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Abstract
Background The effect of concurrent training on the development of maximal strength is unclear, especially in individuals 
with different training statuses.
Objective The aim of this systematic review and meta-analysis study was to compare the effect of concurrent resistance 
and endurance training with that of resistance training only on the development of maximal dynamic strength in untrained, 
moderately trained, and trained individuals.
Methods On the basis of the predetermined criteria, 27 studies that compared effects between concurrent and resistance 
training only on lower-body 1-repetition maximum (1RM) strength were included. The effect size (ES), calculated as the 
standardised difference in mean, was extracted from each study, pooled, and analysed with a random-effects model.
Results The 1RM for leg press and squat exercises was negatively affected by concurrent training in trained individuals 
(ES =  – 0.35, p < 0.01), but not in moderately trained ( – 0.20, p = 0.08) or untrained individuals (ES = 0.03, p = 0.87) as 
compared to resistance training only. A subgroup analysis revealed that the negative effect observed in trained individuals 
occurred only when resistance and endurance training were conducted within the same training session (ES same ses-
sion =  – 0.66, p < 0.01 vs. ES different sessions =  – 0.10, p = 0.55).
Conclusion This study demonstrated the novel and quantifiable effects of training status on lower-body strength develop-
ment and shows that the addition of endurance training to a resistance training programme may have a negative impact on 
lower-body strength development in trained, but not in moderately trained or untrained individuals. This impairment seems 
to be more pronounced when training is performed within the same session than in different sessions. Trained individuals 
should therefore consider separating endurance from resistance training during periods where the development of dynamic 
maximal strength is prioritised.
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1 Introduction

Optimising adaptations from resistance and endur-
ance training are important for general health and elite 
sports performance. To maintain health in the general 
population, the current recommendation from the World 

Health Organisation includes both endurance training for 
increased activation of the cardiorespiratory system and 
muscle-strengthening exercise on a weekly basis [1]. Both 
exercises have the potential to promote adaptation within 
the skeletal muscle, which preserves functional capacity 
and metabolic health. From an athletic perspective, few 
sports are strictly endurance or strength based; instead, a 
combination of both strength and endurance is required 
for optimal performance. Including both resistance- and 
endurance-based exercises in the same or different training 
sessions within the same periodised training programme 
is termed concurrent training [2]. Because the pioneer-
ing study by Hickson, concurrent training has often been 
associated with attenuated strength development, a phe-
nomenon named “the interference effect” [3]. However, 
subsequent studies have shown conflicting results; some 
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Key Points 

The main finding of this systematic review and meta-
analysis was that concurrent resistance and endurance 
training had a negative effect on lower-body strength 
development in trained but not in moderately trained or 
untrained individuals.

This impairment seems to be present only when resist-
ance and endurance training are performed within a short 
interval between each other (< 20 min), that is, within 
the same training session but not when performed sepa-
rately (> 2 hours).

most concurrent studies are small and potentially underpow-
ered. The primary aim of the present study was therefore to 
perform a systematic review and meta-analysis to compile 
and analyse the results of a large number of concurrent stud-
ies to identify whether the earlier reported interference effect 
is attenuated or augmented by the training status. This was 
performed by categorising the studies according to training 
status and comparing the overall effect sizes (ES) of the 
categories.

The recovery period between the endurance and resist-
ance exercises during concurrent training has been high-
lighted as a crucial factor for strength development [25, 
26]. However, not much research has been conducted on 
this topic. Robineau et al. found that in trained individuals, 
the interference effect was stronger when strength and endur-
ance exercises were performed within the same session than 
when performed with either a 6- or 24-h interval between 
training sessions [25]. Whether this effect is similar for par-
ticipants of different training statuses are unclear. The sec-
ondary aim of this meta-analysis was; therefore, to perform 
subgroup analyses to determine whether the recovery period 
between the endurance and resistance training sessions could 
influence the potential interference effect. The knowledge 
derived from this study could be useful for exercise scien-
tists, physiotherapists, coaches, athletes, and other fitness 
professionals when prescribing concurrent resistance and 
endurance training programmes.

2  Methods

2.1  Search Strategy

A systematic review and meta-analysis was conducted in 
accordance with the Preferred Reporting Items for System-
atic Reviews and Meta-analyses statement guidelines [27]. 
A search from January 1980 to May 2020 was performed 
primarily using the PubMed and SPORTDiscus databases. 
The search strategy used the following combined terms: 
‘concurrent strength and endurance training’ OR ‘com-
bined strength and endurance training’ OR ‘simultaneous 
strength and endurance training’ OR ‘concurrent resistance 
and endurance training’ OR ‘simultaneous resistance and 
endurance training’ OR ‘combined resistance and endur-
ance training’ OR ‘cross training strength and endurance’ 
OR ‘cross training resistance and endurance’. These search 
terms were used because they were deemed relevant and 
associated with concurrent training. The title and abstract 
of the studies identified through the database search were 
scanned for potential inclusion according to the inclusion 
criteria. We also manually searched the reference lists of the 
included papers, whereby eight more studies were included. 
Studies with insufficient information in the abstract to decide 

are in line with those reported by Hickson, showing the 
negative effect of concurrent training on strength progres-
sion [3–9], whereas others are not [10–16].

One explanation for these divergent findings could be 
that the training status of the participants differed among 
the studies. In line with this, a recent review proposed that 
the inhibitory effect of concurrent training on strength 
development is more prominent in moderately trained and 
trained individuals [17], possibly because trained individuals 
have a lower potential for adaptations. Training, therefore, 
needs to be highly specific to achieve further gains. Even 
a small interference effect would then be enough to impair 
the strength development in this population. Furthermore, 
untrained individuals can obtain adaptations after endur-
ance training that are normally associated with resistance 
training, such as muscle hypertrophy and increased strength 
[18–20]. Therefore, it is reasonable to assume that untrained 
persons might benefit, or at least will not have a disadvan-
tage, from including endurance training in their resistance 
training programme, whereas this may not be the case for 
trained individuals.

Further support for this theory becomes evident when cat-
egorising studies according to training status. If concurrent 
training studies with multi-joint outcome measures, such as 
squat and leg press exercises are selected, most would show 
no significant negative effect on strength development if the 
participants are untrained [11–14, 21–23]. In addition, some 
of these studies even show overlapping adaptations, with the 
group only performing endurance training having significant 
gains in strength from pre- to post-test [12, 22]. On the other 
hand, if the participants are trained, the relationship seems 
to be the opposite; that is, a clear majority shows an interfer-
ence effect of endurance training on strength development 
[4, 6, 8, 9, 24, 25].

Overall, the effect of a concurrent training programme on 
strength development seems to be influenced by the training 
status of the participants. However, it is difficult to draw any 
conclusions from the results of individual studies because 
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their inclusion or exclusion for final analysis were retrieved 
for full-text analysis and evaluation. The corresponding 
authors of the articles were contacted if relevant data were 
lacking. The search was limited to humans, the English lan-
guage, and adults.

2.2  Inclusion Criteria

The following inclusion criteria were applied: (1) ran-
domised and nonrandomised original articles, including 
healthy normal-weight men and women, 18–40 years of age; 
(2) interventions compared a group performing lower-body 
resistance and endurance trainings with a group perform-
ing identical resistance training only; (3) participants in the 
intervention and control groups with an equal baseline train-
ing status; (4) resistance training programmes performed in 
at least two sessions per week, including the same exercises 
as the main outcome measure of the study, with an inten-
sity > 60% of the 1RM or lighter weight to fatigue; (5) endur-
ance training performed as running or cycling at an inten-
sity > 70% of the maximal heart rate in at least 2 sessions per 
week; and (6) studies reporting changes in maximal strength 
in leg press or squat exercise. These exercises were chosen 
because they are valid and reliable 1RM tests for maximal 
strength [28, 29], are widely used during lower-limb resist-
ance training, and stimulate the major muscle groups in the 
lower limbs. The rationale for including both randomised 
and nonrandomised studies was to maximise data for the 
final analysis. Age and health restrictions were chosen to 
enable homogeneous groups of subjects and the potential 
influence of confounding factors. Interventions with equal 
resistance training programs were specifically chosen to 
ensure comparable resistance training stimuli for the inter-
vention and control groups. The rationale for only including 
studies with a training intensity and duration above certain 
thresholds was to ensure that the training stimulus would be 
sufficient to evoke adaptations in both maximal strength and 
cardiorespiratory fitness [30, 31]. We confirmed that studies 
that used metrics different from the maximal heart rate met 
the 70% inclusion criteria by scrutinising the training design 
characteristics of the endurance training and the prescribed 
intensities. In studies with obvious error or typographical 
errors in key outcomes, scientific reasoning and comparisons 
with other equivalent studies were applied as recommended 
in the Cochrane Handbook for Systematic Reviews of Inter-
ventions, specifically to handle situations where authors are 
not responding to requests to clarify uncertainties [32]. Sci-
entific reasoning enables sound assumptions about what is 
missing or is a typographical error. In this report scientific 
reasoning was used to recalculate the standard deviation 
(SD) to the standard error of the mean (SEM) or vice versa, 
where it obviously was a typographical error, or to add infor-
mation missing in the training design.

To classify the training status, we followed recent recom-
mendations suggesting that training status is a consequence 
of training history/experience (length of time spent regu-
larly performing an activity or exercising) rather than an 
objective measure such as 1RM or  VO2max [33, 34]. Objec-
tive measures can be added to make a classification more 
robust but only if the same tests and standardised procedures 
have been used. As this requirement differed considerably 
between the studies included in this analysis, especially for 
measurements of 1RM, we did not include objective meas-
ures in the classification process. To distinguish between 
physical activity and exercise, we used structure, planning, 
and repetition (regularity) as recommended by the World 
Health Organization [1].

The following criteria were used to classify participants 
as untrained, moderately trained, and trained:

• Untrained: individuals classified as untrained or seden-
tary by the author or who reported no involvement in 
regular physical activity for at least 3 months prior to the 
intervention period.

• Moderately trained: individuals classified as recreation-
ally or physically active but not involved in a regular 
structured training programme for at least 3 months prior 
to the intervention period.

• Trained: individuals classified as athletes or individu-
als who participated in regular structured training pro-
grammes for at least 3 months prior to the intervention 
period.

In two studies, participants classified as recreationally 
active by the author were classified as trained, as they were 
involved in systematic resistance and/or endurance training 
[35, 36]. To enable a subgroup analysis, the studies were fur-
ther divided into categories based on whether the resistance 
and endurance trainings were performed during the same 
session (< 20 min between exercises) or different sessions 
(> 2 h between sessions). The < 20-min and > 2-h recovery 
periods were chosen because none of the studies had peri-
ods in between these time points, and they well represent 
what we considered to be training during the same session 
as compared with training at different sessions. If a study 
mixed the same session and different sessions, they were 
placed into a mixed category and were not included in the 
subgroup analysis. This applied to two studies [8, 22].

2.3  Quality Assessment

The methodological quality of the included studies was 
assessed with the PEDro Scale [37]. Only moderate- to high-
quality studies (PEDro scores 5–10) were included in the 
meta-analysis. All the studies were rated according to the 
PEDro scale by two researchers (HP and HR). The result 
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from the quality assessment can be found in the supplemen-
tary information (Appendix S1). Fourteen of the studies [3, 
4, 10, 11, 14, 15, 21–24, 35, 38–40] provided evidence of 
moderate quality, and 13 studies [5, 6, 8, 12, 13, 16, 25, 36, 
41–45] presented evidence of high quality.

2.4  Statistical Analyses

The mean and SD or confidence interval (CI) was used to 
present the data. Calculations and analyses were performed 
with Comprehensive Meta-Analysis (CMA) version 2 (Bio-
stat, Inc., Englewood, NJ, USA). Significance levels were set 
to p < 0.05. Standard differences in the mean were used to 
calculate the ES. The threshold for the smallest worthwhile 
change was set to 0.2. An ES ≥ 0.2 was considered a small 
effect; ≥ 0.5, a moderate effect; and ≥ 0.8, a large effect [46]. 
The mean relative change (%) in maximal strength, calcu-
lated as the post-training result minus the pre-training result 
divided by the pre-training value and multiplied by 100, was 
calculated for both groups (the concurrent resistance and 
endurance training [CT] group and resistance training only 
[RT] group). The level of heterogeneity was calculated using 
the I2 statistics. The threshold for heterogeneity was set as 
follows: an I2 value of 25% was considered low; 50%, mod-
erate; and 75%, high [47]. The data were collected from 
each study and analysed with a random-effects model, and 
are presented visually in forest plots. The pooled ES with a 
95% CI is presented for each category and was compared 
between the groups. To calculate the ES in CMA, pre- and 
post-training data for each group (mean, SD, and N) were 
used. In five of the included studies, the mean and SD were 
extracted manually from graphs [3, 4, 6, 14, 38]. Funnel 
plots stratified by training status were used to quantify poten-
tial publication bias. As most studies were small-scale in 
terms of sample size, we also performed an additional sen-
sitivity analysis using Hedges’ g as a complement to stand-
ardised difference in means, to evaluate the robustness of 
our results. A subgroup analysis was performed to examine 
if the recovery period between the endurance and resistance 
training sessions could affect the development of maximal 
strength. To do this, the studies were divided into studies 
that performed the training in close proximity during the 
same session (< 20 min apart) and studies that performed 
the training at different sessions (> 2 h apart).

3  Results

3.1  Description of Studies

The database search yielded 1464 potential studies for inclusion 
(Fig. 1). Twenty-seven studies met the inclusion criteria, and 
were included in the meta-analysis [3–6, 8, 10–16, 21–25, 35, 

36, 38–45]. A total of 750 participants were included (523 men 
and 227 women), aged 20–38 years. Seven studies involved 
untrained individuals [11–14, 21–23], 10 studies involved mod-
erately trained individuals [3, 5, 10, 15, 16, 38–41, 45], and 
10 studies involved trained individuals [4, 6, 8, 24, 25, 35, 36, 
42–44]. The corresponding authors of 16 studies were con-
tacted [3–6, 14–16, 21, 22, 25, 36, 38–42] for clarification or 
missing information via e-mail, of whom five responded with 
additional information [5, 15, 16, 36, 39]. In two of the included 
studies, it was not clear in which form the variation (SD and 
SEM) was reported. Scientific reasoning by comparisons with 
equivalent studies were then applied to recalculate the variation 
in the outcomes, as the authors would not respond to requests 
for clarification [6, 24]. For more detailed information about 
the participant characteristics, see Table 1.

3.2  Intervention Characteristics

A summary of training design variables for lower-body 
strength and endurance training in each study, including recov-
ery between sessions, the sequential order, the frequency and 
duration of endurance training per session, and the intervention 
length, is presented in Table 2. The frequency and duration of 
endurance training per week ranged from 2 to 6 sessions per 
week and from 12 to 260 min per week. In six of the included 
studies, information regarding the rest and work durations 
during intervals was missing. As the authors did not respond 
with additional information, the endurance duration per ses-
sion was estimated through scientific reasoning based on the 
distance that was covered during the endurance training and 
comparisons with other similar studies [4, 6, 24, 25, 39, 44]. 
The length of the studies ranged from 6 to 21 weeks. The mean 
frequency of the endurance training sessions was 2.9 per week 
for untrained participants, 2.8 for moderately trained partici-
pants, and 2.6 for trained participants. The mean duration of 
the endurance training per session was 37 min for untrained 
participants, 31 min for moderately trained participants, and 
29 min for trained participants. The frequency of strength train-
ing ranged from 2 to 5 sessions per week with a mean frequency 
of 2.9 sessions per week for untrained participants, 2.7 for mod-
erately trained participants, and 2.5 for trained participants. For 
untrained participants, 4 studies performed endurance training 
first, and in 3 studies, the intra-session order was not speci-
fied. For moderately trained participants, 4 studies performed 
endurance training first, and 2 performed resistance training 
first; and in 6 studies, the intra-session order was not specified. 
For trained participants, 4 studies performed endurance training 
first, and 5 studies performed resistance training first; and in 3 
studies, the intra-session order was not specified.

The endurance exercise type (interval/continuous/mixed) 
was 0/6/1 for untrained, 9/6/1 for moderately trained, and 
11/2/2 for trained participants. Of the studies, 12 performed 
concurrent resistance and endurance training within the 
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same session (< 20 min between sessions) [4, 5, 13, 14, 16, 
21, 23, 25, 36, 40, 43, 45], 13 performed concurrent resist-
ance and endurance trainings during different sessions (> 2 h 
between sessions) [3, 6, 10–12, 15, 24, 25, 35, 38, 39, 41, 
44], two of the studies mixed performing concurrent resist-
ance and endurance training during the same and different 
sessions during the training programme [8, 22], and one 
study did not report whether the trainings were performed 
in the same or different sessions [42]. With regard to the 
outcome variables, 15 of the studies measured the maximal 

dynamic strength with leg press exercise (and two of these 
also measured squat exercise) [5, 6, 10–13, 15, 16, 21, 23, 
24, 39–41, 45], and 14 with squat exercise [3, 4, 8, 14, 22, 
24, 25, 35, 36, 38, 40, 42–44].

3.3  Strength Improvement: Concurrent Training 
Compared with Resistance Training only

The strength improvement for the different interventions 
included in this meta-analysis is presented in Table 3.

Included

Studies identified through 
electronic databases
PubMed (n=669) and 

SPORTDiscus (n=795)

Studies identified through 
other sources (n=8)

Records after duplicate removal
(n=810)

Studies excluded after 
screening of abstract for 
inclusion criteria (n=723)

Full-text studies retrieved for 
detailed examination (n=87)

Studies included for review (n=27)

Studies excluded after detailed 
examination (n=60)

• No RT comparison 
group (n=14)

• Wrong outcome 
measure (n=12) 

• Different RT programs 
in CT and RT groups 
(n=5)

• Participants above age 
40 (n=15)

• Insufficient training 
intensity or volume 
(n=5)

• Incomplete reporting 
(n=5)

• Non-comparable 
participants at baseline 
(n=1)

• Same data used twice 
(n=3)

Differentiation of the included 
studies 

Untrained (n=7)

Moderately trained (n=10)

Trained (n=10)

S
creening

D
etailed exam

ination and quality check
Identification

Studies included after examination 
according to PEDro scale (n=27)

Fig.1  Flowchart diagram of the study screening process. RT resistance training, CT concurrent training, n number of studies
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Table 1  Participant characteristics

Study Group Participants (n) Age Body weight (kg) Sex M (%) Training status

Craig et al. [21] CT 12 23.5 ± 1.7ª 75.0 ± 4.6 100 Untrained
RT 11 74.5 ± 3.0 100 Untrained

Glowacki et al. [12] CT 16 22.0 ± 2.0 91.6 ± 17.1 100 Untrained
RT 13 23.0 ± 3.0 72.8 ± 11.9 100 Untrained

Hunter et al. [22] CT 8 NR 69.4 ± 8.8 62.5 Untrained
RT 10 NR 64.4 ± 10.1 50 Untrained

Kazior et al. [23] CT 9 26.0 ± 5.3 77.5 ± 12.1 100 Untrained
RT 7 28.0 ± 3.7 76.6 ± 6.7 100 Untrained

McCarthy et al. [14] CT 10 27.3 ± 5.4 82.1 ± 13.6 100 Untrained
RT 10 27.9 ± 3.8 82.0 ± 13.9 100 Untrained

Mikkola et al. [11] CT 11 37.0 ± 5.0 88.6 ± 12.9 100 Untrained
RT 16 38.0 ± 6.0 84.7 ± 15.6 100 Untrained

Volpe et al. [13] CT 10 20.1 ± 0.9 62.0 ± 9.2 0 Untrained
RT 8 21.0 ± 1.4 58.7 ± 10.5 0 Untrained

Bell et al. [41] CT1 8 22.3 ± 3.3ª 73.4 ± 11.6ª 100 Moderately trained
CT2 5 0 Moderately trained
RT1 7 100 Moderately trained
RT2 4 0 Moderately trained

de Souza et al. [16] CT 11 22.5 ± 3.9 72.9 ± 9.8 100 Moderately trained
RT 11 25.9 ± 6.4 73.5 ± 16.1 100 Moderately trained

Fyfe et al. [5] CT1 7 30.8 ± 7.1 85.5 ± 9.8 100 Moderately trained
CT2 8 29.5 ± 2.1 82.6 ± 10.9 100 Moderately trained
RT 8 28.6 ± 6.4 86.6 ± 14.0 100 Moderately trained

Hickson [3] CT 7 26.0 82.2 ± 19.3 71.4 Moderately trained
RT 8 22.0 75.8 ± 9.6 87.5 Moderately trained

Häkkinen et al. [10] CT 11 37.0 ± 5.0 88.6 ± 12.9 100 Moderately trained
RT 16 38.0 ± 5.0 83.9 ± 15.0 100 Moderately trained

Laird et al. [38] CT 14 20.2 ± 1.5 63.3 ± 9.9 0 Moderately trained
RT 14 20.4 ± 1.9 62.6 ± 8.2 0 Moderately trained

Lee et al. [15] CT1 10 24.5 ± 4.7ª 74.9 ± 11.7 100 Moderately trained
CT2 10 74.3 ± 11.0 100 Moderately trained
RT 9 75.7 ± 10.7 100 Moderately trained

Shamim et al. [39] CT 12 26.0 ± 4.0 76.4 ± 10.2 100 Moderately trained
RT 10 24.0 ± 6.0 75.5 ± 10.3 100 Moderately trained

Silva et al. [45] CT1 10 22.3 ± 2.1 59.8 ± 6.7 0 Moderately trained
CT2 11 24.3 ± 5.0 59.0 ± 5.9 0 Moderately trained
CT3 11 21.6 ± 1.8 60.8 ± 6.5 0 Moderately trained
RT 12 23.5 ± 2.5 59.2 ± 8.3 0 Moderately trained

Tsitkanou et al. [40] CT 10 21.8 ± 2.8ª 74.2 ± 9.6ª 100 Moderately trained
RT 11 100 Moderately trained

Balabinis et al. [24] CT 7 22.6 ± 2.1 86.1 ± 1.8 100 Trained
RT 7 22.2 ± 1.0 85.4 ± 1.4 100 Trained

Cantrell et al. [35] CT 7 26.6 ± 6.6 80.9 ± 11.2 100 Trained
RT 7 24.7 ± 5.9 78.1 ± 9.7 100 Trained

Chtara et al. [4] CT1 10 21.4 ± 1.3ª 70.7 ± 6.6 100 Trained
CT2 10 73.9 ± 6.3 100 Trained
RT 9 68.9 ± 2.9 100 Trained

Dolezal & Potteiger [42] CT 10 20.1 ± 1.6ª 72.8 ± 7.6 100 Trained
RT 10 76.9 ± 7.4 100 Trained
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3.4  Primary Analyses: Training Status

The effect of concurrent resistance and endurance train-
ing compared with that of resistance training only on the 
maximal strength for the three categories, untrained, mod-
erately trained, and trained, is shown in Fig. 2. For untrained 
and moderately trained participants, there were no signifi-
cant negative effects of concurrent resistance and endur-
ance training as compared with resistance training alone 
(ES = 0.03, 95% CI  – 0.29 to 0.35; p = 0.87 and ES =  – 0.20, 
95% CI  – 0.42 to 0.02; p = 0.08). For trained individuals, 
there was a small significant negative effect favouring resist-
ance training alone compared with concurrent resistance and 
endurance training (ES =  – 0.35, 95% CI  – 0.59 to  – 0.11; 
p < 0.01). There were no indications of heterogeneity in 
terms of ES as follows: untrained, I2 = 0, p = 0.99; moder-
ately trained, I2 = 0, p = 1.0; and trained, I2 = 1.5, p = 0.43. 
The relative weight contributions of the included studies 
were evenly distributed.

3.5  Subgroup Analyses: Same Session Compared 
with Different Sessions

A subgroup analysis was performed to compare the ES 
between studies that performed resistance and endurance 
trainings within the same session (< 20 min between ses-
sions; Fig. 3) or during different sessions (> 2 h between 
sessions; Fig. 4). For untrained and moderately trained indi-
viduals, there was no significant difference in effect between 

conducting same session concurrent resistance and endur-
ance training compared with conducting resistance train-
ing alone (ES = 0.01; 95% CI  – 0.44 to 0.46; p = 0.98 and 
ES =  – 0.23, 95% CI  – 0.54 to 0.08, p = 0.14). However, for 
trained individuals, the results showed a moderately nega-
tive effect favouring resistance training alone compared with 
conducting resistance and endurance training within the 
same training session (ES =  – 0.66, 95% CI  – 1.08 to  – 0.25, 
p < 0.01). Low and nonsignificant heterogeneities among the 
studies were observed for the untrained, moderately trained, 
and trained individuals (I2 = 0, p = 0.94; I2 = 0, p = 0.96; and 
I2 = 17.1, p = 0.31, respectively).

Training during different sessions (> 2 h between ses-
sions; Fig. 4) showed no significant difference in effect 
between concurrent resistance and endurance training and 
resistance training alone for any of the training status catego-
ries (untrained, ES = 0.12, 95% CI  – 0.41 to 0.65, p = 0.65; 
moderately trained, ES =  – 0.16, 95% CI  – 0.48 to 0.16, 
p = 0.32; and trained, ES =  – 0.10, 95% CI  – 0.43 to 0.23, 
p = 0.55). There were no indications of heterogeneity in 
terms of ES as follows: untrained, I2 = 0, p = 0.57; moder-
ately trained, I2 = 0, p = 0.95; and trained, I2 = 0, p = 0.93.

The stratified funnel plots for training status showed no 
detectable differences among the groups (data not shown). 
We also performed a sensitivity analysis using Hedges’ g in 
our main analysis of training category (which may be less 
sensitive to small sample sizes than the standardised differ-
ence in means), but these findings did not materially differ 
from our main results (data not shown).

Values are presented as mean ± SD
RT resistance training, RT1 resistance training group 1, RT2 resistance training group 2, CT concurrent training, CT1 concurrent training group 
1, CT2 concurrent training group 2, CT3 concurrent training group 3
ªAverage value for all groups, including the control group

Table 1  (continued)

Study Group Participants (n) Age Body weight (kg) Sex M (%) Training status

Hennessy & Watson [8] CT 10 23.4 ± 3.6 80.6 ± 8.6 100 Trained
RT 9 24.3 ± 3.6 78.9 ± 10.3 100 Trained

Kraemer et al. [6] CT 9 23.3 ± 3.6 74.2 ± 6.7 100 Trained
RT 9 24.3 ± 5.1 76.6 ± 14.0 100 Trained

Mirghani et al. [43] CT 8 21.0 ± 1.1 69.0 ± 6.4 100 Trained
RT 8 20.5 ± 1.2 67.9 ± 5.0 100 Trained

Panissa et al. [36] CT 11 24.5 ± 3.7 74.6 ± 6.8 100 Trained
RT 8 28.7 ± 3.4 77.5 ± 12.9 100 Trained

Robineau et al. [25] CT1 15 24.3 ± 3.8 85.7 ± 11.5 100 Trained
CT2 11 28.0 ± 4.5 90.4 ± 9.1 100 Trained
CT3 12 24.8 ± 3.9 83.5 ± 14.9 100 Trained
RT 10 25.2 ± 4.4 90.8 ± 14.5 100 Trained

Robineau et al. [44] CT1 9 25.0 ± 3.7 86.2 ± 10.5 100 Trained
CT2 10 26.4 ± 3.0 89.3 ± 10.3 100 Trained
RT 11 27.5 ± 2.5 89.4 ± 14.2 100 Trained
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Sub- Std diff Lower Upper
Untrained groups in mean limit limit
Hunter et al. 1987 (22) N/A -0.18 -1.11 0.75
Craig et al. 1991 (21) N/A -0.13 -0.95 0.69
Mikkola et al. 2002 (11) N/A -0.04 -0.80 0.73
Kazior et al. 2016 (23) N/A -0.03 -1.02 0.96
McCarthy et al. 1995 (14) N/A -0.02 -0.90 0.85
Volpe et al. 1994 (13) N/A 0.25 -0.68 1.19
Glowacki et al. 2004 (12) N/A 0.27 -0.46 1.01
Total (I2=0.0%, P=0.99) 0.03 -0.29   0.35

Moderately trained
Fyfe et al. 2016 (5) CT1 -0.64 -1.68 0.40
Hickson 1980 (3) N/A -0.61 -1.65 0.43
Bell et al. 2000 (41) CT1 -0.50 -1.53 0.53
Fyfe et al. 2016 (5) CT2 -0.48 -1.47 0.52
Tsitkanou et al. 2017 (40) CT1 -0.40 -1.27 0.45
Silva et al. 2012 (45) CT3 -0.32 -1.14 0.50
Tsitkanou et al. 2017 (40) CT2 -0.25 -1.11 0.61
Shamim et al. 2018 (39) N/A -0.22 -1.07 0.62
Häkkinen et al. 2003 (10) N/A -0.22 -0.99 0.55
Laird et al. 2016 (38) N/A -0.16 -0.90 0.59
Silva et al. 2012 (45) CT1 -0.06 -0.90 0.78
de Souza et al. 2012 (16) N/A -0.04 -0.88 0.79
Silva et al. 2012 (45) CT2 0.09 -0.72 0.91
Lee et al. 2020 (15) CT2 0.10 -0.81 1.00
Lee et al. 2020 (15) CT1 0.14 -0.76 1.04
Bell et al. 2000 (41) CT2 0.19 -1.13 1.51
Total (I2=0.0%, P=1.0) -0.20 -0.42 0.02

Trained
Chtara et al. 2008 (4) CT1 -1.30 -2.29 -0.31
Chtara et al. 2008 (4) CT2 -1.26 -2.27 -0.29
Hennessy et al. 1994 (8) N/A -1.09 -2.06 -0.13
Kraemer et al. 1995 (6) N/A -0.47 -1.40 0.47
Balabinis et al. 2002 (24) CT1 -0.40 -1.46 0.66
Robineau et al. 2016 (25) CT1 -0.35 -1.16 0.45
Panissa et al. 2018 (36) N/A -0.33 -1.25 0.59
Robineau et al. 2017 (44) CT1 -0.30 -1.18 0.59
Mirghani et al. 2014 (43) N/A -0.26 -1.24 0.72
Cantrell et al. 2014 (35) N/A -0.17 -1.22 0.88
Dolezal & Potteiger 1998 (42) N/A -0.14 -1.02 0.74
Robineau et al. 2017 (44) CT2 -0.08 -0.94 0.78
Robineau et al. 2016 (25) CT3 -0.02 -0.86 0.81
Robineau et al. 2016 (25) CT2 0.18 -0.68 1.04
Balabinis et al. 2002 (24) CT2 0.43 -0.53 1.49
Total (I2=1.5%, P=0.43) -0.35 -0.59 -0.11

Study Std diff in mean and 95% CI

4          2     0   2

Favours RT Favours CT

4

Favours RT Favours CT

Fig. 2  Effect on maximal strength of concurrent resistance and endurance training compared with resistance training only. CT concurrent training, 
CT1 concurrent training group 1, CT2 concurrent training group 2, CT3 concurrent training group 3, RT resistance training, N/A not applicable (only 
one concurrent training group). The shaded square represents the estimated intervention effect for each study, and the horizontal line represents the 
95% CI. The size of the shaded square represents the relative weight of the study in the meta-analysis. The shaded diamond represents the pooled 
standard difference in mean. P values for the effect difference in each category: untrained, P = 0.87; moderately trained, P = 0.08; trained, P < 0.01
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Fig. 3  Effect on maximal strength of same session concurrent resistance and endurance training compared with resistance training only. CT 
concurrent training, CT1 concurrent training group 1, CT2 concurrent training group 2, CT3 concurrent training group 3, RT resistance training, 
N/A not applicable (only one concurrent training group). The shaded square represents the estimated intervention effect for each study, and the 
horizontal line represents the 95% CI. The size of the shaded square represents the relative weight of the study in the meta-analysis. The shaded 
diamond represents the pooled standard difference in mean. P values for the effect difference in each category: untrained, P = 0.98; moderately 
trained, P = 0.14; trained, P < 0.01

Sub- Std diff Lower Upper
Untrained groups in mean limit limit
Craig et al. 1991 (21) N/A -0.13 -0.95 0.69
Kazior et al. 2016 (23) N/A -0.03 -1.02 0.96
McCarthy et al. 1995 (14) N/A -0.02 -0.90 0.85
Volpe et al. 1994 (13) N/A 0.25 -0.68 1.19
Total (I2=0.0%, P=0.94) 0.01 -0.44 0.46

Moderately trained
Fyfe et al. 2016 (5) CT1 -0.64 -1.68 0.40
Fyfe et al. 2016 (5) CT2 -0.48 -1.47 0.52
Tsitkanou et al. 2017 (40) CT1 -0.40 -1.27 0.45
Silva et al. 2012 (45) CT3 -0.32 -1.14 0.50
Tsitkanou et al. 2017 (40) CT2 -0.25 -1.11 0.61
Silva et al. 2012 (45) CT1 -0.06 -0.90 0.78
de Souza et al. 2012 (16) N/A -0.04 -0.88 0.79
Silva et al. 2012 (45) CT2 0.09 -0.72 0.91
Total (I2=0.0%, P=0.96) -0.23 -0.54 0.08

Trained
Chtara et al. 2008 (4) CT1 -1.30 -2.29 -0.31
Chtara et al. 2008 (4) CT2 -1.26 -2.27 -0.29
Robineau et al. 2016 (25) CT1 -0.35 -1.16 0.45
Panissa et al. 2018 (36) N/A -0.33 -1.25 0.59
Mirghani et al. 2014 (43) N/A -0.26 -1.24 0.72
Total (I2=17.1%, P=0.31) -0.66 -1.08 -0.25

Study Std diff in mean and 95% CI

4 2 0 2 4

Favours RT Favours CT

4  Discussion

4.1  Summary

This is the first systematic review and meta-analysis to inves-
tigate whether training status can influence the development 
of the maximal dynamic strength during concurrent train-
ing. The results show that adding endurance training to a 
resistance training programme impairs the development of 
the lower-body maximal strength in trained individuals, but 
not in moderately trained or untrained individuals. How-
ever, it is likely that some moderately trained individuals 
also experience a negative effect of concurrent training, as 
the results showed a trend for impaired strength development 
for this category (ES =  – 0.2 and p = 0.08). Furthermore, the 
strength impairment observed for trained individuals seems 
to be more pronounced when training was performed within 
the same session than when performed in different sessions.

4.2  Potential Mechanisms

The present results are in line with those of two recent 
reviews that proposed that the negative effect of adding 
endurance to resistance training primarily manifests in 
trained individuals [17, 33]. A possible explanation for this 
difference between untrained and trained individuals might 
be that trained individuals have less potential for adapta-
tions and need more specific training to obtain further per-
formance improvements [48, 49]. In line with this are recent 
findings showing that block periodisation is superior to a 
mixed training approach for strength development in ath-
letes [50, 51]. The molecular mechanisms behind this are 
not well understood, but studies that examined the acute 
response after resistance exercise showed that trained mus-
cles have a blunted expression of several genes and pro-
teins involved in the anabolic adaptation process as com-
pared with untrained muscles [52–54]. Moreover, it was 
recently shown that mTORC1, a major regulator of muscle 
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hypertrophy, is negatively affected by concurrent training in 
trained but not in untrained individuals [53], and some stud-
ies even showed an enhanced molecular response and hyper-
trophy in untrained and moderately trained participants after 
concurrent training [23, 52, 55]. Adding endurance training 
to a resistance training protocol may therefore, under some 
circumstances, be beneficial for a less trained population.

Another potential explanation for the impaired response 
observed in the trained category could be a reduced qual-
ity of the performed resistance training because of fatigue. 
Endurance training can lead to acute fatigue and accumu-
lated fatigue over time (over-reaching), leading to reduced 
intensity or volume of the resistance training performed [56, 
57]. Trained individuals have higher aerobic work capac-
ity than untrained individuals and might therefore exhaust 
themselves more during endurance training, especially 
during self-regulated high-intensity endurance training. 
This could potentially lead to greater fatigue and reduced 

performance during subsequent resistance training sessions. 
A higher overall workload might also increase the risk of 
spending more time in a catabolic state, which would be 
negative for muscle adaptations, especially if endurance and 
resistance training are performed in close proximity [33]. In 
addition, studies have shown that trained individuals have 
a higher potential for voluntary activation of their muscles 
[58, 59]. This will result in recruitment of a larger proportion 
of the muscles during a 1RM test, more weight lifted, and a 
higher relative mechanical tension when training with a load 
related to this test (for example 80% of 1RM). They might 
therefore, be able to stress their muscles more during resist-
ance training and consequently need more recovery between 
the training sessions than less trained individuals [60]. To 
summarise, the higher overall load/stress from the resistance 
and endurance training for trained individuals could poten-
tially enhance the interference effect by reducing the quality 
of the resistance training and blunting the anabolic response.

Fig. 4  Effect on maximal strength of different session concurrent resistance and endurance training compared with resistance training only. CT 
concurrent training, CT1 concurrent training group 1, CT2 concurrent training group 2, CT3 concurrent training group 3, RT resistance training, 
N/A not applicable (only one concurrent training group). The shaded square represents the estimated intervention effect for each study, and the 
horizontal line represents the 95% CI. The size of the shaded square represents the relative weight of the study in the meta-analysis. The shaded 
diamond represents the pooled standard difference in mean. P values for the effect difference in each category: untrained, P = 0.65; moderately 
trained, P = 0.32; trained, P = 0.55

Sub- Std diff Lower Upper
Untrained groups in mean limit limit
Mikkola et al. 2002 (11) N/A -0.04 -0.80 0.73
Glowacki et al. 2004 (12) N/A 0.27 -0.46 1.01
Total (I2=0.0%, P=0.57) 0.12 -0.41 0.65

Moderately trained
Hickson 1980 (3) N/A -0.61 -1.65 0.43
Bell et al. 2000 (41) CT1 -0.50 -1.53 0.53
Shamim et al. 2018 (39) N/A -0.22 -1.07 0.62
Häkkinen et al. 2003 (10) N/A -0.22 -0.99 0.55
Laird et al. 2016 (38) N/A -0.16 -0.90 0.59
Lee et al. 2020 (15) CT2 0.10 -0.81 1.00
Lee et al. 2020 (15) CT1 0.14 -0.76 1.04
Bell et al. 2000 (41) CT2 0.19 -1.13 1.51
Total (I2=0.0%, P=0.95) -0.16 -0.48 0.16

Trained
Kraemer et al. 1995 (6) N/A -0.47 -1.40 0.47
Balabinis et al. 2002 (24) CT1 -0.40 -1.46 0.66
Robineau et al. 2017 (44) CT1 -0.30 -1.18 0.59
Cantrell et al. 2014 (35) N/A -0.17 -1.22 0.88
Robineau et al. 2017 (44) CT2 -0.08 -0.94 0.78
Robineau et al. 2016 (25) CT3 -0.02 -0.86 0.81
Robineau et al. 2016 (25) CT2 0.18 -0.68 1.04
Balabinis et al. 2002 (24) CT2 0.43 -0.53 1.49
Total (I2=0.0%, P=0.93) -0.10 -0.43 -0.23

Study Std diff in mean and 95% CI

4 2 0 2 4

Favours RT Favours CT
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4.3  Conflicting Variables

There are several variables other than the training status 
that might affect the outcomes of a concurrent training pro-
gramme. Previous reviews on the topic have identified the 
following as important: the recovery period between the 
resistance and endurance training sessions, the sequential 
order of the endurance and resistance trainings (i.e. endur-
ance before or after resistance), and the frequency, duration, 
intensity, and modality (i.e. cycling, running, etc.) of the 
endurance training [61–65].

4.3.1  Recovery Period (Same Compared with Different 
Sessions of Concurrent Training)

To date, not much research has been conducted on how 
different recovery periods between resistance and endur-
ance sessions affect strength adaptations during concurrent 
training. Robineau and colleagues showed that concurrent 
training impaired strength development in trained indi-
viduals when resistance and endurance training were per-
formed within the same session but not when performed 
during different sessions [25]. It is not known if this also 
holds true for moderately trained and untrained individu-
als. Furthermore, this question has not been studied to any 
significant extent. Therefore, we performed a sub-analysis 
to assess the effect of different recovery periods (same 
vs. different sessions) on lower-body strength for all three 
categories. The result for the trained category was in line 
with the previous finding reported by Robineau et al. that 
showed a negative effect when resistance and endurance 
training were performed within the same training session 
(< 20 min apart) but not when performed during differ-
ent sessions (> 2 h apart) [25]. Interestingly, this was not 
the case for moderately trained and untrained individu-
als. The results from these two categories showed similar 
adaptations after concurrent training in the same session 
compared with different sessions. Even though there was 
a clear interference effect on strength development in the 
trained group when endurance and resistance training were 
performed in close proximity, it is important to point out 
that this was largely driven by two interventions from the 
same study [4] and more work is needed to confirm our 
findings.

4.3.2  Sequential Order (i.e. Endurance Before or After 
Resistance Training)

Two previous reviews have suggested that it may be more 
beneficial to perform resistance training before endurance 
training than vice versa for lower-body strength adaptations 
[61, 62]. This could therefore be a confounding factor in 
the present analysis if the sequential order was considerably 

different among our categories. However, this was not the 
case, as the sequential order of endurance and resistance 
training was relatively similarly distributed in the three cat-
egories. Interestingly, a recent study did not detect any dif-
ference in maximal strength development, although some 
negative effects were noted for power, between concurrent 
training modalities performed in different orders when the 
two training sessions were separated by 3 h of rest [15]. 
Thus, it could be that the sequential order is only important 
if insufficient recovery is presented between the resistance 
and endurance training sessions. However, more research is 
needed to confirm this.

4.3.3  Frequency and Duration

In an earlier meta-analysis, Wilson et al. proposed that 
impaired strength development during concurrent resistance 
and endurance training might be linked to the frequency and 
duration of the endurance training performed [64]. They 
found that strength improvements negatively correlated with 
increased endurance exercise duration (when increased from 
20–30 to 50–60 min/day) and frequency (when increased 
from 1 to 5 sessions/wk). In addition, Jones et al. investi-
gated different endurance training frequencies with concur-
rent resistance training for resistance-trained individuals and 
found that endurance training three times per week was more 
negative for strength development than training endurance 
one time per week [66]. However, in the present study, the 
average frequency and duration of the endurance training 
were similar among the categories (untrained, 2.9 sessions/
wk and 37 min/sessions; moderately trained, 2.8 sessions/
wk and 31 min/session; and trained, 2.6 sessions/wk and 
29 min/session). Therefore, the frequency and duration, that 
is, the volume of the endurance training, could not explain 
the difference between the three categories observed here.

4.3.4  Intensity

As mentioned earlier, interval training (i.e. high-intensity 
training) was more frequently used in the training pro-
grammes of those in the trained and moderately trained 
categories than of those in the untrained category (trained, 
11/15; moderately trained, 9/16; and untrained, 0/7). Differ-
ence in intensity could potentially explain the larger nega-
tive effect of endurance training observed in these categories 
because high-intensity interval training (HIIT) will recruit 
a larger proportion of the high-threshold motor units [67] 
that are also recruited during resistance training [68]. This 
could potentially enhance the interference effect within 
this fibre pool, particularly if the endurance and resistance 
training are executed in close proximity [69]. In the present 
study, only the moderately trained category included enough 
studies that performed HIIT and continuous training for an 
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additional subanalysis to study the influence of intensity. 
This analysis did not show any difference in effect between 
HIIT and continuous training on the development of maxi-
mal strength (data not shown). Therefore, it does not sup-
port the theory that the interference effect is enhanced by 
high-intensity endurance training. In addition, a recent study 
by Fyfe et al. has shown that HIIT does not affect strength 
development differently than moderate-intensity continuous 
training [5] and a review by Sabag et al. showed that resist-
ance training combined with HIIT is an efficient training 
method for developing maximal strength [63]. However, it 
is important to highlight that both intervention groups in 
the study by Fyfe et al. had compromised strength devel-
opment as compared with the strength training group [5] 
and in the review by Sabag et al. the authors combined par-
ticipants across a diverse range of training backgrounds, 
ranging from untrained to trained individuals [63]. More 
research is required to determine how endurance exercise 
intensity affects strength adaptations in individuals with 
different training statuses. To summarise, although the pre-
sent subgroup analysis on moderately trained individuals 
did not show any difference between HIIT and continuous 
training on the development of strength, it cannot be ruled 
out that endurance training intensity could have affected our 
findings.

4.3.5  Modality

Most interventions in the trained category used running as 
the endurance exercise modality (14/15), whereas in the 
untrained and moderately trained categories, the modal-
ity was more evenly distributed between running/cycling 
(4 running and 3 cycling in the untrained category and 5 
running and 9 cycling in the moderately trained category). 
Wilson et al. suggested that running might have more of a 
negative effect on strength improvements than cycling, and 
the large numbers of running interventions in our trained 
category may therefore be a confounding factor. However, 
when comparing the cycling study in this category with the 
running studies, no differences in strength development were 
apparent. In the review by Sabag et al. it was suggested that 
cycling might even have a more negative effect on strength 
development than running [63]. These divergent findings 
are probably explained by the differences in inclusion cri-
teria and studies included in the analysis. In addition, they 
were performed approximately 6 years apart. In fact, the 
meta-analysis by Wilson et al. and Sabag et al. only had two 
studies in common. Therefore, it cannot be excluded that 
the endurance exercise modality has influenced our findings. 
More studies examining this issue are warranted, especially 
in trained and highly trained individuals.

4.4  Strengths, Limitations and Future Research

The main strength of the present meta-analysis was that 
we conducted a comprehensive and well-powered analy-
sis that included a large number of studies, for which we 
also performed sensitivity and subgroup analyses to clarify 
the robustness of our findings. However, we identified the 
following challenges: most studies were short in length 
(< 12 weeks) and/or had a relatively low number of par-
ticipants (n < 10). In addition, there were large variations in 
how the concurrent training programmes were constructed, 
and the training status of the participants was not always 
clearly explained. Despite this, the risk that the studies were 
misclassified is low because most uncertainties were sorted 
out by correspondence with the authors. It is important to 
point out that this study was limited to the categorisation of 
untrained, moderately trained, and trained individuals and 
did not include a highly trained category due to the limited 
number of studies. Hence, we suggest that future studies 
should include highly trained individuals with a long history 
of structured training (> 5 years) who are skilled in perform-
ing resistance training with complex, multi-joint resistance 
exercises. In addition, if the above-mentioned criteria are 
fulfilled, it would be valuable to add quantifiable measures 
of physical capacity to assure certain strength and endurance 
levels. Furthermore, the findings of this study are limited to 
dynamic, multi-joint strength measures, and cannot be gen-
eralised to other strength outcomes, such as maximal volun-
tary contractions in isometric or isokinetic exercises. Future 
studies should, therefore, focus on examining if these results 
are transferrable to a more trained population and valid for 
strength outcomes that are less dependent on technique and 
inter-muscular coordination. There is also a lack of well-
powered studies and studies that examined the long-term 
effects of concurrent training (> 12 weeks), as well as studies 
comparing the effects of different endurance training modali-
ties, that is, cycling and running, on strength development. 
Finally, the lack of research on women, especially trained 
women, is a clear limitation in the literature which certainly 
is an area that should be further explored in future studies.

5  Conclusion

This meta-analysis shows that concurrent resistance and 
endurance training has a negative effect on lower-body 
strength development in trained but not in moderately 
trained or untrained individuals. The impairment observed 
in the trained category seems to be present only when resist-
ance and endurance exercises were performed within a short 
time of each other (< 20 min), that is, within the same train-
ing session, but not when performed separately (> 2 h). 
Trained individuals should therefore consider separating 
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endurance from resistance training, with > 2 h, during peri-
ods when strength development should be maximised. A 
concurrent training programme for untrained or moderately 
trained individuals can be based on more practical consid-
erations or personal preferences rather than trying to keep 
resistance separated from endurance training. It is important 
to acknowledge that even though the strength development 
was impaired in the trained category, the impairment was 
moderate. Therefore, athletes with limited time may train for 
resistance and endurance within the same training sessions 
and still obtain appropriate increases in lower-body maximal 
dynamic strength.
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