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Objective: This study aims to compare, through quantitative analysis, the effectiveness of different endurance
training types on increasing lower limb strength and muscle cross-sectional area (MCSA) in concurrent training.
Methods: This systematic literature search was performed according to the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analysis (PRISMA) [PROSPERO ID: CRD42023396886]. Web of Science, SportDis-
cuss, Pubmed, Cochrane, and Scopus were systematically searched from their inception date to October 20, 2023.
Resulits: A total of 40 studies (841 participants) were included in this meta-analysis. MCSA analysis showed that,
compared to resistance training alone, concurrent high-intensity interval running training and resistance training
and concurrent moderate-intensity continuous cycling training and resistance training were more effective (SMD
= 0.15, 95% CI = —0.46 to 0.76, and SMD = 0.07, 95% CI = —0.24 to 0.38 respectively), while other modalities
of concurrent training not. Lower body maximal strength analysis showed that all modalities of concurrent
training were inferior to resistance training alone, but concurrent high-intensity interval training and resistance
training showed an advantage in four different concurrent training modalities (SMD = —0.08, 95% CI = —0.25 to
0.08). For explosive strength, only concurrent high-intensity interval training and resistance training was su-
perior to resistance training (SMD = 0.06, 95% CI = —0.21 to 0.33).

Conclusion: Different endurance training types have an impact on the effectiveness of concurrent training,
particularly on lower limb strength. Adopting high-intensity interval running as the endurance training type in
concurrent training can effectively minimize the adverse effects on lower limb strength and MCSA.

1. Introduction The scientific community has extensively investigated strategies to

mitigate the interference effect over the last forty years.”? >* Currently,

Concurrent training, which combines strength and endurance mo-
dalities,' is a widely recognized approach to enhance aerobic capacity
and muscle strength among diverse age groups.” However, distinct
biological adaptations arise from strength and endurance training:
strength training can decrease, while endurance training tends to in-
crease muscle mitochondrial density and quantity.>® Such divergent
adaptations may lead to the ‘interference effect,” characterized by
compromised gains in strength-related parameters such as muscle
cross-sectional area (MCSA, which is defined as the number of muscle
fibers within the physiological cross-section),” ' lower body explosive
strength (LBES, which is defined as the ability of lower limb muscles to
generate maximum power in a short time),'*'” and lower body strength
(LBS, which is defined as the maximum force that lower body muscle can
produce).lg’21

* Corresponding author.

endurance training type, training load, training frequency, and the in-
terval between endurance training and strength training are considered
important variables affecting the effectiveness of concurrent
training.>?>?° In the design of endurance training type, modality
(moderate-intensity continuous training and high-intensity interval
training) and method (running and cycling) are key considerations.
Moderate-intensity continuous training (MICT) and high-intensity in-
terval training (HIIT) have significant differences in load and duration,
thus resulting in different training adaptations, mainly related to muscle
strength, body composition, and aerobic capacity.””**®* However, it is
worth noting that endurance training modality is an important variable
that has been often neglected in past studies. There is no conclusive
evidence yet as to which endurance training modality is suitable for
reducing the interference effect in concurrent training.
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Additionally, there is no consensus on the best endurance training
method, and people have been hesitant about choosing cycling or
running.?” Running and cycling are the most commonly used endurance
training methods, and different studies have different conclusions on
whether the endurance training method affects the concurrent training
effect. Some studies have shown that running can impair the improve-
ment of strength after concurrent training,”'® while other studies sug-
gest that the effect of concurrent training does not seem to be affected by
the endurance training method.”*%?? In the early stages, it was thought
that the reason for this difference might be that compared to cycling,
running involves more eccentric contractions, and the recruitment
conditions of muscle fibers and the forms of exercise unit recruitment
are different, which may lead to greater muscle damage after
running.>>*! This view seems to explain why cycling is better than
running. However, Sabag et al. (2018) researched a different conclusion.
Their meta-analysis found that using high-intensity interval running as
an endurance training method for concurrent training would reduce the
interference of endurance training on strength training compared to
high-intensity interval cycling.® The view based on muscle contraction
patterns seems unable to explain the phenomenon mentioned above.
The difference in results may be caused by the characteristics of the
studies included,® as Sabag et al.’s (2018) study only included HIIT as
the endurance training modality in concurrent training.

The different types of endurance training play a crucial role in the
manifestation of interference effects. Combining HIIT and MICT for
analysis may further exacerbate the heterogeneity of the studies
included. Additionally, the amalgamation of different endurance
training types for meta-analysis may result in diminished external val-
idity since no single training type can encompass both HIIT and MICT or
cycling and running. Therefore, this approach may not accurately infer
the optimal concurrent training type, leaving coaches or fitness in-
structors without clear grounds for selecting a specific training modality.

Randomized controlled trials (RCTs) and pair meta-analyses are not
sufficient to determine the optimal endurance training mode. However,
Bayesian methods can rank all analyzed interventions through posterior
probabilities. Compared with frequentist methods, Bayesian methods
avoid biased and unstable results caused by continuously iterating to
estimate the maximum likelihood function during parameter estimation.
Consequently, the objective of this study is to perform a Bayesian
network meta-analysis to quantitatively assess the impact of different
endurance training modalities on LBS, LBES, and MCSA within a con-
current training framework, providing a more definitive guide for
coaches and fitness professionals.

2. Methods

This Bayesian network meta-analysis was reported by the Preferred
Reporting Items for Systematic Reviews and Meta-analyses (PRISMA)
statement.>>>> The study protocol was registered in the international
Prospective Register of Systematic Reviews (PROSPERO) [PROSPERO
ID: CRD42023396886].

2.1. Search strategy

We performed a comprehensive systematic search, without language
restrictions, using databases such as PubMed, Scopus, Cochrane Library,
Sportdiscus, and Web of Science, covering their inception dates until
October 20, 2023. The specific search strategies, including search terms,
dates, and processes, were shown in Supplementary File 1. The reference
lists of relevant studies and reviews were also screened for additional
studies. Title/abstract and full-text screening were conducted indepen-
dently and in duplicate by investigators, with disagreements resolved by
discussion or adjudication by the third author.
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2.2. Included criteria

The inclusion criteria were based on the PICOS (participants, in-
terventions, comparators, outcomes, and study design) approach:**

(P) Population: healthy adults aged from >18 years to <45 years.>
(D) Intervention: concurrent aerobic training and strength training in
which strength training is required to undergo whole-body strength
training or lower-body strength training. It is commonly assumed
that training interventions with a duration of less than 4 weeks may
result in subjects being in a learning and adaptation phase, which
could potentially affect the outcomes. Therefore, we only included
experimental studies with intervention durations exceeding 4 weeks.
The interventions were classified into the following four categories:
(1) Concurrent high-intensity interval running training and resis-
tance training (HIIRT + RT). (2) Concurrent high-intensity interval
cycling training and resistance training (HIICT + RT). (3) Concurrent
moderate-intensity continuous running training and resistance
training (MICRT + RT). (4) Concurrent moderate-intensity contin-
uous cycling training and resistance training (MICCT + RT).

High-intensity interval running training (HIIRT) or high-intensity
interval cycling training (HIICT) were defined as repeated bouts of
<5 min of running or cycling with>80% maximal heart rate (MHR) or
>100% lactate threshold or >90% maximal oxygen uptake (VO2 max).

Moderate-intensity continuous running training and moderate-
intensity continuous cycling training were defined as each session last-
ing more than 30 min running or cycling with >46% VO2max or >64%
MHR or >RPE12.

(C) Comparator: for a comparison, eligible studies had to include a
group performing strength training alone with an identical strength
training prescription.

(O) Outcomes: To avoid confusion of results, we have classified the
outcomes of interest into primary and secondary outcomes. (1) Pri-
mary outcome: MCSA. Included studies required the use of biopsy,
ultrasound examination, computed tomography scan, dual X-ray
absorptiometry, magnetic resonance imaging, and/or density mea-
surement methods to detect and report changes in MCSA. (2) Sec-
ondary outcome: LBS. The included studies required the use of
dynamic maximum repetition or maximum voluntary contraction to
measure changes in LBS. (3) Secondary outcome: LBES. Included
studies required measuring neuromuscular performance such as
jump or sprint performance to reflect LBES.

(S) study type: RCTs.

2.3. Excluded criteria

1. Studies that only presented abstracts or conference reports without
sufficient data were excluded since relevant data could not be
extracted.

2. Due to the focus of this study on healthy adults, adolescents, elderly
individuals, and individuals with diseases have been excluded.

3. Specialized strength training methods may introduce bias in results;
therefore, we excluded specialized strength training modes, such as
blood flow restriction training and vibration training.

4. The increase in protein breakdown rate is one of the reasons for the
interference effect. However, specific protein nutritional supple-
ments may interfere with this effect. Therefore, in the study, the use
of additional nutritional supplements will be excluded.

2.4. Data extraction
A nine-item, standardized, and pre-piloted data extraction form was

used to record data from the included studies under the following
headings: (i) author, (ii) year of publication, (iii) sample size, (iv) sample
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training status (trained/moderate active/untrained), (v) sample mean
physical characteristics, (vi) training frequency, (vii) training duration,
(viii) the rest between endurance training and resistance training, (ix)
details of training interventions, (x) following up MCSA, LBS and LBES.

2.5. Risk of bias of individual studies

The Physiotherapy Evidence Database (PEDro) Scale was employed
to assess the risk of bias (ROB).*° The following eleven items were
considered: (i) Eligibility criteria and source (ii) Random allocation, (iii)
Concealed allocation, (iv) Baseline comparability, (v) Blinding of par-
ticipants, (vi) Blinding of therapists, (vii) Blinding of assessors, (viii)
Adequate follow-up (>85%), (ix) Intention-to-treat analysis, (x)
Between-group statistical comparisons, (xi) Reporting of point measures
and measures of variability. Each item represented one score, <4 was
considered “poor”, 4 to 5 was considered “fair”, 6 to 8 was considered
“good” and 9 to 10 was considered “excellent”.*® Since the first criterion
only affects the external validity of the experiment and has no impact on
the internal and statistical validity, it is commonly agreed that it should
not be included in calculating the PEDro score. Meanwhile, all studies
cannot be the default, complete “blinding of participants” and “blinding
of therapists”, given it was impossible to blind participants and trainers
to group assignment in exercise intervention protocols. Therefore, these
components were not included in the overall ROB score. Two assessors
independently assessed the ROB, and conflicts were resolved by a third
reviewer.

Journal of Exercise Science & Fitness 22 (2024) 86-96
2.6. Data analysis

We performed a random-effects network meta-analysis to calculate
pooled estimates and 95% confidence intervals (95% CI). Since all of the
included indicators were measured by different rating instruments, the
effect size was tested by the standardized mean difference (SMD).*° SMD
values of 0.2-0.5 represented small, values of 0.5-0.8 were considered
medium, and values > 0.8 represented large.>®

We utilized the “network plot” function of STATA software (version
14.0) to generate network plots that visually displayed the geometry of
different forms of exercise.>*>” Specifically, different interventions were
represented as nodes, and head-to-head comparisons between in-
terventions were represented as edges.

The “chi?” test was applied to evaluate the global inconsistency,>®
and perform a node-splitting method to assess inconsistency between
direct and indirect comparisons.

In the case of possible important heterogeneity or inconsistency, we
will explore the possible sources using subgroup analyses.

To evaluate the efficacy and safety of the interventions, we calcu-
lated the probabilities of the surface under the cumulative ranking curve
(SUCRA) for both primary and secondary outcomes. The SUCRA values,
represented as percentages in a range from 1 to 0, indicate the level of
efficacy for each intervention. Those interventions that have SUCRA
values closest to 1 are considered to be most effective as they reflect high
levels of efficacy. Ultimately, we ranked the interventions according to
this effectiveness measure. Pairwise comparisons were represented in
the league’s table. The network funnel plot was used to check for the
presence of bias due to small-scale studies, which may lead to

[ Identification of studies via databases and registers J

Records removed before screening:
Duplicate records removed (n = 16017)

Records excluded:
1. Clearly not relevant articles after
title and abstract review (n = 37978)
2. Review or systematic review
(n=398)

v

3. Reviews, meetings or case
reports (n =430)
4. Animal experiments (n= 22)

Reports not retrieved
(n=0)

)
e Records identified from:
= PubMed (n = 1183)
L SportsDiscuss (n = 7934)
B} Web of Science (n=32439)
5 Cochrane library (n=11807)
2 SCOPUS (n=3350)
—
v
Records screened
(n = 40696)
v
Reports sought for retrieval
g’ (n =1868)
c
)
2
3 y
Reports assessed for eligibility
(n =1868)
~—
\4
3
s Studies included in review
S (n=40)
o

v

Reports excluded:
1. The control group is not
resistance training alone (n=1012)
2. Abstract only (n=25)
3. Diseased population (n=347)
4. Strength training is not resistance
training (n=245)
5. Unsuitable experiment design
(n=35)
6. Additional nutritional supplements
(n=41)
7. Age (<18 or >45) (n=22)
8. Outcomes that are not of interest
(101)

Fig. 1. PRISMA flowchart of literature search for eligible studies.
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publication bias in NMA.

3. Results

3.1. Descriptions of included studies

According to the predetermined search strategy, a total of 56,697
potential studies were obtained. After excluding duplicate studies, there
were 42,694 studies, and 1866 were considered potential studies after
excluding abstracts and titles. Finally, after applying the inclusion and
exclusion criteria, a total of 40 studies were included
(Fig. 1).10:16:17,19,21,22,39-69 The agreement rate for study selection and
data extraction between the two researchers was 87.8% and 86.5%,
respectively.

The characteristics of 40 studies were summarized in Table 1. Sample
size ranged from 5 to 18 participants, training frequency ranged from 2
to 3 times per week, and training duration ranged from 5 to 22 weeks.

The characteristics of individuals were summarized in Supplemen-
tary File 2. Among these included studies, 12 included studies explored
the effects of concurrent training for individuals with trained status in 12
RCTs, the effects of concurrent training for individuals with moderate
active status were explored in 18 RCTs, and the effects of concurrent
training for individuals with untrained status were revealed in 11 RCTs.
In the included trials, 10 studies (90 participants) examined the effects
of HIICT + RT, 12 studies (141 participants) examined the effects of
HIIRT + RT, 11 studies (86 participants) examined the effects of MICCT
+ RT, 13 studies (143 participants) examined the effects of MICRT + RT,
38 studies (381 participants) examined the effects of RT. 4 studies were
compared the effects of two different concurrent training, and two study
of which adopted 3-arm design and 4-arm design respectively.

3.2. Risk of bias

Details of the ROB assessment in each study included were provided
in Supplementary File 3. Overall, 2 studies were judged to be of excel-
lent, and 38 studies were judged to be of good. In terms of each ROB
domain, 5 studies were lack of the random allocation and there was no
blinding of participants, therapists and assessors in all included studies.

3.3. Network meta-analysis

MCSA, LBS, and LBES were included in the NMA. Supplementary File
4 provided details of the pre-post data for all outcomes included in NMA.

4. Primary outcome: muscle cross-sectional area

Twenty-one studies involving 428 participants showed the effect of
concurrent training on MCSA which included lean body mass, lean lower
body mass, thigh cross-sectional area, lean leg mass, and thigh thickness.
All available comparisons from the included trials were shown in the
network plot for MCSA (Fig. 2A).

The results of pairwise comparisons were shown in the forest (Fig. 3A
and Table 3A). All four concurrent training modalities increased the
MCSA, while HIIRT + RT training (SUCRA = 67.3%, SMD = 0.15, 95%
CI = —0.46 to 0.76) and MICCT + RT training (SUCRA = 63.8%, SMD =
0.07, 95% CI = —0.24 to 0.38) were superior to RT. Other two con-
current trainings (HIICT + RT: SUCRA = 42.8%, SMD = —0.01, 95% CI
= —0.25 to 0.22; MICRT + RT: SUCRA = 28.9%, SMD = —0.08, 95% CI
= —0.36 to 0.21) were inferior than RT (SUCRA = 47.1%) (Fig. 4A and
Table 2). HIIRT + RT was the best concurrent training in the network
comparison for MCSA development. However, MCSA was improved in
all interventions, however, there were no significant differences.

Global inconsistency was measured through chi2 test, prob > chi2 =
0.9169. The results showed that there is no inconsistency in included
studies. A node-splitting test showed that there was no difference be-
tween direct comparison and indirect comparison (p > 0.05)
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(Supplementary Table 1).
The distribution of the dots demonstrated no apparent publication
bias among the trials (Supplementary Fig. 1).

5. Secondary outcomes: lower body strength

Thirteen-four studies, including 799 participants, reported LBS
which included one repetition maximum in half squat 1RM (kg), leg
press 1RM (kg), leg extension 1RM (kg), and quadriceps maximum
voluntary contraction (MVC) (Nm). The network plot for LBS (Fig. 2B)
showed all available comparisons from the included trials.

The results of pairwise comparisons were shown in the forest (Fig. 3B
and Table 3B). The lower body maximal strength analysis showed that
compared RT alone (SUCRA = 94.0%), all four concurrent training
including HIIRT + RT (SUCRA = 71.0%, SMD = —0.08, 95% CI = —0.25
to 0.08), HIICT + RT (SUCRA = 41.7%, SMD = —0.18, 95% CI = —0.49
to 0.13), MICRT + RT (SUCRA = 33.6%, SMD = —0.25, 95% CI = —0.46
to —0.05) and MICCT (SUCRA = 9.7%, SMD = —0.38, 95% CI = —0.62
to —0.14), were less than RT (Fig. 4B and Table 2). HIIRT + RT was the
best concurrent training protocol in these four interventions to increase
the lower body maximal strength. RT was significantly different for
MICRT + RT and MICCT + RT, but not for HIIRT + RT and HIICT + RT.

Global inconsistency was measured though the chi” test, prob > chi®
= 0.9657, there is no inconsistency in included studies. A node-splitting
test indicated that there was no difference between direct comparison
and indirect comparison (p > 0.05) (Supplementary Table 1).

The distribution of the dots demonstrated no apparent publication
bias among the trials (Supplementary Fig. 1).

6. Secondary outcomes: lower body explosive strength

Fifteen studies including 355 participants reported LBES which
included counter movement jump (cm), 30 m sprint (s), 20 m sprint (s),
drop jump (cm), and peak power (W). The network plot for LBES
(Fig. 2C) showed all available comparisons from the included trials.

The results of pairwise comparisons were shown in the forest (Fig. 3C
and Table 3C). HIIRT + RT group increased the explosive strength
(SUCRA = 82.7%, SMD = 0.06, 95% CI = —0.21 to 0.33) compared to
RT alone (SUCRA = 73.5%). Other three different modality concurrent
training decreased the explosive strength (MICCT + RT: SUCRA =
42.2%, SMD = —0.22, 95% CI = —0.78 to 0.34; HIICT + RT: SUCRA =
32.8%, SMD = —0.28, 95% CI = —0.85 to 0.28; MICRT: SUCRA =
18.9%, SMD = —0.37, 95% CI = —0.71 to —0.04) (Fig. 4C and Table 2).
HIIRT + RT had the highest likelihood of improving explosive strength
in both direct and indirect comparisons. All interventions improved the
explosive strength, only MICRT + RT was significantly different from
HIIRT + RT and RT, while other pairwise comparisons showed no dif-
ference in statistics.

Global inconsistency was measured though the chi? test, prob > chi?
= 0.2984, there was no inconsistency in included studies. A node-
splitting test indicated that there was no difference between direct
comparison and indirect comparison (p > 0.05) (Supplementary
Table 1).

The dots distribution showed an absence of conspicuous publication
bias across the trials (Supplementary Fig. 1).

7. Discussion

This study aims to determine the effects of concurrent training using
different endurance training types on muscle strength and hypertrophy.
A network meta-analysis was used to synthesize existing original
studies, and according to the SUCRA ranking, HIIRT + RT showed
greater advantages in the development of LBS, LBES, and MCSA, and
could reduce the interference effect of concurrent training. MCSA
analysis showed that there were no significant differences between in-
terventions on the endurance training modality. While, this study
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Table 1
Training program of included studies.
Study Group Aerobic training Resistance training Rest Frequency Duration Outcomes
Volume Intensity Prescription Intensity (Days/Weeks) (Weeks)
Balabinis 2003 HIIRT + 200 m*8, 100 85% VO2max 4-6 reps, 1-2 75%-85% 7h 2 7 J,G,F
RT m*8 sets 1RM
RT - As same above
Bell 2000 MICCT + 30-42 min 90% VO2max 4-12 reps, 2-6 72%-84% 24 h 3 12 G H
RT sets 1RM
RT - As same above
Cantrell 2014 HIICT + 30 5*4-6 modified Wingate 4-6 reps, 3 sets 85% 1RM 24 h 2 12 F,B,A
RT protocol
RT - As same above
Chtaha 2008 HIIRT + Running to 100% VO2max 16-26 reps, 4 10%-25% In the same 2 12 J,N
RT failure*5 sets body mass session
load
RT - As same above
Craig 1991 MICRT + 30-35 min 75% maximal heart 8-10 reps, 3 75% 1RM In the same 3 10 G,A,D,E
RT rate sets session
RT - As same above
de Souza 2012 HIICT + 60 s*15-20 80%-100% VO2max 10-12 reps, 3- 6-12RM In The same 2 8 G,D
RT 5 sets session
RT - As same above
Dolezal 1998 MICRT + 25-40 min 65%-85% heart rate 4-15 reps, 3 Exercise to Less than 24 h, 3 10 F, A
RT maximum sets failure but not in the
same session
RT - As same above
Fyfe 2016 HIICT + 2 min*5-11 120%-150% LT 12 reps, 3 sets 65%-90% In the same 3 8 J,G,B, A
RT 1RM session
MICCT + 15-33 min 80%-100% LT As same above
RT
RT - As same above
Gettman 1982 HIIRT + 30s*10 60% maximum heart 12-15 reps, 3 40%-50% In the same 3 12 G, A
RT rate sets 1RM session
RT - As same above
Glowacki 2004 MICRT + 20-40 min 65%-80% heart rate 6-10 reps, 3 75%-85% >24h 2 12 H,J,G A
RT reserve sets 1RM
RT - As same above
Hendrickson MICRT + 20-30 min 70-85% maximum 3-12 reps, 3 3-12RM 2h 3 8 F,F
2010 RT heart rate sets
RT - As same above
Hennessy 1994 MICRT + 20-40 min 85% maximum heart 6-25 reps, 2-6 65%-100% In the same 3 8 J,F,K
RT rate sets 1RM session
RT - As same above
Hickson 1980 HIICT + 5 min*6 100% VO2max 5-20 reps, 3-5 80% 1RM 2h 3 10 F
RT sets
RT - As same above
Izquierdo 2005 MICCT + 30-40 min 70%-90% maximum 5-15 reps, 3-5 50%-80% >24h 2 16 G, A
RT heart rate sets 1RM
RT - As same above
Jones 2022 HIICT + 3 min*5-6 85% VO2max 5-10 reps, 3 75%-90% In the same 2 8 A
RT sets 1RM session
MICCT + 40 min 65% VO2max As same above In the same
RT session
Kazior 2016 MICCT + 30-60 min 60% VO2max 8-15 reps, 4-6 70% 1RM In the same 2 7 G
RT sets session
RT - As same above
Kotzamanidis HIIRT + 30 m*15 the best effort 60 min 3-8RM In the same 2 9 J, L, T,M
2005 RT session
RT - As same above
Kraemer 1995 MICRT + 40 min 80%-85% VO2max 5-15 reps, 2-5 5-15RM 5-6h 2 12 H, G
RT sets
RT - As same above
Kraemer 2004 MICRT + 40 min 70%-80% VO2max 5-10 reps, 3-5 5-10RM 5-6h 4 12 J,C
RT sets
RT - As same above
Laird 2016 HIICT + 20 s*8 110%-120% VO2max 3-10 reps, 3-5 75% 1RM 4h 3 11 F, A
RT sets
RT - As same above
Leveritt 2003 HIICT + 5 min*5 40-100% VO2max Exercise to 4-10RM In the same 3 6 F
RT failure, 3 sets session
RT - As same above
Lundberg 2013 MICCT + 40 min RPE10 4 reps, 7 sets 100% 1RM 6h 3 5 D
RT
RT - As same above
McCarthy 1995 MICCT + 30-45 min 70% heart rate reserve 5-7 reps, 3 sets 5-7RM In the same 3 10 J,G,F, A
RT session

(continued on next page)
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Table 1 (continued)
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Study Group Aerobic training Resistance training Rest Frequency Duration Outcomes
Volume Intensity Prescription Intensity (Days/Weeks) (Weeks)
RT - As same above
Mikkola 2012 MICRT + 30-90 min From below aerobic 8-15 reps, 2-3 50%-80% >24h 2 21 H
RT threshold to above sets 1RM
aerobic threshold
RT - As same above
Mirghani 2014 MICRT + 16-30 min 65-80% maximal 6-10 reps, 2-3 55%-85% In the same 3 8 G, F
RT heart rate sets 1RM session
RT - As same above
Panissa 2018 HIIRT + 1 min, untill 100% maximal 8-12 reps, 3 8-12RM In the same 2 12 F
RT complete 5 km  aerobic speed sets session
RT - As same above
Petré 2018 HIICT + 20 s*8*2-3 150% VO2max 2-5reps, 2-5 80%-90% In the same 3 6 J,F
RT sets 1RM session
MICCT + 40-80 min 70% VO2max As same above In the same
RT session
Putman 2004 MICCT + 30-42 min power output which 4-10 reps, 2-6 70%-85% >24h 3 12 G
RT elicited ventilation sets 1RM
threshold
RT - As same above
Prieto-Gonzélez MICRT + 45-50 min 117-180 heart rate 6-12 reps, 4-5 64%-86% >24h 3 12 J,F, A
2022 RT sets 1RM
RT - As same above
Robineau 2016 HIIRT + 15s%12*3 100% VO2max 3-10 reps, 3-4 70%-90% 0/6/24 h 2 7 LJ,F
RT sets 1RM
RT - As same above
Robineau 2017 HIIRT + 30 s*
RT
8-12%2 Maximal 3-10 reps, 2-3 70%-90% 1RM >24 h 2 8 LJF
velocity sets
RT - As same above
Ross 2009 HIIRT + 40-60 m 0%-25% body mass 4-10 reps, 2-4 6-10RM In the same 2 7 F,L
RT *2-12 reps load sets session
*1-3 sets
RT - As same above
Sale 1990 HIICT + 3min*5 90%-100% VO2max 15-20reps, 6 15-20RM In the same 3 22 G
RT sets session
RT - As same above
Shamim 2018 HIICT + 40-60s *3-6 Maximum aerobic 8-15 reps, 4 60%-98% 24 h 3 12 G,H,C A
RT power sets 1RM
RT - As same above
Shaw 2009 MICRT + 22min 65% maximal heart 15 reps, 3 sets 60% 1RM In the same 2 16 H,G A
RT rate session
RT - As same above
Silva 2012 HIIRT + 1 min* 10-15 100% VO2max 4 sets Exercise to In the same 2 11 H,G
RT failure session
MICRT + 20-30 min 95 % HRVT2 As same above In the same
RT session
MICCT + 20-30 min 95 % HRVT2 As same above In the same
RT session
RT - As same above
Spiliopoulou HIICT + 1 min*10 100% VO2max 2-3reps, 8sets  40%-65% In the same 3 6 J,F
2021 RT 1RM session
RT - As same above
Timmins 2020 MICCT + 20-30 min 25%-110% maximum 2-15 reps, 2-5 60%-97.5% 24 h 3 12 A, B
RT aerobic power cycling  sets 1RM
RT - As same above
Tsitkanou 2017 HIICT + 60 s*10 100% maximal heart 10 reps, 2 sets 6RM In the same 2 8 G,L,D
RT rate session
RT - As same above
Volpe 1993 MICRT + 25 min 75% maximum heart 8-12 reps, 3 60%-75% In the same 3 9 H,G AE
RT rate sets 1RM session
RT - As same above

LT, lactate threshold; reps, repetitions; 1RM, one repetition maximum; A, free fat mass; B, lower body free fat mass; C, leg free fat mass; D, leg cross-sectional area; E,
thigh thickness; F, half squat one repetition maximum G, leg press one repetition maximum; H, leg extension one repetition maximum; I, quadriceps maximum
voluntary contraction movement; J, counter movement jump height; K, 20 m sprint; L, 30 m sprint; M, drop jump.

focuses on the comparison between different interventions, it should be
cautious when discussing the research results. The study was considered
to have moderate methodological quality.

HIIT encompasses various endurance training modalities, such as
long-duration HIIT (L-HIIT), and has been shown to confer superior
benefits in lean body mass (LBM), LBES, and MCSA compared to MICT.
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While previous meta-analyses have indicated that outcomes are
contingent upon both the modality and methodology of the in-
terventions,””®’? Schumann et al. (2022) reported that the specific
endurance training method (cycling versus running) did not signifi-
cantly alter the results of concurrent training modalities. Nevertheless,
our findings diverge, potentially due to Schumann et al.’s exclusion of a
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Fig. 2. Network meta-analysis of eligible comparison for (A) muscle cross-sectional area, (B) lower body strength, (C) lower body explosive strength.

Treatment Effect Mean with 95%Cl and 95%Prl Treatment Effect Mean with 95%CI and 95%Prl Treatment Effect Mean with 95%Cl and 95%Pri
HIIRT+RT vs HICT+RT - ——0.16 (-0.49,0.81) (-0.52,0 84) HIIRT+RT vs HICT+RT et 0.14 (-0.20.0.47) (-0.29,0.57) HIRT+RT vs HICT+RT - 0.34 (-0.28.0.97) (-0.36,1.04)
MICCT+RT vs HIICT+RT —_—— 0.10(-0.23,0 43) (-0.24 0 45) MICCT4RT vs HICT+RT —— -0.16(-0.52,0.19) (-0.61,0.28) MICCT+RT vs HICT+RT t——— 007 (-0.510.65) (-058072)
MICRT+RT vs HIICT+RT i 0.07 (-0.44,0.30) (-0.45,0.32) MICRT+RT vs HICT+RT i -0.03 (-0.38,0.32) (-0.48,0.41) MICRT+RT vs HICT+RT ———e -0.09 (-0.75,0.57) (-0.82.0.64)
RT vs HICT+RT ——— 0.01(-0.23,025) (-0.24026) RT vs HICT+RT —T—&——— 022(-0.07,0.52) (-0.17,062) RTvs HICT+RT ———s——— 0.28(-0.28.0.85) (-0.35,0.92)
MICCT+RT vs HIIRT+RT ———  .0.06 (-0.73,0.62) (-0.76.0.65) MICCT+RT vs HIRT+RT Pt -0.30 (-0.58.-0.02) (-0.68.0.08) MICCT+RT vs HIRT+RT — -0.27 (-0 90,0 35) (-0.97.0.42)
MICRT+RT vs HIIRT+RT e e 0.23 (-0.90,0.44) (-0.93.0.47) MICRT+RT vs HIRT+RT S -0.17 (-0.42,0.08) (-0.53,0.19) MICRT+RT vs HIRT+RT e 043 (-0 86,0 00) (-0.94.0.07)
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RT vs MICCT+RT —_— 0.09 (0.39,0.21) (-0.41,022) RT vs MICCT+RT ——————039(0.15,0.63) (004,0.74) RTvs MICCT+RT 1 e+ 022(-034078) (-042,085)
RT vs MICRT+RT e o 008 (-0.21,0.36) (-0.22037) RT vs MICRT+RT Sl 0.25(0.05,046) (-0.07,0.58) RTvs MICRT+RT I—Q—L 037(004071) (-004,079)
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Fig. 3. Forest for (A) muscle cross-sectional area, (B) lower body strength, (C) lower body explosive strength.
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Fig. 4. Cumulative ranking probability plots for (A) muscle cross-sectional area (B) lower body strength (C) lower body explosive strength. The surface under the
cumulative ranking curves for different outcomes, a larger area under the line represents a better intervention effect.

Table 2
SUCRA ranking.
Interventions Muscle Cross-sectional Area Lower Body Strength Lower Body Explosive Strength
SUCRA PrBest Mean Rank SUCRA PrBest Mean Rank SUCRA PrBest Mean Rank
HIICT + RT 42.8 8.4 3.3 41.7 6.7 3.3 32.8 8.1 3.7
HIIRT + RT 67.3 52 2.3 71.0 15.3 2.2 82.7 54.7 1.7
MICCT + RT 63.8 28.7 2.4 9.7 0.1 4.6 42.2 13.4 3.3
MICRT + RT 28.9 6.3 3.8 33.6 0.6 3.7 18.9 0.6 4.2
RT 47.1 4.6 3.1 94.0 77.5 1.2 73.5 24.2 2.1

direct comparison between HIIT and MICT modalities.” We contend that
subgroup analyses, which do not differentiate between training modal-
ities, may conflate findings and yield misleading conclusions. This view
is bolstered by a recent narrative review that identified training mo-
dality as a pivotal variable accounting for disparities in research out-
comes.”! Aligning with Sabag et al. (2018), our research corroborates
that HIIT, particularly high-intensity interval running, emerges as the
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most efficacious endurance training approach within the sphere of
concurrent training.® By expanding upon Sabag et al.’s work through a
network meta-analysis, our study not only compares multiple endurance
training methodologies but also reinforces the preeminence of HIIRT.
As training intensity increases, the recruited muscle fibers gradually
shift from type I muscle fibers to type II muscle fibers. Long-term high-
intensity endurance training leads to hypertrophy of type II muscle
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Table 3
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Comparative effectiveness results for (A) muscle cross-sectional area, (B) lower body strength, (C) lower body explosive strength.

A
HIIRT+RT

0.08 (-0.6 to 0.76)
0.15 (-0.46 o 0.76)
0.16 (-0.49 to 0.81)
0.23 (-0.44 t0 0.9)
B

RT

0.08 (-0.08 to 0.25)
0.22 (-0.07 to 0.52)
0.25 (0.05 to 0.46)
0.39 (0.15 to 0.63)
C

HIIRT+RT

0.06 (-0.21 to 0.33)
0.27 (-0.35 10 0.9)
0.34 (-0.28 t0 0.97)

0.43 (0 to 0.86)

MICCT+RT
0.07 (-0.24 to 0.38)
0.09 (-0.25 to 0.42)

0.15 (-0.27 to 0.57)

HIIRT+RT
0.14 (-0.2 to 0.47)
0.17 (-0.08 to 0.42)

0.3 (0.02 to 0.58)

RT
0.22 (-0.34 to 0.78)
0.28 (-0.28 to 0.85)

0.37 (0.04 to 0.71)

RT
0.01 (-0.22 to 0.25)

0.08 (-0.21 to 0.36)

HIICT+RT
0.03 (-0.32 to 0.39)

0.16 (-0.19 to 0.52)

MICCT+RT
0.07 (-0.51 to 0.65)

0.16 (-0.49 to 0.81)

HIICT+RT

0.06 (-0.31 to 0.43)

MICRT+RT

0.13 (-0.16 to 0.43)

HIICT+RT

0.09 (-0.57 to 0.75)

MICRT+RT

MICCT+RT

MICRT+RT

fibers, and meanwhile, the recruitment capacity of the neuromuscular
system is enhanced. Type II muscle fibers are innervated by larger motor
neurons with thicker nerve fibers and faster conduction velocities.
Compared to MICT, HIIT modalities of endurance training will recruit
more type Il muscle fibers, which is more conducive to the development
of lower limb strength. Conversely, MICT will recruit more type I muscle
fibers, leading to hypertrophy of type I muscle fibers with long-term
training. LBES requires a higher level of neuromuscular recruitment,
and a higher proportion of type II muscle fibers is more conducive to the
development of lower limb strength. Meanwhile, after training, type II
muscle fibers are more likely to undergo hypertrophy than type I muscle
fibers,”” so it can be inferred that HIIT is more conducive to increasing
MCSA.

However, a new concept has recently been proposed in the field of
concurrent training that when HIIT and resistance training are per-
formed concurrently, an “additive effect'may occur,”® which means that
endurance training can lead to a certain degree of improvement in lower
limb strength. In certain training settings, endurance training and
strength training can together promote the improvement of strength
quality, but this additive effect has not yet been confirmed.
High-intensity strength training can recruit high-threshold motor units,
while compared to MICT, HIIT utilizes sprints or cycling at
near-maximal intensity to complete exercises with high power output
and fast muscle contraction speeds, which can enhance muscle activa-
tion and generate greater force, similar to resistance training. Currently,
research on the effects of HIIT on MCSA and muscle strength is very
limited.”>’”* However, it has been observed that HIIT is a better way to
alleviate muscle atrophy in middle-aged and elderly populations who
experience muscle atrophy.”>’® Meanwhile, for the adolescent popula-
tion, HIIT is also an essential way to improve cardiovascular health and
muscle strength. Some studies suggest that HIIT may increase MCSA to
some extent, but this still requires further research to confirm. One study
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indicates that compared to MICT (10%), only HIIT (50%) can promote a
greater increase in muscle fiber protein synthesis rate, and only HIIT can
increase myofibrillar protein synthesis rate,”” which suggests that HIIT
has the potential to promote muscle hypertrophy.”® Although endurance
training seems to reduce MCSA in mouse experiments,’” in human
studies, concurrent strength and endurance training does not seem to
affect the development of MCSA,® especially in concurrent training
studies using HIIT as the endurance training mode, where no decrease in
MCSA has been observed.'®*1:67:89-82 This study’s analysis of maximal
lower limb strength reveals a notable finding: the interference effect
surpasses the combined effect. Conversely, in the context of lower limb
explosive power, the combined effect predominates. This discrepancy
could be attributed to variations in loading parameters. Endurance
training typically involves resistance from the body’s own weight,
whereas strength training employs substantially higher resistance. These
observations suggest that while HIIT can improve certain aspects of
muscular strength, both HIIT and MICT may exhibit inherent limitations
in the recruitment of high-threshold motor units. This differential
impact underscores the need for tailored training regimens to optimize
specific strength and power adaptations.

Early studies suggested that when endurance training precedes
strength training and is separated by a short period (<6 h), residual
neuromuscular fatigue or depleted muscle glycogen and creatine phos-
phate from endurance training may impair the quality of the subsequent
strength training session.'*®>%% Muscle glycogen is a storage form of
glucose in muscles, and endurance training at 65%-85% of maximum
intensity results in the greatest glycogen depletion. HIIT, with its high
intensity and short duration, results in lower glycogen depletion
compared to MICT. Muscle glycogen can take up to 24 h to fully recover
to baseline levels after depletion. Therefore, MICT appears to produce
greater energy expenditure. Markov et al. (2022) found that
longer-duration aerobic training at moderate to high intensity may have



Y. Chen et al.

an acute negative effect on muscle strength, while shorter-duration
aerobic training may reduce the negative effect.®> However, this nega-
tive effect is significantly associated with the methods of endurance
training (cycling or running).

In this study, endurance training modes were categorized into HIIT
and MICT. However, the SUCRA rankings were not arranged in
sequence, indicating that neither of the two HIIT methods is entirely
superior to the two MICT training methods. This suggests the presence of
an interactive effect between endurance training modes and training
methods. Therefore, caution is warranted when explaining why running
is superior to cycling. Although both running and cycling primarily
involve lower limb muscles, they differ significantly in their movement
patterns. Cycling involves only concentric contractions, while running
involves both concentric and eccentric contractions.*® These differences
in movement patterns result in substantial disparities between cycling
and running in terms of muscle activation, fatigue accumulation, and
skeletal muscle signaling pathways.?” Muscle activation levels may
reflect the characteristics of muscle activity during a particular move-
ment. According to relevant studies, it has been demonstrated that
during running, the activation level of muscles involved in eccentric
contractions is higher than that of muscles involved in concentric con-
tractions.®® However, during cycling, primarily muscles involved in
concentric functions are activated. Considering that most lower limb
strength training focuses on the quadriceps as the agonist muscle,
cycling may lead to greater local fatigue in the quadriceps, which could
potentially compromise the quality of subsequent strength training
sessions.®® The differences between cycling and running also manifest in
skeletal muscle signaling pathways. Eccentric exercise, such as running,
may increase the levels of cytoskeletal desmin and alpha-crystallin B
proteins,®® which serve to protect muscle fiber integrity and maintain
cellular stability.®” Consequently, running may result in higher muscle
fiber integrity and cellular stability compared to cycling, which is more
conducive to subsequent planning of strength training, minimizing the
degree of interference effects.

The interference effect of concurrent training may be related to the
incompatibility of adaptation and metabolic pathways of different
training modalities.”® Strength training can promote the elevation of
insulin-like growth factor-I (IGF-1), thereby activating the IGF/PI3-
K/Akt pathway, which is an upstream signaling pathway of the mTOR
signaling pathway. Therefore, the activation of this pathway can result
in the activation of mTOR and downstream signaling pathways, ulti-
mately promoting protein synthesis.”*°*"°? On the other hand, signifi-
cant changes occur in calcium, reactive oxygen species, adenosine
monophosphate (AMP), lactate, nicotinamide adenine dinucleotide
(NAD+), inorganic phosphate, and glycogen concentration in skeletal
muscles during endurance exercise. In sawtooth animals, AMP increased
by endurance exercise can activate AMP-dependent protein kinase
(AMPK).”® However, AMPK may inhibit the signaling transduction of
the protein synthesis mechanism by inhibiting the activity of mTOR and
its downstream targets.”°>°* Notably, many studies on human research
have not found changes in mTOR signaling after strength training
caused by endurance training,**”°°°° and even genes and protein
synthesis signals related to muscle mass were found to be upregulated
after HIIT.”® The study by Apré et al. (2015) found that the AMPK
pathway activated by high-intensity interval cycling did not inhibit the
mTORC1 signaling pathway.’> However, MuRF1 induced by endurance
training may be accompanied by the breakdown of myofibers.'”
Therefore, further research is needed to determine the potential medi-
ators that cause interference effects.

7.1. Limitation

While interpreting the results of this study, it is crucial to consider
several limitations. Firstly, the methodological constraints of this study
precluded a detailed analysis of training interval time. A significant
portion (67.5%) of the included studies implemented concurrent
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training within the same session. Prior research indicates that short in-
terval times between strength and endurance training could signifi-
cantly influence interference effects.>*>"/1:1°! This factor warrants
further investigation for a comprehensive understanding.

Secondly, despite systematic screening efforts, our study confronts
the challenge of limited large-scale research. Notably, studies focusing
on female participants were sparse, representing only 20% of the total
population examined. %’ This limitation curtails the generalizability of
our findings to broader, more diverse populations.

We also acknowledge that our sample predominantly comprised
trained male individuals, which may limit the applicability of our
findings to untrained individuals or female populations. Physiological
and hormonal differences between these groups can significantly influ-
ence training outcomes and adaptations. Therefore, it is imperative for
future research to delve into these population-specific responses to
training.

Furthermore, the scarcity of long-term intervention studies in our
research limits the ability to conclusively determine the effects of
extended training durations. Most studies provided a snapshot rather
than a longitudinal view, which is essential to understand the full
spectrum of training adaptations and outcomes over time.

Lastly, our analysis included only one study that utilized high-
intensity interval training (HIIT) as the endurance modality in un-
trained individuals, potentially introducing a bias in the results. The
underrepresentation of various training modalities and demographic
groups suggests that our conclusions may not fully encapsulate the di-
versity of training responses.

These limitations highlight the need for caution in applying our re-
sults to different training designs, especially those varying in interval
times between strength and endurance sessions, and to underrepre-
sented populations like females or untrained individuals. Future
research should thus integrate our findings with studies employing more
robust methodological designs, larger and more diverse sample sizes,
and a wider range of training modalities. This approach will be pivotal in
determining the universal applicability of our conclusions and in un-
derstanding the nuances of interference effects across different pop-
ulations and training variables.

8. Conclusion

In synthesizing the findings of prior research, the present study offers
significant insights for practical application in the field of sports science
and coaching. It indicates that HIIRT, as a mode of endurance training in
a concurrent training regimen, may mitigate the detrimental interfer-
ence effects commonly observed on strength performance and muscle
mass. This suggests a strategic advantage for coaches and fitness in-
structors in employing HIIRT to prioritize muscle strength enhancement.
However, when the training objective is the augmentation of MCSA, the
specific modality of endurance training may be of less critical
consideration.

Notwithstanding these findings, the conclusions drawn must be
approached with caution due to the study’s inherent limitations and the
relatively small number of studies evaluated. Future research with a
more extensive array of studies may provide further validation and
clarity regarding the impact of high-intensity interval running on muscle
strength and MCSA in the context of concurrent training.
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