showing superiority [8, 24—27] and others not [28-30].
Conflicting findings might be due to the retrospective nature
and reliance on training diaries in several studies [7], poor
control of training variables [11, 31], small sample sizes [2,
29, 30, 32], and low statistical power. A previous systematic
review with meta-analysis has addressed this issue [33], but
the number of studies available at that time was still limited.
Thus, uncertainty remains as to the most appropriate training
model for optimizing endurance performance. Due to the
growing interest in POL, several studies have been recently
published. This increase justifies the need to perform a new
systematic review with meta-analysis of the available evi-
dence to address this issue.

The aim of this study was to determine if POL training
is superior to other TIDs for the improvement of endurance
performance. To test this hypothesis, a set of variables cor-
related with endurance performance was selected, namely
(i) maximum oxygen consumption (VO,peak), (ii) time-
trial (TT), iii) time to exhaustion (TTE), and (iv) velocity or
power at second ventilatory or lactate threshold (V/P at VT,/
LT,) [7]. VO,peak is the highest O, consumption attained
during an incremental exercise [34], and anaerobic threshold
corresponds to the intensity above which workloads induce
exponential increases in blood lactate concentration, and
therefore it is not possible to sustain a steady-state condition
[35]. TT is the time necessary to complete a given distance
and is frequently used as an endurance performance test in
specific distances [36], while TTE is commonly used as a
measure of exercise capacity or tolerance since it requires
maintaining a fixed workload for the longest duration possi-
ble [37]. These variables are well correlated with endurance
performance [38—40] in several athletic backgrounds, and
are frequently used as surrogates or predictors of endurance
performance by both researchers and coaches alike.

2 Methods

This systematic review with meta-analysis followed the
PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-analyses) 2020 guidelines (Appendix
S1 of the Electronic Supplementary Material (ESM)) [41].
The protocol was defined and registered at PROSPERO
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(CRD42022365117) prior to beginning data collection and
analysis.

2.1 Eligibility Criteria

Only studies published in scientific peer-reviewed journals
in English were considered for the analysis. There were no
restrictions regarding publication date. Eligibility crite-
ria for study selection were followed the PICOS (Partici-
pants, Intervention, Comparator, Outcome, Study design)
framework:

(i) Participants: Humans of both sexes; age between 15
and 65 years; absence of comorbidities or physical lim-
itations that could hinder exercise participation without
restrictions at the onset of the intervention.

(i) Intervention: Endurance training interventions follow-
ing the POL intensity distribution principle [11] with
a frequency of three or more sessions/week and >4
weeks of intervention. There were no restrictions
regarding the settings in which the intervention took
place (e.g., elite, professional or recreational context).

(iii) Comparator: Endurance training interventions follow-
ing other TID principles such as, but not limited to,
THR, pyramidal training (PYR), high-intensity interval
training (HIIT) or sprint interval training (SIT), high-
volume training (HVT) performed for three or more
sessions per week, >4 weeks of intervention.

(iv) Outcome: The outcomes of interest were surrogates of
endurance performance. To be included in the analy-
sis, studies should include at least one of the following
outcomes: (a) VO,peak; (b) TT; (c) TTE, or (d) V/P at
VT,/LT,.

(v) Study design: Randomized controlled trials or non-
randomized controlled trials with at least two groups,
one experimental and one comparator, and at least a
baseline and a post-intervention measurement.

2.2 Information Sources and Search Strategy

PubMed, Scopus, and Web of Science databases were used
to perform the searches, which were carried out between
10 and 20 October 2022. No filters were applied during
searches. An example of the specific search strategy con-
ducted in PubMed was as follows: (("polarized training") OR
("polarized endurance training")) AND (((((("training inten-
sity distribution") OR ("endurance training")) OR ("pyrami-
dal training")) OR ("threshold training")) OR ("high inten-
sity training")) OR ("high volume low intensity training")).
A preprint of the search strategies from PubMed, Web of
Science and Scopus is presented in Appendix S2 of the ESM.
Reference lists of the included studies were also screened for
potentially relevant studies (snowball technique). Whenever

information regarding relevant variables was missing, the
corresponding author was contacted by email and Research-
Gate® to request the missing information.

2.3 Study Selection

After the initial database searches, references were down-
loaded to an EndNoteTM 20 for Mac (ClarivateTM) data-
base for automated removal of duplicates followed by
manual inspection and removal of remaining duplicates.
Subsequently, titles were screened and studies that included
polarized training interventions in humans were selected.
After this stage, abstracts of the selected studies were
reviewed and all of those potentially meeting the inclusion
criteria were selected and full-text analysis was performed to
ascertain inclusion of the study according to the pre-estab-
lished criteria. Two researchers (PO and GB) independently
conducted the literature search and study selection and then
compared their results to ensure accuracy. Disagreements
were resolved by consensus and included a third researcher
(HF).

2.4 Data Collection Process

PO and GB independently collected the mean and standard
deviation of all data items of interest following a pre-defined
data extraction sheet including information regarding
authors, publication date, study design, sample size, TID,
exercise intervention type, duration/volume, frequency, out-
comes, and results of relevant outcomes for the POL group
and other TIDs group. Data collected were subsequently
compared between researchers for consistency assessment.
Cases of ambiguity regarding data collection were solved by
consensus including a third researcher (HF). No automation
tools were used for data extraction. Whenever the necessary
data were not available in the text or tables, the WebPlot-
Digitizer tool was used to extract the information from plots.
Several studies included more than one intervention group of
interest for the analysis. Whenever these cases were identi-
fied, results were included as separate reports in the analysis
and identified with superscript letters indicating different
sporting modalities (i.e., cycling, swimming, running) or
different TIDs (THR, HIIT, HVT).

2.5 Dataltems

Variables relevant for assessing the superiority or inferior-
ity of POL compared to other TIDs for endurance perfor-
mance improvement were collected and variables related to
the study implementation context and exercise intervention
characteristics were collected. The primary outcome was
peak oxygen uptake (VO,peak; continuous variable) meas-
ured by indirect calorimetry. Secondary outcomes were: (i)
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time to complete a pre-specified distance (TT; continuous
variable); (ii) TTE in a pre-specified maximal exercise test-
ing protocol (continuous variable); and (iii) external load
(velocity/power) at which the VT,/LT, occurs (continuous
variable). Due to the ambiguity regarding this concept in the
literature [42], we assumed as synonymous concepts lac-
tate threshold (LT), lactate turn point (LTP), and respiratory
compensation threshold. Additional variables assessed were:

(i) Variables related to the description of the exercise
intervention: weekly training volume, duration, distance, fre-
quency, and weekly or total training impulse (TRIMP) [43].

(i) Variables related to the description of the participants:
sport, competitive level [44], years of practice, number of
subjects per group, age and sex.

(iii1) Other variables: study design, study implementation
location (e.g., country), and funding sources. There was
a need to convert time to exhaustion to percent variation
change between post- and pre-intervention since this was
the metric used in some studies.

2.6 Study Risk of Bias Assessment

The Cochrane risk of bias tools for randomized controlled
trials (RoB-2) [45] and non-randomized studies of inter-
ventions (ROBINS-I) [46] were used to assess the risk of
bias of individual studies. Bias assessment that involved
RoB-2 and ROBINS-I domains were rated as having low
risk, some concerns, or high risk. RoB-2 is divided into five
dimensions of bias: (D1) arising from the randomization
process, (D2) due to deviations from intended intervention,
(D3) due to missing outcomes data, (D4) in measurement of
the outcome, and (D5) in selection of the reported results.
ROBINS-I is divided into seven dimensions of bias: (D1)
due to confounding, (D2) due to participants selection, (D3)
in classification of interventions, (D4) due to deviations
from intended interventions, (D5) due to missing data, (D6)
in measurement of outcomes, and (D7) in selection of the
reported results. PO and GB independently completed the
risk-of-bias analysis, which was later reviewed by a third
author (HF). Where inconsistencies emerged, the original
articles were re-analyzed until a consensus was reached.

2.7 Effect Measures

For determining the superiority of POL in comparison to
other TIDs for endurance performance improvement, the
effect size of individual studies was calculated as mean dif-
ference or standardized mean difference (SMD) between
intervention and comparator groups. The SMD was calcu-
lated as the difference between the mean of the POL group
and comparator group divided by the pooled SD, and was
employed for analysis of TT and V/P at VT,/LT, since these
outcomes were reported by different measurement units in

different studies. Mean difference was used for VO,peak and
TTE. Effect measures from meta-analysis were determined
through a random-effects inverse variance model using SMD
(Hedges’ g) with 95% CI [47]. Overall effect (Z-test) was
considered statistically significant at p <0.05.

2.8 Synthesis Methods

A qualitative synthesis of the included study’s findings
structured around the different exercise endurance training
protocols, for example, pyramidal training (PYR), thresh-
old training (THR), high-volume low intensity training
(HVLIT), high intensity training (HIT) in comparison with
POL interventions, was conducted. A random effects meta-
analysis using the inverse variance method [48] was also
performed to compare the effect of POL with other TIDs
regarding the primary and secondary outcome measures,
and results were displayed by forest plots. Fourteen of the
17 studies included in the systematic review were included
in the meta-analysis. Sub-analyses were also performed to
determine if the comparison between POL and other TIDs
differed by sex (males vs. females), intervention duration
(interventions < 12 weeks’ vs. > 12 weeks’ duration), starting
endurance performance level (highly trained/national level
vs trained/developmental) and TT duration (< 12 min or > 12
min). For TT duration, a cut-off of 12 min was chosen, based
on the usual VO,max test duration, and considering that
shorter efforts are related more to VO,peak and longer ones
to V/P at VT,/LT,.

A sensitivity analysis was also performed by exclud-
ing one study at a time to determine the consistency of the
results. To perform these analyses, the “meta” package in
R software was used. The Z-test was used to assess overall
effect and was considered statistically significant at p <0.05.
The I statistic was used to assess between-studies hetero-
geneity and was qualitatively characterized as: 0-40% not
important, 30-60% moderate, 50-90% substantial, and
75-100% considerable. A visual inspection of the funnel
plot and the Egger's linear regression method test were used
to assess publication bias in two variables (VO,peak and
V/P at VT,/LT,) in cases where at least ten studies were
available [49].

2.9 Certainty of Evidence Assessment

We followed the Grading of Recommendations Assessment,
Development, and Evaluation (GRADE) tool (online ver-
sion: Copyright © 2021, McMaster University and Evidence
Prime Inc. All rights reserved) to determine the certainty of
the evidence of the findings regarding the study primary out-
come (VO,peak) [50, 51]. Risk of bias, inconsistency, indi-
rectness of the evidence, imprecision, and publication bias
are the key domains used in the evaluation of the certainty of
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the evidence by GRADE and are graded as high, moderate,
low, or extremely low. Certainty of evidence of the included
studies in this systematic review with meta-analysis was
evaluated in terms of having adequate sample size, narrow
confidence intervals, and absence of heterogeneity. GRADE
was independently assessed by two authors (PO and GB),
with disagreements managed by consensus or through a third
author (HF).

3 Results
3.1 Study Selection

The flowchart details the studies included in the review. An
initial search returned 275 results (35 PubMed, 203 Scopus,
and 37 Web of Science). After removing duplicates, 205
reports remained. The screening of titles and abstracts for
eligibility criteria resulted in the exclusion of 163 reports,
leaving 42 articles for full text analysis. Of these, 25 were
excluded for not meeting the eligibility criteria: seven were
outside the research objective, 12 did not had the necessary
intervention or comparators, three did not assess any of the
variables of interest, two were not written in English, and
one was an erratum. Snowballing revealed one additional
potentially suitable article. After screening the abstract, a

full text analysis was performed revealing that this article
did not meet the eligibility criteria. Seventeen studies were
finally included in the systematic review. There were no dis-
crepancies between raters in the selection of studies to be
included in the final analysis (Fig. 1).

3.2 Characteristics of the Studies Included

Table 1 summarizes all the characteristics of the 17 stud-
ies included in this review that compared the effect of an
intervention based on POL with other TIDs on improving
endurance performance. The total number of participants
included was n=437 (317 males, 89 females, 31 undis-
closed), of which 183 participated in POL interventions
and 223 in other TIDs. One study (31 participants) did not
indicate the number of subjects in each group [52]. Most
studies (n=15) included only or predominantly men. Only
one study included only or predominantly women [53], and
only one study included a balanced sample of both sexes
[54]. All participants in the selected studies were adults or
young adults, ranging in age from 17+3 [55] to 44.2 +14.6
years [24]. The sample size in each study varied between
n=11 [26] and n=52 participants [53], with a median of
n="22 per study.

The studies selected for analysis included a wide vari-
ety of endurance sports, with running and cycling being
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Fig.1 PRISMA 2020 flow diagram
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predominant. Six studies evaluated endurance runners [17,
24, 27, 28, 56], in one case ultra-endurance runners [57].
Four studies evaluated cyclists, of which one evaluated road
cyclists [26], one cross-country [55], and two mountain bik-
ers [25, 58]. Six studies evaluated other sports, namely one
study of swimmers [54], one of rowers [30], two of triath-
letes [29, 32], and two included multisport participants,
namely cross-country skiers, cyclists, medium and long-
distance triathletes, and runners [8, 52]. One study included
previously untrained subjects [53].

Seven studies were performed with highly trained ath-
letes/national level athletes, of which two included moun-
tain bikers [25, 58], one cross country cyclists [55], one
swimmers [54], one rowers [30], and two a mixed sample of
various disciplines [8, 52]. Nine studies evaluated trained/
developmental athletes, of which six included runners [17,
24, 27, 28, 56], one of these ultra-endurance runners [57],
one road cyclists [26], and two triathletes [29, 32]. One study
included previously sedentary subjects [53].

The duration of training interventions ranged from 4 [55]
to 16 weeks [56], with a median of 10 weeks. Three studies
did not report the TID [25, 27, 58]. One study [53] reported
the TID only in the POL group.

In two studies [25, 58] the training duration and the num-
ber of sessions dedicated to high- and low-intensity training
were reported without mentioning the percentage of the total
training time distribution attributed to each intensity. Eight
studies reported the weekly TRIMP, with studies from Car-
nes et al. [24] and Rohrken et al. [29] showing the lowest
(POL: 389 + 101; CrossFit Endurance®: 222 + 68) and high-
est (POL: 882.0+155; THR: 739.0 + 162) weekly value. The
minimum weekly training frequency was three sessions [24]
and the maximum was ten sessions [55].

VO,peak was assessed in 11 studies [8, 24, 25, 27, 28,
30, 32, 53, 56-58], TT in nine studies [17, 24, 26-28, 30,
54-56], TTE in four studies [8, 26, 27, 57], and V/P at VT,/
LT, in 12 studies [8, 25, 26, 28-30, 32, 52, 54-57].

3.3 Qualitative Synthesis of Findings

For VO,peak, differences between groups after the interven-
tion were not significant in six studies [28, 30, 32, 53, 56,
57]. Five studies [8, 24, 25, 27, 58] concluded that POL was
superior compared to other TIDs and no studies suggested
that POL was inferior. For TT, eight studies [17, 24, 26-28,
30, 55, 56] did not show significant differences between
interventions, and one study [54] showed favorable results
for POL. Of the four studies analyzing TTE, three reported
superiority for POL [8, 26, 57], with one study [27] not
reporting differences between interventions. Regarding V/P
at VT,/LT,, eight studies did not reveal differences between
interventions [25, 28, 29, 32, 52, 55-57], two studies favored

POL [8, 26], and three studies [30, 32, 54] suggested supe-
riority of other TIDs.

3.4 Risk of Bias in Studies

The RoB-2 quality assessment showed that all studies were
rated as having some concerns due to issues in the randomi-
zation process (D1) and selection of the reported results,
except for two studies [53, 56] that were rated as having low
risk of bias in D1.

The ROBINS-I quality assessment showed that two stud-
ies [11, 32] were rated as having low risk of bias due to
having no concerns regarding confounding, selection of
participants, classification of interventions, deviations from
intended interventions, missing data, measurement of out-
comes and selection of the reported results. One study [27]
was rated as having some concerns due to moderate bias in
the measurement of outcomes. The RoB-2 assessment of all
randomized controlled trials and the ROBINS-I assessment
of all non-randomized controlled trials are shown in Figs. 2
and 3, respectively.

3.5 Meta-analysis
3.5.1 Effect of POL Compared to Other TIDs on VO,peak

Figure 4 shows the pooled effect estimates of POL compared
to other TIDs on VO,peak. POL was shown to be superior to
other TIDs in the improvement of VO,peak, although with a
small effect size (SMD =0.24; 95% confidence interval (CI)
0.01, 0.48; z=2.02; p=0.040).

3.5.2 Effect of POL Compared to Other TIDs on TT, TTE,
and V/P at VT,/LT,

POL in comparison to other TIDs was not shown to induce
significant improvements on any of the study secondary
outcomes, namely TT (SMD=- 0.01; 95% CI -0.28, 0.25;
z=-0.10; p=0.92), TTE (SMD =0.30; 95% CI - 0.20,
0.79;z=1.18; p=0.24), and V/P at VT,/LT, (SMD =0.04;
95% CI1-0.21,0.29; z=0.32; p=0.75); see Fig. 5.

3.5.3 Comparison of the Effect of POL Versus THR, PYR,
HIIT, and CG

No significant differences were identified when comparisons
between POL and each of the other TIDs were performed
for any of the primary or secondary outcomes of the study.
Detailed results are displayed on Table 2.
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Risk of bias domains

Study

0000000000000
0000000000000 ®
0000000000000 ®
0000000000000 ®
0000000000000
0]010]0010/0]0]01010/010/0

Domains:

Judgement

D1: Bias arising from the randomization process.

D2: Bias due to deviations from intended intervention.
D3: Bias due to missing outcome data.
D4: Bias in measurement of the outcome.

Some concerns

. Low

D5: Bias in selection of the reported result.

Bias arising from the randomization process
Bias due to deviations from intended interventions
Bias due to missing outcome data

Bias in measurement of the outcome

Bias in selection of the reported result

Overall risk of bias

0%

Fig.2 Assessment of risk of bias of randomized trials with RoB-2

3.5.4 Effect of POL Compared to Other TIDs According
to Intervention Duration (< 12 and = 12 Weeks)

A sub-analysis according to training intervention dura-
tion was also performed and is shown in Table 3, in which
interventions were divided into two categories: < 12
weeks’ duration and > 12 weeks’ duration. POL was only

25% 50% 75% 100%

. Low risk

D Some concerns

shown to be superior to other TIDs on VO,peak when
intervention duration was < 12 weeks (SMD =0.40; 95%
CI0.08,0.71; z=2.49; p=0.01; Fig. 6). For TT (p =0.98),
and V/P at VT,/LT, (p=0.65) there were no differences
between POL and other TIDs according to intervention
duration. When training duration was > 12 weeks, POL
was not shown to be superior for any of the study outcomes
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Risk of bias domains

Domains: Judgement

D1: Bias due to confounding.

D2: Bias due to selection of participants. = Moderate
D3: Bias in classification of interventions. . Low

D4: Bias due to deviations from intended interventions.
D5: Bias due to missing data.

D6: Bias in measurement of outcomes.

D7: Bias in selection of the reported result.

Bias due to confounding

Bias due to selection of participants

Bias in classification of interventions

Bias due to deviations from intended interventions
Bias due to missing data

Bias in measurement of outcomes

Bias in selection of the reported result

Overall risk of bias

0% 25% 50% 75% 100%

. Low risk D Moderate risk

Fig.3 Assessment of risk of bias of non-randomized trials with ROBINS-I

VO, peak

POL group All group Standardised Mean
Study Total Mean SD Total Mean SD Difference SMD 95%~-Cl Weight
Stoggl et al., (2014)c [8] 12 6.8 10.1 8 -24 70 —————— 098 [0.02;193] 6.1%
Hebisz et al., (2021) [25] 10 81 84 10 36 56 —1 0.60 [-0.30; 1.50] 6.9%
Stoggl et al., (2014)b [8] 12 68101 11 16119 — 0.46 [-0.38;1.29] 8.1%
Stoggl et al., (2014)a [8] 12 68101 10 29 79 —— 0.41 [-044;1.26] 7.7%
Selles-Perez et al., (2019)R [32] 6 22 34 7 05 44 —_— 0.40 [-0.70;1.51] 4.6%
Hebisz et al., (2021) [58] 14 40 77 12 16 72 —_—t 0.31 [-0.47;1.09] 9.3%
Carnes et al., (2018) [24] 9 43 84 12 18 93 —i— 0.27 [-0.60;1.14] 7.4%
Festa et al., (2020) [28] 19 06 71 19 -05 25 —i— 0.20 [-0.44;0.84] 13.7%
Schumann et al., (2017) [27] 14 37 73 10 33 53 2 0.06 [-0.75;0.87] 8.5%
Selles-Perez et al., (2019)C [32] 6 32 36 7 29 64 0.05 [-1.04;1.14] 4.7%
Filipas et al., (2022) [56] 15 10 43 15 1.0 49 0.00 [-0.72;0.72] 10.9%
Treff et al.,, (2017) [30] 7 00 79 7 00 29 : 0.00 [-1.05;1.05] 5.1%
Pérez et al., (2019) [57] 1 -09 6.2 9 1.7 641 — -0.40 [-1.30;0.49] 7.0%
Random effects model 147 137 - 0.24 [ 0.01; 0.48] 100.0%
Heterogeneity: /> = 0%, ©° =0, p = 0.89 ! ! I
Test for overall effect: z=2.02 (p = 0.04) -2 -1 0 1 2

All group POL group

Fig.4 Effect of POL compared to other TIDs on VO,peak
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Time trial
POL group All group Standardised Mean

Study Total Mean SD Total Mean SD Difference SMD 95%-Cl Weight
Mufioz et al., (2014) [17] 16 -21 61 16 -14 53 -0.12 [-0.82;0.57] 14.6%
Filipas et al., (2022) [56] 15 -120614 15 -6.0 728 -0.09 [-0.80;0.63] 13.7%
Pla et al., (2019) [54] 9 -07 96 13 -0.010.7 -0.06 [-0.91;0.79] 9.7%
Carnes et al., (2018) [24] 9 -16 30 12 -14 40 -0.04 [-0.90;0.82] 9.4%
Treff et al., (2017) [30] 7 6.0375 7 70289 -0.03 [-1.08;1.02] 6.4%
Schneeweiss et al., (2022) [55] 10 18.7 83.5 8 206 634 -0.02 [-0.95;091] 8.1%
Schumann et al., (2017) [27] 14 -02156 10 -02 196 -0.00 [-0.82;0.81] 10.7%
Festa et al., (2020) [28] 19 05 24 19 04 07 0.05 [-0.58;0.69] 17.4%
Neal et al., (2013) [26] 11 21.0466 11 108 47.2 0.21 [-0.63;1.05] 10.0%
Random effects model 110 111 -0.01 [-0.28; 0.25] 100.0%
Heterogeneity: /1> = 0%, ©* =0, p = 1.00 ! ! ! I !

Test for overall effect: z =-0.10 (p = 0.92) =2 =1 0 1 2

All group POL group

Time to exhaustion

POL group All group Standardised Mean

Study Total Mean SD Total Mean SD Difference SMD 95%-Cl Weight
Neal et al., (2013) [26] 11 229.7 1332 11 115.7 160.7 0.74 [-0.13;1.61] 32.0%
Péerez et al., (2019) [57] 11 26.5 109.2 9 1201277 0.12 [-0.76;1.00] 31.2%
Schumannetal., (2017)[27) 14 24 41 10 21 39 0.06 [-0.75;0.87] 36.8%
Random effects model 36 30 0.30 [-0.20; 0.79] 100.0%
Heterogeneity: 12 = 0%, 1° =0, p = 0.47 I I I I

Test for overall effect: z = 1.18 (p = 0.24) -2 -1 0 1 2

All group POL group

Velocity or power at 2" ventilatory or lactate threshold

POL group All group Standardised Mean

Study Total Mean SD Total Mean SD Difference SMD 95%-Cl Weight
Selles-Perez et al., (2019)S [32] 6 -0.1 0.1 7 0.0 01 —— -0.87 [-2.03;0.29] 4.6%
Treff et al., (2017) [30] 7 -1.023.6 7 50256 —— -0.23 [-1.28;0.82] 5.6%
Pla et al., (2019) [54] 9 00 01 13 00 01 -0.11 [-0.96;0.74] 8.5%
Hebisz et al., (2021) [25] 10 276 727 10 29.2 46.7 -0.03 [-0.90;0.85] 8.0%
Selles-Perez et al., (2019)C [32] 6 18.4 345 7 193 417 -0.02 [-1.11;1.071 52%
Selles-Perez et al., (2019)R [32] 6 01 02 7 01 02 0.00 [-1.09;1.09] 5.2%
Neal et al., (2013) [26] 11 157 499 11 12.1 466 0.07 [-0.77;091] 8.8%
Schneeweiss et al., (2022) [55] 10 13.5 69.9 8 80542 0.08 [-0.85;1.01] 7.1%
Filipas et al., (2022) [56] 15 02 10 15 01 14 0.08 [-0.64;0.79] 12.0%
Rohrken et al., (2020)C [29] 7 9.0553 8 -3.0587 0.20 [-0.82;1.22] 6.0%
Festa et al., (2020) [28] 19 07 19 19 04 05 0.21 [-0.43;0.85] 15.2%
Rohrken et al., (2020)R [29] 7 06 15 8 02 14 0.26 [-0.76;1.28] 5.9%
Pérez et al., (2019) [57] 11 08 20 9 02 15 0.32 [-0.57;1.21] 7.8%
Random effects model 124 129 0.04 [-0.21; 0.29] 100.0%
Heterogeneity: ?=0%, =0, p=0.99 ! J I ! ! ! !

Test for overall effect: z = 0.32 (p = 0.75) -3 2 -1 0 1 2 3

All group POL group

Fig.5 Effect of POL compared to other TIDs on TT, TTE, and V/P at VT,/LT,
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Table 2 Sub analysis of the effect of POL vs. THR, POL vs. PYR, POL vs. HIIT, POL vs. CG

V/P at VT,/LT,

TTE

TT

VO,max/peak

Intervention
groups

Z(p)

0% 0.88 (0.38)

SMD (95% CI) P

N

Z(p)

12

N SMD (95% CI)

Z(p)

0% 0.07 (0.94)

SMD (95% CI) P

N

(1)

53% 0.67 (0.51) 114 0.01 (- 0.36;

Z

12

N SMD (95% CI)

0% 1.38(0.17) 132 0.15(-0.19;

42 0.43 (-0.18;

78 0.24 (- 0.46;

POL vs. THR

0.50)
-0.14 (- 0.57;

0.38) 1.05)

0.94)
70 0.08 (-0.39;

0% -0.61(0.54)

83

0% -0.23(0.82) —

—0.07 (- 0.66;

0.52)

0% 0.34(0.73) 44

POL vs. PYR

0.30)

0.55)
43 034 (-0.27;

1.10(027) —

0%

POL vs. HIIT

0.95)
93 0.34 (- 0.07;

0% 0.08 (0.94)

0.03 (- 0.61;

38

0% -0.04(0.97) -

-0.01 (-0.62;

1.63 (0.10) 42

0%

POL vs. CG

0.66)

0.60)

0.76)

CG control group, HIIT high-intensity interval training, POL polarized training, PYR pyramidal Training, THR threshold training, 77 time trial, 7TE time to exhaustion, V/P at VT,/LT, velocity
or power at second ventilatory or lactate threshold, VO,max/peak maximal/peak oxygen uptake, SMD standardized mean difference, I, (p) heterogeneity and p-value, Z (p) test for overall effect

and p-value

(VOypeak, p=0.83; TT, p=0.84; TTE, p=0.78; V/P at
VT,LT,, p=0.93).

3.5.5 Effects of POL Compared to Other TIDs According
to Athlete Level

A sub-analysis comparing the effect of endurance per-
formance starting level (highly trained/national level vs
trained/developmental) [44] on the selected outcomes was
performed (Table 3). In highly trained/national level ath-
letes, POL was superior to other TIDs on the improvement
of VO,peak (SMD =0.46; 95% CI 0.10, 0.82; z=2.51;
p=0.01), but not for TT (p=0.89), and V/P at VT,/LT,
(p=0.79). For trained/developmental athletes, there were
no differences between POL and other TIDs for any of the
outcomes assessed (VO,peak: p=0.82; TT: p=0.98; TTE:
p=0.24; V/P at VT,/LT,: p=0.58; Fig. 7).

3.5.6 Effects of POL Compared to Other TIDs According
to TT Duration (< 12 min vs.> 12 min)

A sub-analysis according to TT duration was also performed
and is shown in Table 3, in which interventions were divided
into two categories, < 12 min versus > 12 min duration.
There were no differences in TT performance between POL
and other TIDS, irrespective of TT test duration (< 12 min:
p=1.00;>12 min: p=0.89).

3.5.7 Effect of Sex

Although in the pre-registration of this work a sub-analysis
comparing the effect of POL versus other TIDs between
males and females was proposed (sex effect on the adapta-
tion to POL), it was not possible to perform this analysis due
to insufficient sex reporting in the included studies.

3.6 Sensitivity Analysis

All the analyses performed revealed low or inexistence of
heterogeneity. The analysis with the highest heterogeneity
was a secondary analysis of POL versus THR for VO,peak
(I*=53%). A sensitivity analysis for this comparison was
performed by removing one study at a time. The study that
was shown to contribute the most to heterogeneity was the
one by Stoggl et al. [8]. Nevertheless, removal of this study
did not affect the results (p =0.95) (see Appendix S3 of the
ESM).

3.7 Certainty of the Evidence
According to the GRADE approach, all outcomes were clas-

sified as having a high certainty of evidence (Appendix S4
of the ESM).



2087

Polarized vs. Other Training Intensity Distribution Regimens and Endurance Performance

§0°0> d :90uBdYIUSIS [LINSHEIS

anyea-d pue 1099 [[eISA0 10 189} (d) 7 “onfea-d pue Kyrouagorsiay (d) ¢ “9oudIolIp ueaw pazipiepuels (Js ‘oyeidn uagAxo yead/fewrxew ypod
/XeWICOA ‘PIOYSAIY) 18I0 IO AIOJR[NUSA Pu0d3s 18 1omod 10 A0 S17/AIA IV d/A ‘UOnSnByXS 0) awn 777 ‘[etn awn 7.7 ‘Sururen) pazuejod 704 ‘uonngnsip Ajsuojur ururen Iayjo 77y

(9¢0 (unw zr 2 LL)

- - - - - - = = (68O EI0- %0  ‘I¥0-) €00~ SOI - = - 661 TIV "sA T0d

(Lo (unw zy > L1)

- - - - - - - = 0DI00- %0  *L£0-) 000~ 9II - - - 61 TIV 'sA TOd

(8¢°0 (6L°0 0g0 (6£0 (paure1L)

(85°0) SS'0 %0 1T0-) 800 6L1 (#TO)SI'T %0 ‘070 0€0 99 (86°0) €00~ %0 ‘1€0-) 000~ L91 (290 0S0 %0 '€T0-) 800 651 TIV "$A TOd

(paure],

(a0 050 A1y31H)

(6L°0) L0~ %0  TS0-)900~— L - - = = (68O YI0— %0  8S0-)F00— ¥S «(100)1ST %0 (28001090 SII TIV A TOd

(a0 (890 (620 () (SYPam Z13)

(€6'0)600— %0  $F0-)T00— 68 (8L0)8T0 %0 060600 v (€500 €90~ %0 950 ¥I'0— L8 (€8°0)TTO %0 TE0) Y00 1TI TIV "sA TOd

(80 (€0 (Soom 71 >)

($9°0) 90 %0 $T0-) LO0 ¥9I - - - = (86°0)€00 %0 TE0) 000 9vl (100 6T %0 (1L°0:80°0) Ov'0 €91 TIV "sA TOd
Dz J dO%S6)ANS N Dz J (UAD%S6)ANS N Dz J dD%S6)ANS N Dz J (UD%S6)ANS N

sdnoi3

SITCLA 18 d/A uonsneyxa 0) dwly, [eLn Quiry, yead/xewp UONUSAIU]

[9AQ] QJ9[YJE 0] PUE UOLRIND UONUIAIIUL 0} SUIPIOIIE SLL 1oylo 03 paredwod JOJ JO 1099 9y} Jo SisA[eue qnS € 3jqel



2088 P. Silva Oliveira et al.
VO,peak
POL group All group Standardised Mean
Study Total Mean SD Total Mean SD Difference SMD 95%-Cl Weight
Stoggl et al., (2014)c [8] 12 6.8 101 8 -24 70 ——s—— 0.98 [0.02;1.93] 10.7%
Hebisz et al., (2021)[25] 10 8.1 84 10 36 56 —1— 0.60 [-0.30; 1.50] 12.1%
Stoggl et al., (2014)b [8] 12 68101 11 16119 —T 0.46 [-0.38; 1.29] 14.2%
Stoggl et al., (2014)a [8] 12 68101 10 29 79 —r 0.41 [-0.44;1.26] 13.6%
Hebisz et al., (2021)[58] 14 40 77 12 16 72 —r 0.31 [-0.47;1.09] 16.3%
Festa et al., (2020) [28] 19 06 71 19 -05 25 —— 0.20 [-0.44,;0.84] 24.1%
Treff et al., (2017) [30] 7 00 79 7 00 29 i 0.00 [-1.05;1.05] 8.9%
Random effects model 86 77 ’ 0.40 [0.08;0.71] 100.0%
Heterogeneity: P= 0%, = 0,p=0.86 I I I 1
Test for overall effect: z=2.49 (p = 0.01) -2 -1 0 1 2
All group POL group
Fig.6 Sub-analysis of POL vs ALL < 12 weeks
VO,max/peak
POL group All group Standardised Mean
Study Total Mean SD Total Mean SD Difference SMD 95%-Cl Weight
Stoggl et al., (2014)c [8] 12 6.8 101 8 24 70 —-—4—— 0.98 [0.02;1.93] 14.2%
Hebisz etal, (2021)[25] 10 81 84 10 3.6 56 T 0.60 [-0.30; 1.50] 15.9%
Stoggl et al., (2014)b [8] 12 68101 11 1.6 119 —— 0.46 [-0.38; 1.29] 18.7%
Stoggl et al.,, (2014)a [8] 12 68101 10 29 79 —— 0.41 [-0.44;1.26] 17.9%
Hebisz etal, (2021)[58] 14 40 77 12 16 72 —r— 0.31 [-0.47;1.09] 21.5%
Treff et al., (2017) [30] 7 00 79 7 00 29 — 0.00 [-1.05;1.05] 11.8%
Random effects model 67 58 ’ 0.46 [0.10; 0.82] 100.0%
Heterogeneity: 2= 0%, ©° =0, p=0.83 I ! I !
Test for overall effect: z=2.51 (p = 0.01) -2 -1 0 1 2

All group POL group

Fig.7 Sub-analysis of POL vs. ALL according to competitive level—highly trained/national level athletes

3.8 Publication Bias

Publication bias was assessed for studies comparing ath-
letes performing POL vs other TIDs on VO,peak and V/P
at VT,/LT,. A non-significant publication bias was revealed
by both the funnel plot symmetry and the Egger's test result
adjusted for VO,peak (bias coefficient=—0.042 (intercept);
p=0.632), and V/P at VT,/LT, (bias coefficient=— 0.708
(intercept); p=0.092). Detailed results are depicted in
Appendix S5 of the ESM.

4 Discussion

This study aimed to systematically review and meta-
analyze the evidence comparing the effect of POL with
other TIDs on endurance performance. POL was found
to be superior to other TIDs for VO,peak improvement,
although with a small magnitude of effect (SMD =0.24
[95% CI10.01, 0.48]; z=2.02 (p =0.040); n=284; > =0%).

Regarding the secondary outcomes, there was no evidence
of superiority of POL compared to other TIDs.

To date, only one systematic review with meta-analysis
[33] have compared POL with THR, but this included only
TT as a surrogate of endurance performance. In addition,
this meta-analysis contained only three studies due to
the scarcity of data available at that time. Their results
suggested superiority of POL compared to THR for TT
improvement, which is in opposition to our findings. This
disparity is due to the difference in the number of studies
included in the analysis. The increased interest in POL
has led to a surge in the number of experimental studies
investigating this TID. Consequently, our study included a
sample of n =437 participants compared to n=112 in the
Rosenblat et al. study [33]. Another important difference
was the inclusion of other TIDs as well as a set of vari-
ables strongly correlated with endurance performance such
as VO,peak, TT, TTE and V/P at VT,/LT,, other than TT,
which allows for a much more thorough understanding of
the effectiveness of POL.
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Our results showed that VO,peak was higher with POL
compared to other TIDs. The results displayed a low het-
erogeneity but a small effect size. POL may have been more
effective in promoting VO,peak adaptations as it exposes
athletes to a combination of low- and high-intensity exer-
cise, which appears to be particularly suited to the develop-
ment of central and peripheral aerobic adaptations [23]. The
main central adaptation to endurance training is the increase
in cardiac output, which results mainly from increases in
blood volume, left ventricle end-diastolic volume, and myo-
cardial contractility [59, 60]. Of these adaptations, the one
that most likely contributes to improvements in VO,peak
in studies with a short duration, such as those included in
our systematic review, is an increase in blood volume. It
has been shown that low-intensity aerobic training is effec-
tive in increasing plasma volume and cardiac output [61].
However, high-intensity training appears to be an even more
effective strategy for this purpose [62, 63]. Previous studies
have shown that intensity is a crucial variable in exercise-
induced hypervolemia, and that higher exercise intensities
seem particularly effective at inducing rapid elevations in
plasma volume [64, 65]. For instance, adding a short period
of high intensity exercise, between 90 and 95% VO,peak,
to well-trained runners, significantly increased their blood
volume by 4% [66]. Increases in blood volume of 10% 24
h after a single exercise session at 85% VO,peak has also
been reported [67]. Evidence suggesting that high-intensity
exercise rapidly increases blood volume is also in accord-
ance with the findings of our sub-analysis showing that it
was with shorter interventions (< 12 weeks) that POL was
particularly effective compared to other TIDs for improv-
ing VO,peak (SMD =0.40; 95% CI 0.08, 0.71; z=2.49;
p=0.01).

Improvements in VO,peak also depend, to a large extent,
on peripheral skeletal muscle adaptations favoring capil-
lary oxygen extraction and use by fiber mitochondria [68].
Although it is well demonstrated [69] that high-volume,
low-intensity training favors mitochondrial biogenesis [70],
increases lactate oxidation rate [71] and type I muscle fib-
ers capillarization [68, 72], there is also evidence that high
intensity is a key factor in peroxisome proliferator-activated
receptor-gamma coactivator-1 alpha (PGC-1a) activation
and mitochondrial biogenesis [73]. A single high-intensity
exercise bout was shown to induce greater elevations in
PGC-1a mRNA compared to low-intensity exercise [74].
This might be explained by the fact that high-intensity exer-
cise is a major stimulus for ATP depletion and accumulation
of ADP and AMP, which will thereby activate PGC1-a and
trigger mitochondrial biogenesis [75—77]. Training at higher
intensities has also been shown to lead to faster improve-
ments in endurance performance [78, 79] and to faster
peripheral adaptations compared to training at moderate
or low intensity [80]. This may also be due to the greater

recruitment of type II muscle fibers, which positively affects
their oxidative capacity [81-83]. For instance, high-intensity
exercise seems to induce superior adaptations in type II fib-
ers’ oxidative metabolism compared to low-intensity aerobic
training [84]. In addition, when high-intensity exercise is
performed at an intensity greater than VO,peak, the oxida-
tive capacity of type IIx muscle fibers is enhanced [85]. Col-
lectively, this evidence suggests that adding high-intensity
exercise to the training regimen favors a faster development
of both central and peripheral adaptations, thereby optimally
enhancing VO,peak. This is in agreement with our sub-
analysis showing that POL training is particularly effective
in inducing faster increases at VO,peak. Nevertheless, the
advantage of POL seems to wane for interventions longer
than 12 weeks, suggesting that subjects who undergo other
TIDs might also develop adaptations to the same extent as
those induced by POL, but more slowly. For this reason,
POL might be a more interesting strategy to induce faster
improvements in VO,peak, such as for instance in prehabili-
tation exercise contexts [86].

Despite high VO,peak being one of the determinants of
endurance performance [87], other variables are also impor-
tant in this context [61, 88]. Anaerobic threshold, which
translates into the ability to maintain high workloads without
exponentially increasing blood lactate concentration [35], is
a variable that is more strongly correlated with endurance
sports performance [89]. Interestingly, our results suggest
that, for this variable, there is no evidence of superiority of
POL compared to other TIDs (p=0.75).

Exercise intensity at VT, and, especially, at VT, are
major determinants of endurance performance since VT,
marks the intensity above which lactate concentration con-
sistently rises, hindering the ability to tolerate the exercise
intensity for a long period. Endurance training plays an
important role in reducing blood lactate concentration for
a given exercise intensity [60]. This reduction seems to be
a consequence of a lower rate of muscle glycogen utiliza-
tion [90], accelerated O, consumption kinetics [91], and the
ability to effectively remove blood lactate [92]. The most
plausible physiological rationale for increasing velocity at
the anaerobic threshold is increased lactate clearance [93].
After both low-intensity [94] and high-intensity [95] endur-
ance training interventions, concentrations of monocarbox-
ylic transporters (MCT), namely MCT1 and MCT4 seem
to increase. A high abundance of MCT facilitates transport
of lactate and hydrogen ions and increases muscle lactate
clearance [96, 97]. In fact, this is verifiable by analyzing
the expression of MCT1 in well-trained subjects, which is
much higher compared to less trained subjects [98]. Further-
more, the rate of lactate removal after maximal exertion cor-
relates with MCT1 expression, thereby favoring high ATP
utilization rates without major increases in blood lactate
[99]. Considering that both low-intensity and high-intensity
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exercise seem to induce similar adaptations in the mecha-
nisms involved in lactate production and removal, it is not
surprising that several studies using different exercise train-
ing intensities, such as threshold training [26, 100], train-
ing above the anaerobic threshold [101, 102], and POL [26,
103], were all effective in improving the anaerobic threshold,
which is in agreement with our findings that POL is similar
to other TIDs regarding V/P at VT,/LT,.

TT is a variable highly correlated with endurance perfor-
mance [104]. In our study, there was no evidence of supe-
riority of POL compared to other TIDs in the improvement
of TT (p=0.92). Nevertheless, the studies included in our
meta-analysis displayed a high variability in terms of TT
distances, ranging from 100 m [54] to 40 km [26], which
correlate very differently with performance in aerobic activi-
ties, and therefore some of these results might not neces-
sarily reflect adaptations of the aerobic metabolism. TT in
endurance activities is highly dependent on VO,peak and,
especially for longer distances, on LT and running economy
[87, 105-107]. Considering our findings that POL is similar
to other TIDs regarding improvements in V/P at VT,/LT,
and that POL is only able to marginally improve VO,peak,
especially for shorter duration interventions, it is not surpris-
ing that the results from our meta-analysis suggest that TT
can be similarly improved by several TIDs even irrespective
of TT duration.

Our meta-analysis included only three studies [26, 27,
57] analyzing TTE. The protocols by Perez et al. [57] and
Schumann et al. [27] consisted of incremental tests until
exhaustion, while Neal et al. [26] performed a protocol at
95% of peak power output in cycle ergometer to exhaustion.
In these types of tests, in which athletes perform exercise
at high intensity, there is a marked production and accu-
mulation of lactate and hydrogen ions [108]. Consequently,
muscle pH will drop dramatically [109] and, therefore,
effective pH regulation, which is highly dependent on skel-
etal muscle buffering capacity [110], is a crucial factor for
prolonging TTE. Interestingly, since high-intensity exercise
recruits a substantial portion of fast-twitch muscle fibers,
this has been shown to favor resistance to fatigue at higher
intensities, therefore prolonging TTE [82, 111]. However,
in recreational runners, continuous aerobic training at inten-
sities between 60 and 80% VO,peak has also been shown
to effectively improve TTE by increasing cardiac output
and oxidative enzyme activity [112]. Therefore, different
physiological adaptations, induced by different exercise
intensities, seem to be able to effectively improve TTE in
endurance activities, explaining the absence of differences
between POL and other TIDs regarding improvements in
TTE identified in our meta-analysis.

Knowing a priori that the starting endurance perfor-
mance level of the subjects could be a differentiating factor
in the magnitude of the response to the training stimulus,

we carried out a sub-analysis of our variables of interest
according to the initial endurance performance level of the
subjects (highly trained/national level vs. trained/devel-
opmental). Our results showed that baseline performance
level significantly influenced the effectiveness of endurance
training type with only highly trained/national level athletes
showing higher improvements in VO,peak in response to
POL compared to other TIDs. This finding is in agreement
with previous studies showing that adding a period of high-
intensity exercise to even well-trained athletes effectively
induces several hematological adaptations [66] that could
favor VO,peak increases [113]. Nevertheless, studies includ-
ing highly trained athletes were also those that had a shorter
duration (< 12 weeks). Therefore, it is not possible to dis-
entangle whether the observed effect was due to training
level or to the concomitant effect of intervention duration.
Future studies should be performed to specifically address
this question.

One of the main limitations of this study is that several of
the included reports did not disclose the percentage of TID.
Although the authors classified the training model as POL
or PYR, without data on the %TID performed at each zone,
it is problematic to robustly state which model was in fact
followed. Another necessary criticism is the under-reporting
of weekly TRIMPs or variables such as volume, intensity,
and frequency of the entire training program. Therefore, it is
possible that groups might have differed not just in intensity
but also in other crucial variables that were not accounted
for. In addition, several studies lacked adequate description
of the training program variables, namely weekly frequency,
type of sessions, and robust measures of volume and inten-
sity. It is also noteworthy to mention that although our study
included several important variables for endurance perfor-
mance, the success in endurance activities also depends on
other aspects that were not assessed. For instance, Seiler
etal. [114] and Boullosa et al. [115, 116] argue that the char-
acteristics of POL favor a reduction in fatigue, and therefore
that when training volumes are substantially high, POL may
be a superior strategy for reducing the risk of overtraining.
Consequently, although our study identified only marginal
benefits of POL in improving variables related to endur-
ance performance, future studies should further investigate
other determinants of endurance performance success in a
more ecological context, namely those related to recovery
[117-120].

5 Conclusions

In conclusion, the results of our systematic review and meta-
analysis suggest, with high certainty of evidence, that POL is
superior to other TIDs for the improvement of VO,peak, but
with a small effect size, and particularly for shorter duration
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interventions and in the case of highly trained/national level
athletes. There was, however, no evidence of superiority of
POL regarding TT, TTE and V/P at VT,/LT,. POL could
be a more effective strategy to increase VO,peak in a short
period of time, particularly in highly trained athletes.

These results should raise exercise physiologists’ and
coaches’ attention to the importance of including POL
TID regiments in pre-competitive phases, particularly
in endurance sports that are highly dependent on aerobic
power, since our results suggest that a reduced number of
weeks under this TID could lead to faster improvements in
VO,peak.
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