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Abstract
Background  We implemented a high-protein diet (2 g·kg−1·d−1) throughout 12 weeks of concurrent exercise training to 
determine whether interferences to adaptation in muscle hypertrophy, strength and power could be attenuated compared to 
resistance training alone.
Methods  Thirty-two recreationally active males (age: 25 ± 5 years, body mass index: 24 ± 3 kg·m−2; mean ± SD) performed 
12 weeks of either isolated resistance (RES; n = 10) or endurance (END; n = 10) training (three sessions·w−1), or concurrent 
resistance and endurance (CET; n = 12) training (six sessions·w−1). Maximal strength (1RM), body composition and power 
were assessed pre- and post-intervention.
Results  Leg press 1RM increased ~ 24 ± 13% and ~ 33 ± 16% in CET and RES from PRE-to-POST (P < 0.001), with no 
difference between groups. Total lean mass increased ~ 4% in both CET and RES from PRE-to-POST (P < 0.001). Ultra-
sound estimated vastus lateralis volume increased ~ 15% in CET and ~ 11% in RES from PRE-to-POST (P < 0.001), with 
no difference between groups. Wingate peak power relative to body mass displayed a trend (P = 0.053) to be greater in RES 
(12.5 ± 1.6 W·kg BM−1) than both CET (10.8 ± 1.7 W·kg BM−1) and END (10.9 ± 1.8 W·kg BM−1) at POST. Absolute VO2peak 
increased 6.9% in CET and 12% in END from PRE-to-POST (P < 0.05), with no difference between groups.
Conclusion  Despite high protein availability, select measures of anaerobic power-based adaptations, but not muscle strength 
or hypertrophy, appear susceptible to ‘interference effects’ with CET and should be closely monitored throughout training 
macro-cycles.
Trials Registry: This trial was registered with the Australian-New Zealand Clinical Trials Registry (ACTRN12617001229369).

Key Points 

Little consideration has been given to the role of 
increased protein availability to facilitate anabolic adap-
tations to concurrent training.

Concurrent training combined with a high-protein diet 
does not impair gains in maximal strength, countermove-
ment jump, squat jump, VO2peak, lean mass or muscle 
architectural changes compared to resistance or endur-
ance training alone.

Despite optimal protein intake strategies, select measures 
of anaerobic power are compromised during a concur-
rent training block and should be monitored carefully.

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s4027​9-018-0999-9) contains 
supplementary material, which is available to authorized users.
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1  Introduction

The simultaneous development of strength, power and 
endurance adaptations is an attribute required by many 
athletes, particularly those involved in team sports [1]. 
Both muscular strength and cardiorespiratory fitness have 
been associated with lower declines in muscle function, 
chronic metabolic diseases and all-cause mortality [2, 3]. 
Incorporating both resistance- and endurance-based exer-
cise into training programs, termed concurrent training, is 
therefore common practice in both athletic [4, 5] and clini-
cal populations [6–8]. Further, World Health Organization 
global recommendations for physical activity for overall 
health and well-being in adults stipulate the performance 
of a combination of both resistance- and endurance-type 
exercises to improve cardiovascular and muscular fitness 
[9].

The principle of training specificity dictates that adap-
tations to chronic training are specific to the mode of 
exercise performed and result in distinct and divergent 
skeletal muscle phenotypes [10]. For example, endurance 
training improves skeletal muscle oxidative capacity and 
whole-body maximal oxygen uptake, leading to a more 
fatigue-resistant muscle [11, 12]. Conversely, strength 
training develops maximal force-generating capacity 
and skeletal muscle hypertrophy [13]. Given these vastly 
divergent adaptations, the simultaneous development of 
muscular endurance and strength/power with concurrent 
training presents a high degree of complexity in exercise 
prescription [14]. Indeed, findings from multiple studies 
demonstrate ‘interference’ in the magnitude of increase in 
hypertrophy, strength and power with concurrent training 
compared to resistance training undertaken in isolation 
[15–24], although these observations are not unequivocal 
[25–28].

Theoretical recommendations to prevent or reduce 
interference to strength adaptations have been formu-
lated based on existing literature regarding concurrent 

training variables [29, 30], nutrition [31] and molecular 
biology [14, 32, 33]. It has been suggested that maximal 
strength and hypertrophy with concurrent training can 
be attained through implementing longer recovery peri-
ods (i.e. 6–24 h) between exercise sessions, minimizing 
endurance frequency to ≤ 3 days per week, integrating 
cycling rather than running as the endurance exercise 
mode (to minimize muscle damage) and incorporating 
post-exercise nutritional strategies [30]. With regard to 
nutrition, little consideration has been given to the role 
of increased protein availability to facilitate adaptations 
to concurrent training. We [34] have previously shown 
that protein ingestion following a single bout of concur-
rent exercise increased rates of muscle protein synthesis to 
similar levels observed when protein was ingested follow-
ing resistance exercise [35]. Considering the importance 
for dietary protein to promote muscle growth and remodel-
ling [36, 37] increased protein availability around concur-
rent training has the potential to reduce the interference 
effect of endurance exercise on skeletal muscle hypertro-
phy. Accordingly, we implemented a high-protein diet and 
other strategies to reduce the interference effect on maxi-
mal muscle strength, hypertrophy and power following 
12 weeks of concurrent training compared to resistance 
training alone. We hypothesized that concurrent training 
under these conditions would result in no differences to 
the degree of adaptations made to (a) maximal strength, 
hypertrophy and power, compared to resistance training 
and (b) maximal aerobic capacity compared to endurance 
training.

2 � Methods

2.1 � Participants

Thirty-two young, healthy, recreationally active males 
(Table 1) who had not participated in a structured exercise 
program for ≥ 6 months preceding the study volunteered to 

Table 1   Participant 
characteristics

Values are presented as means ± SD
BMI body mass index, CET concurrent exercise training, RES resistance training, END endurance training
a P < 0.05 from PRE

Training group

CET (n = 12) RES (n = 10) END (n = 10)

PRE POST PRE POST PRE POST

Age (y) 26 ± 4 – 24 ± 6 – 24 ± 5 –
Height (cm) 177 ± 7 – 182 ± 8 – 179 ± 7 –
Mass (kg) 76.4 ± 10.2 79.3 ± 9.7a 75.5 ± 10.3 78.8 ± 11a 79.5 ± 9.3 81.5 ± 8.9a

BMI (kg·m−2) 24.4 ± 2.9 25.3 ± 2.6a 22.8 ± 2.8 23.8 ± 2.9a 24.8 ± 3.1 25.5 ± 2.9a
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participate. Participants were deemed healthy and eligible 
to participate based on their responses to a cardiovascular 
risk-factor questionnaire. The experimental procedures and 
risks associated with the study were explained to all par-
ticipants prior to providing written informed consent. The 
study was approved by the Australian Catholic University 
Human Research Ethics Committee and was carried out 
in accordance with the standards set by the latest revision 
of the Declaration of Helsinki. This trial was registered 
with the Australian New Zealand Clinical Trials Registry 
(ACTRN12617001229369).

2.2 � Experimental Design

An overview of the study protocol is shown in Fig. 1. The 
study employed a parallel-groups design where participants 
were stratified according to lean body mass (LBM) and allo-
cated to either a resistance only (RES; n = 10), endurance 
only (END; n = 10) or concurrent resistance and endurance 
exercise training (CET; n = 12) group for 12 weeks. For 
the duration of the intervention, all participants consumed 
a high-protein diet (2 g·kg−1·d−1). Participants first com-
pleted three preliminary testing days: on the first visit, body 
composition was assessed by whole-body dual-energy X-ray 
absorptiometry (DXA) and B-mode ultrasound to meas-
ure vastus lateralis (VL) architecture; on the second visit, 
participants performed tests for maximal aerobic capacity 
(VO2peak) and anaerobic power (Wingate) as well as familiar-
ization of strength and jump performance measurements; on 
the third visit, participants completed an isometric mid-thigh 
pull, countermovement and squat jump, followed by 1-rep-
etition maximum (1RM) testing. At this visit, participants 
also met with the study dietitian for an initial consultation to 
discuss food preferences as well as target protein and energy 
intakes prior to commencing the training intervention. 

Measurements of 1RM and VO2peak were repeated at the end 
of week 6 to adjust training loads. At the end of week 12, 
participants were re-tested for VO2peak, Wingate, 1RM, iso-
metric strength and power in the same order as baseline. All 
testing and training sessions were completed in the strength 
and performance lab under direct supervision of the same 
member of the research team.

2.3 � Exercise Training

For the duration of the intervention, participants in the RES 
and END group performed three non-consecutive days of 
training each week. Participants in the CET group trained 
6 d·wk−1 and performed identical resistance and endurance 
programs on alternating days as those in the RES and END 
groups, respectively. This training pattern was implemented 
in the CET group based on current recommendations to per-
form resistance and endurance exercise on alternating days 
to maximize the potential for lower-body strength develop-
ment [38, 39] and lengthen recovery time between sessions 
to minimize any potential interference between training 
modalities [30, 33]. All training programs were periodized to 
progressively modify the volume and intensity of training in 
order to provide an appropriate overload stimulus. Specific 
details of each training regime are described subsequently. 
Participants were encouraged to complete the designated 
training programs in their entirety with financial incentives 
provided for all three groups for largest pre- to post-inter-
vention increases in 1RM (CET and RES) and VO2peak (CET 
and END) [40].

2.4 � VO2peak Testing

VO2peak was determined during an incremental test to voli-
tional fatigue on a Lode cycle ergometer (Excalibur sport, 

Fig. 1   Schematic overview of 
study timeline
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Lode, The Netherlands) [41]. Throughout the maximal 
test, participants breathed through a mouthpiece attached 
to a metabolic cart (TrueOne® 2400, Parvomedics, USA) 
to determine O2 consumption. Maximum aerobic power 
(MAP) was determined as previously described [41] and 
was assessed prior to training, at the end of week 6, and upon 
completion of the 12-week training intervention. The MAP 
from pre-training and week 6 were used to prescribe loads 
for the endurance training.

2.5 � Strength Testing

Maximal strength was determined through 1RM for plate-
loaded 45° incline leg press, bilateral knee extension, and 
bench press. Participants were demonstrated proper lifting 
technique prior to engaging in 1RM testing. Briefly, par-
ticipants warmed up at a self-selected load for each move-
ment until reaching a rating of perceived exertion (RPE) 
of ~ 8, using a Borg Category Ratio 10 scale [42], for a 
single repetition. Thereafter, a series of single repetitions 
were attempted, with 5 min recovery, until the maximal 
load possible for one repetition with full range of motion 
was determined. For the leg press, full range of motion was 
established as beginning with the knees in full extension 
(0°), performing 90° of knee flexion, and returning to full 
knee extension. For the knee extension, full range of motion 
was established as beginning with the knees in 90° of flexion 
and extending to full extension. For bench press, full range 
of motion was established as beginning with the arms in 
full elbow extension, lowering the barbell to the position of 
the chest until momentum has been terminated, and return-
ing to full elbow extension. Participants were instructed to 
maintain contact of the head, shoulders, and buttocks with 
the bench and feet planted on the ground throughout the 
entire movement. The 1RM’s from pre-training and week 
6 were used to prescribe training loads for the resistance-
training program.

Maximal lower-body isometric strength (N and N·kg−1) 
was measured prior to, and upon completion of the 12-wk 
intervention using an isometric mid-thigh pull (IMTP) as 
previously described [43]. All data was collected on a force 
plate sampling at 600 Hz (400 Series Force Plate, Fitness 
Technologies, Australia) and analyzed using proprietary 
software (Ballistic Measurement System, Fitness Technol-
ogy, Australia).

2.6 � Power Testing

Performance tests were conducted prior to and upon com-
pletion of the 12-week intervention to determine maximal 
anaerobic power output. Detailed descriptions of each meas-
urement can be found in Online Resource 1.

2.7 � Body Composition

Total lean mass, as well as leg and upper-body lean mass, 
and fat mass were estimated by DXA (GE Lunar iDXA Pro, 
GE Healthcare; software: Encore 2009, version 16) pre-
intervention, after weeks 4 and 8 of exercise training, and 
post-intervention following best practice guidelines [44].

3 � Architectural Assessment of Vastus 
Lateralis

Segmental muscle thickness, pennation angle, fascicle 
length and volume changes of the VL were assessed utiliz-
ing B-mode ultrasound at baseline, after weeks 2, 4, 8 and 
post-intervention (Online Resource 1).

3.1 � Resistance Training

Resistance training consisted of whole body exercises with 
a focus on the leg press, knee extension and bench press 
movements, with these exercises performed at an intensity 
of ~ 60–98% of 1RM. All exercises were separated by a 
3-min between-set recovery period. If the participant was 
unable to achieve the prescribed number of repetitions, the 
weight was lowered by ~ 5–10% for the following set to 
uphold the repetition scheme. All sessions were preceded 
by a standardized warm up for the lower- or upper-body, 
irrespective of the training session. Progressive overload 
was applied by periodically manipulating the number of 
sets, repetitions, and relative intensity of load throughout 
the 12-week program. A detailed outline of the resistance-
training program can be found in Online Resource 2.

3.2 � Endurance Training

Endurance cycle training was performed on Lode cycle 
ergometers and consisted of a mixture of a hill simulation 
ride of varying intensity (25–110% of MAP), moderate-
intensity continuous training at 50% MAP, moderate-
intensity interval training at 70% MAP and high-intensity 
interval training at 100% MAP. Moderate-intensity intervals 
were separated by a 60-s recovery period at ~ 40% MAP, to 
establish a 2.5:1 or 5:1 work-to-rest ratio. High-intensity 
intervals were separated by 20- to 60-s recovery periods, 
completed at ~ 40% MAP, to establish a 1:5, 1:2, or 1:1 work-
to-rest ratio. All cycling sessions were preceded by 3–5 min 
of cycling at ≤ 50 W. Heart rate (HR), energy expenditure 
(EE) and RPE were collected at the end of each cycling 
stage. Progressive overload was applied by manipulating the 
number of intervals and relative intensity of load throughout 
the 12-week program. A detailed outline of the endurance-
training program can be found in Online Resource 3.
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3.3 � Diet

A free-living, high-protein (2 g·kg−1·d−1) eating plan was 
implemented over the 12-week intervention. Participants 
attended consultations with an Accredited Practicing Dieti-
tian on a fortnightly basis and were provided with guidelines 
to reach protein and energy targets, including the distribu-
tion of protein intake throughout the day across 4–6 meals 
[45, 46] and the consumption of ~ 20–30 g of protein prior 
to sleep to maximize potential for muscle protein synthesis 
[47–49]. All participants were provided with ~ 34 g of whey 
protein (Pure Warrior 100% WPI, Swisse™, Australia) to 
be consumed upon cessation of every training session [50] 
and given a whey protein supplement (Whey Protein Con-
centrate, Bulk Nutrients, Australia) to consume as needed 
throughout the 12-week intervention.

Food records were kept daily by participants through-
out the 12-wk intervention using mobile phone applications 
Easy Diet Diary (Xyris Software Pty Ltd, Australia, for 
participants with iPhones®, Apple Inc., USA; n = 20) and 
MyFitnessPal (MyFitnessPal Inc., USA, for participants 
with Android-based devices, Google Inc., USA; n = 12). 
All dietary intake data was analyzed using FoodWorks 8© 
(Xyris Software Pty Ltd, Australia) to ensure the same food 
database was used for all analysis. Diet records were ana-
lyzed for energy (kJ·kg−1), protein, carbohydrate, and fat 
(g·kg−1 for all macronutrients) to provide a daily average for 
the entire 12-week intervention. Complete dietary methods 
are detailed within the Online Resource 1.

3.4 � Statistical Analysis

An a priori power calculation (G*Power Version 3.1) using 
a F test, repeated measures, within-between interaction 
ANOVA revealed 30 participants were needed to detect a 
medium effect (Cohen’s f = 0.25) with a significance level 
of α = 0.05 and 80% power for change in lean body mass as 
measured by DXA [51]. Baseline characteristics and mean 
training variables (RPE, HR, time to complete set, train-
ing time, rest interval, and between session rest) were ana-
lyzed by one-way ANOVA (group). Strength, performance, 
VO2peak, body composition, training volume and diet data 
were analyzed by two-way ANOVA (group × time) with 
repeated measures. Where ANOVA revealed significance, 
P ≤ 0.05, a Student-Newman–Keuls post hoc test was con-
ducted for pairwise multiple comparisons (SigmaPlot 12, 
Systat Software Inc., USA). When normality (Shapiro–Wilk) 
was violated, a nonparametric Kruskal–Wallis test was per-
formed to determine differences between conditions where 
statistical significance differed from ANOVA (CMJ height 
and distal VL muscle thickness; SPSS v25, IBM, USA). All 
data are expressed as mean ± SD.

4 � Results

4.1 � Participant Characteristics

There were no differences between groups in baseline char-
acteristics for height, BM, BMI or age (Table 1). There was 
a main effect for time for change in BM (P < 0.001). BM 
increased from PRE to POST by 3.9% in CET, 4.3% in RES 
and 2.7% in END (P < 0.001). There was a main effect for 
time for change in BMI (P < 0.001). BMI increased from 
PRE to POST by 3.9% in CET, 4.4% in RES and 2.7% in 
END (P < 0.001; Table 1).

4.2 � Body Composition

There was a main effect for time for change in total LBM 
(P < 0.001). Total LBM increased from PRE to POST by 
3.8% in CET, 3.8% in RES and 2.9% in END (P < 0.001). 
There was a main effect for time for change in LLM 
(P < 0.001). LLM increased from PRE to POST by 5.4% in 
CET, 6% in RES, and 5.2% in END. There was a main effect 
for time for change in ULM (P < 0.001). ULM increased 
from PRE to POST by 2.9% in CET and 2.8% in RES 
(P < 0.01). Additionally, a main effect for time was observed 
for changes in fat mass (P = 0.009). Fat mass increased from 
PRE to POST by 9.5% in RES (P = 0.037; Table 2).

4.3 � Vastus Lateralis Architecture

There was a main effect for time (P < 0.001) and a trend for 
a group by time interaction (P = 0.051) for change in proxi-
mal VL muscle thickness. Proximal VL muscle thickness 
increased from PRE to POST by 14.9% in CET, 15.7% in 
RES, and 5.8% with END (P < 0.01). Proximal VL thickness 
at POST was greater in CET and RES compared to END 
(P < 0.05). There was an interaction for group by time for 
change in midpoint VL muscle thickness (P < 0.001). Mid-
point VL muscle thickness increased from PRE to POST by 
17.5% in CET, 13.7% in RES, and 9.8% in END (P < 0.001). 
Midpoint VL thickness at POST was greater in CET and 
RES compared to END (P < 0.05). Distal VL muscle thick-
ness did not change (P = 0.054; Online Resource 4).

There was a main effect for time for change in proximal 
VL pennation angle (P < 0.001). Proximal VL pennation 
angle increased from PRE to POST by 17.2% in CET, 
15.8% in RES, and 15.4% in END (P < 0.001). There was 
a main effect for time for change in midpoint VL pen-
nation angle (P < 0.001). Midpoint VL pennation angle 
increased from PRE to POST by 12.4% in CET, 12.2% in 
RES, and 13.9% in END (P < 0.001). There was a main 
effect for time for change in distal VL pennation angle 
(P < 0.001). Distal VL pennation angle increased from 
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PRE to POST by 12.3% in CET, 19% in RES, and 13.5% 
in END (P ≤ 0.005; Online Resource 4). There was a main 
effect for group for change in proximal VL fascicle length 
(P < 0.001). Proximal VL fascicle length decreased from 
PRE to POST by 6.3% in END (P = 0.024). Proximal VL 
fascicle length was significantly greater at POST in CET 
(9.3 ± 0.8 cm) compared to END (8.5 ± 0.6 cm; P = 0.036). 
There was a main effect for group for change in midpoint 
VL fascicle length (P = 0.004). Midpoint VL fascicle 
length was greater at PRE in CET (9 ± 0.9 cm) and RES 
(8.9 ± 0.8 cm) compared to END (8.3 ± 0.9 cm; P < 0.05). 
Midpoint VL fascicle length was also greater at POST in 
CET (9.5 ± 0.5 cm) and RES (9.1 ± 0.5 cm) compared to 
END (8.1 ± 0.6 cm; P < 0.01). There was a main effect for 
time for change in distal VL fascicle length (P = 0.031). 
Distal VL fascicle length increased from PRE to POST by 
10.4% in CET (P = 0.024; Online Resource 4).

There was a main effect for time (P < 0.001) and a trend 
(P = 0.051) for a group by time interaction for changes 
in approximated VL muscle volume. Estimated VL mus-
cle volume increased from PRE to POST by 15.3% in 
CET, 11.4% in RES, and 7.8% in END (P < 0.001; Online 
Resource 4).

4.4 � Strength

There was an interaction for group by time for change in 
absolute (P < 0.001) and relative to BM (P < 0.001) leg press 
1RM. Absolute leg press 1RM increased in CET by 16.4% 
from PRE to WK6, 6.4% from WK6 to POST, and 23.7% 
from PRE to POST (P < 0.01). For RES, leg press 1RM 
increased 21.2% from PRE to WK6, 9.9% from WK6 to 
POST, and 33.4% from PRE to POST (P ≤ 0.001; Fig. 2a). 
Relative leg press 1RM was greater at POST in both CET 
(3.9 ± 0.6 kg·kg BM−1) and RES (3.9 ± 0.5 kg·kg BM−1) 
compared to END (3.2 ± 0.6 kg·kg BM−1; P = 0.05; Fig. 2b).

There was an interaction for group by time for change in 
absolute (P < 0.001) and relative to BM (P < 0.001) knee 
extension 1RM. Absolute knee extension 1RM increased 
in CET by 24.7% from PRE to WK6, 18.7% from WK6 
to POST, and 48.7% from PRE to POST (P < 0.001). For 
RES, knee extension 1RM increased 32.2% from PRE to 
WK6, 12.7% from WK6 to POST, and 49.4% from PRE to 
POST (P ≤ 0.001). Knee extension 1RM was also greater 
at POST in both CET (159 ± 29 kg) and RES (157 ± 25 kg) 
compared to END (126 ± 21 kg; P < 0.05). Knee exten-
sion 1RM increased 12.5% from PRE to POST in END 
(P = 0.024; Fig. 2c); however, relative to BM, knee exten-
sion 1RM remained unchanged from PRE to POST in END 
(P = 0.122; Fig. 2d).

There was an interaction for group by time for change in 
absolute (P < 0.001) and relative to BM (P < 0.001) bench 
press 1RM. Absolute bench press 1RM increased in CET 
by 5.6% from PRE to WK6, 4.6% from WK6 to POST, and 
10.4% from PRE to POST (P < 0.05). For RES, bench press 
1RM increased 6% from PRE to WK6, 4.9% from WK6 to 
POST, and 11.3% from PRE to POST (P < 0.01; Fig. 2e). 
Relative bench press 1RM for CET trended towards an 
increase at WK6 (P = 0.055), and increased from both PRE 
and WK6 by POST (P < 0.05; Fig. 2f).

There was an interaction for group by time for change in 
IMTP peak force (P = 0.045). IMTP peak force increased 
from PRE to POST by 10.1% in CET and 9.6% in RES 
(P < 0.01; Online Resource 5). There was main effect 
for time for change in IMTP peak force relative to BM 
(P = 0.045). Relative IMTP increased from PRE to POST by 
6.8% in CET and 6% in RES (P < 0.05; Online Resource 5).

4.5 � Power Testing

There was an interaction for group by time for change 
in CMJ peak velocity (P = 0.021). CMJ peak velocity 
increased from PRE to POST by 3% in CET and 2.3% in 
RES (P < 0.05; Fig. 3a). CMJ peak velocity at POST was 
greater in RES (2.95 ± 0.17  m·s−1) compared to END 
(2.68 ± 0.27 m·s−1; P = 0.027). CMJ height did not change 
(P = 0.089; Fig. 3b). There was an interaction for group by 

Table 2   Change in body composition throughout the 12-week train-
ing intervention measured by dual-energy X-ray absorptiometry 
(DXA)

Values are presented as means ± SD
CET concurrent exercise training, RES resistance training, END 
endurance training
a P < 0.05 from PRE
b P < 0.05 from WK4
c P < 0.05 from WK8

Measure Time

PRE WK 4 WK 8 POST

Total lean mass (kg)
 CET 58.4 ± 6.34 59.8 ± 6.48a 60.6 ± 6.68ab 60.6 ± 6.46ab

 RES 59.6 ± 6.71 60.9 ± 6.48a 61.6 ± 6.63a 61.9 ± 6.6ab

 END 58.9 ± 5.45 60.0 ± 5.74a 60.0 ± 5.2a 60.6 ± 5.02a

Leg lean mass (kg)
 CET 20.7 ± 2.78 21.5 ± 2.79a 21.8 ± 2.78a 21.8 ± 2.72a

 RES 20.6 ± 2.36 21.5 ± 2.29a 21.5 ± 2.34a 21.8 ± 2.17a

 END 20.8 ± 2.28 21.6 ± 2.47a 21.5 ± 2.27a 21.9 ± 2.38ac

Upper lean mass (kg)
 CET 34.8 ± 3.68 34.9 ± 3.76a 35.4 ± 3.97a 35.3 ± 3.82a

 RES 35.5 ± 4.34 35.9 ± 4.27 36.5 ± 4.39a 36.5 ± 4.48a

 END 34.6 ± 3.37 34.9 ± 3.58 35.1 ± 3.24 35.2 ± 2.97
Fat mass (kg)
 CET 15.4 ± 6.67 15.3 ± 6.61 15.7 ± 6.37 16.2 ± 5.76
 RES 13.2 ± 5.84 13.6 ± 5.79 13.8 ± 5.95 14.3 ± 6.17a

 END 17.9 ± 6.36 18.2 ± 6.24 18.2 ± 6.19 18.4 ± 6.06
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time for change in CMJ peak power (P = 0.047). CMJ peak 
power increased from PRE to POST by 5.6% in CET and 
7% in RES (P < 0.05; Fig. 3c). There was an interaction for 
group by time for change in CMJ peak power relative to BM 
(P = 0.047); however, post hoc analysis revealed no changes 
to CMJ relative peak power across all groups (Fig. 3d).

There was a main effect for time for changes in SJ peak 
velocity (P = 0.006). SJ peak velocity increased from PRE 
to POST by 2.9% in CET and 3.8% in RES (P < 0.05; 
Fig. 3e). SJ peak velocity at POST was greater in RES 
(2.78 ± 0.23 m·s−1) compared to END (2.51 ± 0.23 m·s−1; 
P = 0.037). There was an interaction for group by time 
for change in SJ height (P = 0.047). SJ height increased 
from PRE to POST by 6.6% in CET and 7.6% in RES 
(P < 0.05; Fig. 3f). SJ height at POST was greater in CET 
(37.3 ± 4.86 cm) and RES (39.6 ± 6.77 cm) compared to 
END (32.2 ± 6.09 cm; P < 0.05). There was an interaction 
for group by time for change in SJ peak power (P = 0.005). 

SJ peak power increased from PRE to POST by 6.4% in 
CET and 11.4% in RES (P < 0.01; Fig. 3g). There was an 
interaction for group by time for change in SJ peak power 
relative to BM (P = 0.012). SJ relative peak power increased 
from PRE to POST by 3.6% in CET and 7.7% in RES 
(P < 0.05; Fig. 3h). SJ relative peak power was greater at 
POST in RES (53.4 ± 7.16 W·kg BM−1) compared to END 
(45.7 ± 6.9 W·kg BM−1; P = 0.047).

4.6 � Vo2peak

There was an interaction for group by time for change in 
absolute (P < 0.001) and relative to BM (P < 0.001) VO2peak. 
Absolute VO2peak (L·min−1) increased in CET by 9.1% from 
PRE to WK6, and 6.9% from PRE to POST (P < 0.05). For 
END, absolute VO2peak increased 10.6% from PRE to WK6, 
and 12% from PRE to POST (P < 0.001); however, there was 
no difference between CET and END at POST (P = 0.208; 

Fig. 2   Changes to 1-repetition maximum (1RM) strength through-
out the 12-week intervention for absolute (a–c) and relative (d–f) leg 
press, knee extension and bench press (END, n = 9). Values are pre-
sented as individual data with group mean. a = P < 0.05 from PRE. 

b = P < 0.05 from WK6. ǂ = P < 0.05 from END at time point. CET 
concurrent exercise training, RES resistance training, END endurance 
training
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Fig. 4a). Relative VO2peak in CET increased by 6.9% from 
PRE to WK6 (P = 0.029), but did not change from PRE to 
POST (P = 0.272). For RES, relative VO2peak decreased 
4.8% from PRE to POST (P = 0.016). In contrast, relative 
VO2peak increased in END by 9.1% from PRE to WK6, and 
9.8% from PRE to POST (P < 0.005); however, there was 
no difference between CET and END at POST (P = 0.415; 
Fig. 4b).

There was an interaction for group by time for change in 
absolute (P < 0.001) and relative to BM (P < 0.001) MAP. 

Absolute MAP increased in CET by 5.3% from PRE to 
WK6, 8.5% from WK6 to POST, and 14% from PRE to 
POST (P < 0.05). For RES, absolute MAP decreased by 
4.5% from PRE to POST (P = 0.015). For END, absolute 
MAP increased 13.6% from PRE to WK6, and 16.4% from 
PRE to POST (P < 0.001); however, there was no difference 
between CET and END at POST (P = 0.605; Fig. 4c). Rela-
tive MAP increased in CET by 7.1% from WK6 to POST 
(P = 0.002), and 9.8% from PRE to POST (P < 0.001). For 
RES, relative MAP decreased by 8.4% from PRE to POST 

Fig. 3   Change to countermove-
ment jump (CMJ) and squat 
jump (SJ). Percent changes 
from PRE to POST for CMJ are 
presented for (a) peak velocity, 
(b) height, (c) peak power, and 
(d) relative peak power. Percent 
changes from PRE to POST for 
SJ are presented for (e) peak 
velocity, (f) height, (g) peak 
power, and (h) relative peak 
power. Values are presented 
as individual data with group 
mean ± SD. a = P < 0.05 from 
PRE. ǂ = P < 0.05 from END at 
POST. CET concurrent exercise 
training, RES resistance train-
ing, END endurance training
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(P < 0.001). For END, relative MAP increased by 11.2% 
from PRE to WK6 (P < 0.001), and 13.5% from PRE to 
POST (P < 0.001); however, there was no difference between 
CET and END at POST (P = 0.830; Fig. 4d).

4.7 � Wingate Indices

There was main effect for time (P < 0.001), but not group 
(P = 0.487) for training-induced change in Wingate peak 
power. Wingate peak power increased from PRE to POST 
by 14% in RES and 7.2% in END (P < 0.05) while there 
was no change in CET (P = 0.115; Fig. 5a). A main effect 
for time (P = 0.001) and a trend for group (P = 0.053) 
was observed for change in Wingate peak power when 
expressed relative to BM. Wingate relative peak power 
increased from PRE to POST by 9.8% in RES (P = 0.002). 
Wingate relative peak power at POST was greater in RES 
(12.5 ± 1.6 W·kg BM−1; P < 0.05) compared to both CET 
(10.8 ± 0.8 W·kg BM−1) and END (10.9 ± 1.8 W·kg BM−1; 
Fig. 5b).

4.8 � Training Volume and Variables

There was main effect for time for change in resistance 
training volume (P < 0.001); however, post hoc analysis 
revealed no difference between CET and RES across the 

training intervention (P = 0.385; Online Resource 6). Simi-
larly, one-way ANOVA revealed no differences between 
CET and RES for average time to complete set (P = 0.564), 
between-set rest interval (P = 0.915), or RPE (P = 0.838; 
Online Resource 7). There was main effect for time for 
change in endurance training volume (P < 0.001); however, 
post hoc analysis revealed no difference between CET and 
END across the training intervention (P = 0.708; Online 
Resource 6). One-way ANOVA revealed no difference 
in average training hours (P = 0.488) or HR (P = 0.222) 
between CET and END across the training intervention. 
However, average RPE was 10% higher in CET com-
pared to END (P < 0.001). Recovery time between ses-
sions (Online Resource 7) was significantly less in CET 
(23.6 h; P < 0.001) compared to both RES (47.7 h) and 
END (48 h).

4.9 � Diet

There was main effect for time (P = 0.005) and group 
(P = 0.026) for change in energy intake. Energy intake was 
significantly greater at baseline in RES (~ 11,300 kJ) com-
pared to END (~ 8780 kJ; P = 0.007). Average daily energy 
intake during training increased from baseline by 12.5% in 
CET and 20.1% in END (P < 0.05). There was no differ-
ence in energy intake across conditions during the train-
ing intervention (CET = ~ 11,400 kJ; RES = ~ 11,700 kJ; 
END = ~ 10,600 kJ; P = 0.348). There was main effect for 

Fig. 4   Changes to (a) absolute and (b) relative VO2peak as well as (c) 
absolute and (d) relative maximum aerobic power throughout the 
12-week intervention. Values are presented as individual data with 

group mean. a = P < 0.05 from PRE. b = P < 0.05 from WK6. CET 
concurrent exercise training, RES resistance training, END endurance 
training
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time (P < 0.001) and group (P = 0.046) for change in protein 
intake. Protein intake was significantly greater at baseline in 
CET (1.6 g·kg−1·d−1) and RES (1.7 g·kg−1·d−1) compared to 
END (1.3 g·kg−1·d−1: P < 0.05). Average daily protein intake 
during training increased from baseline by 40.6% in CET, 
26.3% in RES, and 61.7% in END (P < 0.005). Carbohy-
drate intake was greater at baseline in RES (4.1 g·kg−1·d−1; 
P = 0.044) than END (3.1 g·kg−1·d−1); however, no effect 
for group (P = 0.072), time (P = 0.6), or group by time 
(P = 0.116) was observed. There was a main effect for group 
for fat intake (P = 0.004). Fat intake was significantly greater 
at baseline in RES (1.5 g·kg−1·d−1; P < 0.05) compared to 
both CET (1.1 g·kg−1·d−1) and END (1 g·kg−1·d−1; Table 3).

5 � Discussion

This is the first investigation to compare the effects of long-
term (i.e. 12 weeks) concurrent training in combination 
with a high-protein diet on a broad range of adaptations in 
skeletal muscle. We show that concurrent resistance and 

endurance training when performed 3 d·wk−1 on alternate 
days, in combination with a high protein availability, does 
not impair gains in maximal strength, lean mass or aerobic 
capacity compared to resistance training alone. In contrast, 
concurrent training may attenuate specific lower-body devel-
opments to maximal anaerobic power output compared to 
resistance training alone and should be closely monitored. 
Our findings provide novel information for practitioners for 
prescribing evidence-based recommendations for concurrent 
training strategies capable of maximizing strength, hyper-
trophy and aerobic adaptation responses.

The concurrent training ‘interference effect’ in strength 
and power adaptations was first observed by Hickson [15]. 
Since that seminal study, numerous investigations [18–23] 
have confirmed observations of compromised strength gains 
when strength and endurance training are undertaken con-
currently. In contrast, others [25, 52–57] have reported little 
or no impairments to strength when undertaking concurrent 
training. Such disparities may be attributed a number of fac-
tors including volume, intensity and frequency of sessions, 
as well as training status of participants, modes of exercise 
being employed, and duration of intervention [14]. Indeed, 
the duration of many studies is less than the 8-week time 
point at which the interference effect was first observed 

Fig. 5   Change to (a) absolute and (b) relative Wingate peak power. 
Values are presented as percent change from PRE to POST and pre-
sented as individual data with group mean ± SD (RES, n = 9; END, 
n = 9). a = P < 0.05 from PRE. ǂ = P < 0.05 from END at POST. 
* = P < 0.05 from CET at POST. CET concurrent exercise training, 
RES resistance training, END endurance training

Table 3   Average dietary intake at baseline and throughout the 
12-week training intervention

Values are presented as means ± SD
CET concurrent exercise training, RES resistance training, END 
endurance training
a P < 0.05 from Baseline
ǂ P < 0.05 from END at time point
*P < 0.05 from CET at time point

Time

Baseline Training

Energy (kJ·d−1)
 CET 10,200 ± 2360 11,400 ± 1490a

 RES 11,300 ± 1780ǂ 11,700 ± 1360
 END 8780 ± 1900 10,600 ± 1630a

Protein (g·kg−1·d−1)
 CET 1.6 ± 0.51ǂ 2.2 ± 0.17a

 RES 1.7 ± 0.47ǂ 2.1 ± 0.17a

 END 1.3 ± 0.48 2.0 ± 0.13a

Carbohydrate (g·kg−1·d−1)
 CET 3.5 ± 0.81 3.8 ± 1.00
 RES 4.1 ± 1.04ǂ 3.6 ± 0.65
 END 3.1 ± 0.88 3.0 ± 0.63

Fat (g·kg−1·d−1)
 CET 1.1 ± 0.28 1.2 ± 0.34
 RES 1.5 ± 0.4*ǂ 1.5 ± 0.25
 END 1.0 ± 0.32 1.2 ± 0.3
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[25, 53]. It has been proposed that maximal muscle growth 
with concurrent training can be achieved by implementing 
appropriate recovery periods (i.e. 6–24 h) between exercise 
sessions, incorporating post-exercise nutritional strategies, 
minimizing endurance/aerobic exercise to 2 × 3 d·wk−1, and 
integrating cycling compared to running as the endurance 
exercise mode [30, 31, 33]. To address some of these issues 
and determine whether they might reduce the interference 
effect, we undertook a comprehensive study protocol in 
which, for the first time in a concurrent training paradigm, 
we incorporated the aforementioned recommendations along 
with a ‘high’ protein diet over a 12-week training interven-
tion to determine whether interferences in muscle strength, 
power and hypertrophy could be offset by following these 
guidelines.

The first major finding of our work was that muscle 
strength and hypertrophy with CET were not compromised 
compared to RES alone. We propose that the lack of ‘inter-
ference’ effect was due to several interrelated factors imple-
mented in our training intervention. Firstly, the CET group 
performed resistance and endurance sessions on alternate 
days to allow a minimum of ~ 24 h recovery between bouts. 
Both proximity [16, 58, 59] and order [60–62] of endur-
ance and resistance exercises performed during a concur-
rent training program can compromise muscle activation 
and force development, which can hinder the intensity and 
effort at which subsequent resistance exercise is performed, 
leading to reduced dynamic strength gains [38]. Increasing 
the recovery time or performing individual modes of exer-
cise on separate days altogether [27, 58, 59, 63–65] alle-
viates residual fatigue and prevents impairments to force 
development. Our findings provide supporting evidence of 
the importance within a concurrent program of performing 
divergent modes of exercise on alternate days to promote 
strength adaptations.

The volume of endurance exercise performed can also 
impact strength adaptations [66]. Findings from a meta-
analysis of 21 studies revealed a positive association 
between duration (length of session) and frequency (days 
per week) of endurance exercise and the degree of interfer-
ence to strength gains [29]. However, concurrent training 
incorporating work-matched moderate-intensity continu-
ous (MICT) or high-intensity interval training (HIT) atten-
uates lower-body strength by a similar magnitude [23], 
indicating that training intensity may not mediate inter-
ferences to maximal strength. In the current study, endur-
ance training consisted of a combination of MICT and 
HIT cycling, with sessions lasting, on average, ~ 30 min 
for 3  d·wk−1. This combination, which significantly 
increased VO2peak, effectively circumvented any interfer-
ence to strength development over 12 weeks of concurrent 
training. In this regard, the increase in absolute VO2peak 
observed with CET is in line with previous literature [15, 

21–23, 61, 67–70]. However, relative VO2peak was only 
increased from baseline at WK6 in CET, while END dem-
onstrated improvements from baseline at both WK6 and 
POST. As both CET and END performed the same vol-
ume of cycling, and increased BM similarly throughout 
the intervention, it is unclear why an increase in relative 
VO2peak was not observed at POST in CET. Notably, CET 
displayed a higher average RPE during training, perhaps 
indicating a greater degree of residual fatigue. Nonethe-
less, both absolute and relative MAP increased from WK6 
to POST in CET, which was not observed in END. Incor-
porating strength training into an endurance program can 
improve time to exhaustion and time trial performance [22, 
67, 68, 71, 72]. In agreement, the increase in MAP from 
WK6 to POST with CET, but not END, highlights the ben-
efit of incorporating resistance exercises to an endurance 
program for enhancing aerobic performance.

Given the disparities between training regimens and 
juxtaposition of between-mode recovery amongst studies, 
it is difficult to attribute the underlying cause of blunted 
hypertrophy previously observed with concurrent train-
ing [18, 20, 23, 24, 73]. One variable that may partially 
explain diminished hypertrophy with concurrent training is 
post-exercise protein feeding. Skeletal muscle hypertrophy 
occurs as a result of repeated and cumulative increases in 
rates of muscle protein synthesis (MPS) after exercise and 
ingestion of dietary proteins [34, 45, 74]. We have previ-
ously shown protein ingestion following a single bout of 
concurrent exercise increases acute rates of MPS, while 
simultaneously attenuating markers of muscle catabolism, 
compared to a placebo control [34]. Given the importance 
for dietary protein to enhance muscle growth and remod-
elling processes, insufficient protein intake around con-
current training sessions may not have maximally stimu-
lated MPS, resulting in the attenuated muscle hypertrophy 
observed previously [18, 20, 23, 24, 73]. While such a 
hypothesis is attractive, we acknowledge that without a 
placebo comparison, we can only speculate on the degree 
to which protein supplementation facilitated lean mass 
increases observed in the current investigation. Further-
more, cycling performed in isolation has been shown to 
induce leg muscle hypertrophy [75], so to what extent pro-
tein supplementation influenced the similar post-interven-
tion increase in leg lean mass observed in END compared 
to CET and RES is unclear.

In contrast to muscle strength and hypertrophy responses, 
improvements to aspects of muscle power, determined by 
relative Wingate peak power output, showed a tendency 
to decrease with CET compared to RES. Previous studies 
report maximal power output may be more susceptible to 
impaired development with concurrent training [18, 21, 
23, 29, 76]. Compromised power output after concurrent 
training may be due to impaired rate of force development 
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[21–23, 73, 77] or changes to fiber type [78] and shortening 
velocity [79]. Force development relies on neural compo-
nents (e.g. axonal conduction velocity) and myofibre size 
[80, 81], as well as structural properties (e.g. dystrophin) to 
transfer force across joints [82]. During muscular contrac-
tion, force is transferred from the muscle to tendon both 
longitudinally [83] as a result of sarcomere shortening and 
laterally [84] via the extracellular matrix (ECM). Resistance 
training increases collagen synthesis in the ECM and ten-
don [85], which, over time, increases tendon cross-sectional 
area [86, 87] and stiffness [88]. Increases in tendon stiffness 
are associated with greater torque production and athletic 
performance [89]. Notably, such adaptations to connective 
tissue appear to be impaired with concurrent training [87], 
and may be a source of diminished capacity to generate 
force rapidly. Similarly, concurrent training can alter fiber 
type distribution [78], which may result in changes to power 
development, as optimal shortening velocity and stretch-
dependent force differs between fiber types [79]. Given the 
similar architectural changes between CET and RES in our 
study, it is possible that CET impaired resistance training-
induced adaptations to connective tissue and fiber type dis-
tribution, resulting in compromised power outputs.

In contrast to changes in relative Wingate peak power, 
other measures of power such as the CMJ and SJ were not 
impaired with CET. This anomaly may be explained by dif-
ferences in neuromuscular activation between tests. Unlike 
the single CMJ or SJ, the 30-s all-out Wingate requires coor-
dination of repetitive high-force contractions of antagonis-
tic muscles of the contralateral leg [90]. Given the greater 
frequency and total volume of exercise, it is possible that 
Wingate performance may have been attenuated with CET 
as a function of accumulated fatigue and compromised neu-
romuscular coordination of repeated high-force contractions. 
As power-producing capacity is a hallmark of athletic per-
formance [89], future studies incorporating electromyogra-
phy on multiple muscle groups are needed to monitor fatigue 
and alterations to neural drive with concurrent training. It 
should also be noted that the current study may be under-
powered to detect appreciable changes in power output as 
power calculations were based on lean mass change as the 
primary outcome measure.

Several limitations in the present study are acknowl-
edged. First, without a placebo comparison, limited infer-
ences can be made on whether similar increases in lean 
mass and strength were due to protein supplementation per 
se or other factors (i.e. between-session recovery, resistance 
training program, etc.). Future studies combining concur-
rent training with protein or placebo supplementation are 
needed to determine the capacity of protein to directly 
combat interferences to lean mass and strength. Second, 
we did not compare alternate modes of endurance training 
(i.e. cycling vs. running). Given the need for sport specific 

conditioning, future investigations comparing the incorpora-
tion of cycling or running in a concurrent training program 
are needed to identify if both modalities can be equally com-
patible with strength training. Finally, we acknowledge that 
concurrent training bouts cannot always be performed on 
alternating days; particularly with team sports which often 
train twice per day [91]. Future studies comparing shorter 
recovery (i.e. 6–8 h) between sessions in trained athletes are 
therefore required to optimize adaptations to the demands of 
same day concurrent training. Similarly, the higher training 
load associated with concurrent training may increase risk of 
overtraining and have detrimental impacts on performance 
outcomes and rates of injury [92]. It is presently unclear 
whether matching the weekly hours of training between con-
current and single-mode training (i.e. 3 h·wk−1) can produce 
similar degrees of adaptation.

6 � Conclusion

In conclusion, this is the first investigation to determine the 
effects of chronic concurrent training in combination with a 
high protein diet on adaptations to muscle strength, aerobic 
capacity and maximal power output, as well as lean mass and 
architectural changes in skeletal muscle. We report that con-
current resistance and endurance training, each performed 
3 d·wk−1, in the face of a high protein diet, did not impair 
gains in maximal strength, CMJ, SJ, VO2peak, lean mass or 
muscle architectural changes compared to resistance training 
alone. However, concurrent training does attenuate improve-
ments to select aspects of lower-body maximal anaerobic 
power output compared to resistance training, demonstrat-
ing a susceptibility in adaptation responses in this paradigm 
despite recommended optimal protein intake strategies.

6.1 � Practical Applications

Our findings provide support for theoretical recommen-
dations for practitioners prescribing concurrent training 
strategies capable of maximizing strength, hypertrophy 
and aerobic adaptation responses. First, perform resist-
ance training and endurance training on alternate days to 
provide sufficient recovery/rest between modes of exercise 
such that residual fatigue does not limit session intensity 
[38]. Second, ensure an adequate intake and even distri-
bution of high quality proteins throughout the day, with 
particular emphasis on intake around exercise [46]. Third, 
limiting endurance training (where possible) to ~ 30 min 
per session performed 3 d·wk−1 is sufficient to improve 
aerobic performance without compromising maximal 
dynamic strength [29].



2881Concurrent Training and High-Protein Diet

Acknowledgements  The authors gratefully acknowledge the efforts 
and dedication of the participants. The authors would like to thank 
Mr. Ken Ballhause of Adaptive Human Performance, Australia for his 
assistance and expertise in designing the cycling program. The authors 
gratefully acknowledge Mr. William Meldrum, Mr. John Waters, Mr. 
Andres Castillo and the Australian Catholic University Exercise Sci-
ence placement students who assisted in the supervision and instruc-
tion of exercise testing and training sessions. The authors wish to also 
thank Swisse Wellness Pty Ltd, Australia and Bulk Nutrients Pty Ltd, 
Australia for the generous gift of whey protein; Chobani LLC, Australia 
and Jalna Dairy Foods Pty Ltd, Australia for the generous supply of 
yoghurt; and the Almond Board of Australia for the gift of dry roasted 
almonds for this study for this study.

Author Contributions  BS, VGC, JAH and DMC designed the study; 
BD performed all DXA scans, dietary consults, and dietary analyses; 
BS, RGT, PT and DMC conducted all exercise and performance test-
ing; BS, CLD and DMC supervised all exercise training sessions; BS, 
RGT, PT and DMC performed all data and statistical analysis; BS 
and DMC wrote the manuscript; all authors approved the manuscript 
before submission.

Compliance with Ethical Standards 

Funding  This work was supported by an ACURF Grant awarded to 
D.M. Camera (36331).

Conflict of interest  Baubak Shamim, Brooke L. Devlin, Ryan G. Tim-
mins, Paul Tofari, Connor Lee Dow, Vernon G. Coffey, John A. Haw-
ley and Donny M. Camera declare no conflicts of interest.

Open Access  This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat​iveco​
mmons​.org/licen​ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

	 1.	 Nader GA. Concurrent strength and endurance training: from mol-
ecules to man. Med Sci Sports Exerc. 2006;38:1965–70.

	 2.	 Ruiz JR, Sui X, Lobelo F, Morrow JR, Jackson AW, Sjöström 
M, et al. Association between muscular strength and mortality in 
men: prospective cohort study. BMJ. 2008;337:a439.

	 3.	 Pedersen BK, Saltin B. Exercise as medicine—evidence for pre-
scribing exercise as therapy in 26 different chronic diseases. Scand 
J Med Sci Sports. 2015;25:1–72.

	 4.	 Baker D. The effects of an in-season of concurrent training on the 
maintenance of maximal strength and power in professional and 
college-aged rugby league football players. J Strength Cond Res. 
2001;15:172–7.

	 5.	 Argus CK, Gill N, Keogh J, Hopkins WG, Beaven CM. Effects 
of a short-term pre-season training programme on the body com-
position and anaerobic performance of professional rugby union 
players. J Sports Sci. 2010;28:679–86.

	 6.	 Atashak S, Stannard SR, Azizbeigi K. Cardiovascular risk factors 
adaptation to concurrent training in overweight sedentary middle-
aged men. J Sports Med Phys Fitness. 2016;56:624–30.

	 7.	 Bassi D, Mendes RG, Arakelian VM, Caruso FCR, Cabiddu 
R, Júnior JCB, et al. Potential effects on cardiorespiratory and 

metabolic status after a concurrent strength and endurance train-
ing program in diabetes patients—a randomized controlled trial. 
Sports Med Open. 2016;2:31.

	 8.	 Robinson MM, Dasari S, Konopka AR, Johnson ML, Manjuna-
tha S, Esponda RR, et al. Enhanced protein translation under-
lies improved metabolic and physical adaptations to different 
exercise training modes in young and old humans. Cell Metab. 
2017;25:581–92.

	 9.	 World Health Organization. Global recommendations on physical 
activity for health. Geneva: World Health Organization; 2010.

	10.	 Hawley JA, Hargreaves M, Joyner MJ, Zierath JR. Integrative 
biology of exercise. Cell. 2014;159:738–49.

	11.	 Holloszy JO, Coyle EF. Adaptations of skeletal muscle to endur-
ance exercise and their metabolic consequences. J Appl Physiol. 
1984;56:831–8.

	12.	 Hawley JA. Adaptations of skeletal muscle to prolonged, intense 
endurance training. Clin Exp Pharmacol Physiol. 2002;29:218–22.

	13.	 McDonagh MJN, Davies CTM. Adaptive response of mammalian 
skeletal muscle to exercise with high loads. Eur J Appl Physiol. 
1984;52:139–55.

	14.	 Coffey VG, Hawley JA. Concurrent exercise training: do opposites 
distract? J Physiol. 2017;595:2883–96.

	15.	 Hickson RC. Interference of strength development by simultane-
ously training for strength and endurance. Eur J Appl Physiol. 
1980;45:255–63.

	16.	 Craig BW, Lucas J, Pohlman R, Stelling H. The effects of run-
ning, weightlifting and a combination of both on growth hormone 
release. J Strength Cond Res. 1991;5:198–203.

	17.	 Hennessy LC, Watson AWS. The interference effects of training 
for strength and endurance simultaneously. J Strength Cond Res. 
1994;8:12.

	18.	 Kraemer WJ, Patton JF, Gordon SE, Harman EA, Deschenes MR, 
Reynolds K, et al. Compatibility of high-intensity strength and 
endurance training on hormonal and skeletal muscle adaptations. 
J Appl Physiol 1985;1995(78):976–89.

	19.	 Dolezal BA, Potteiger JA. Concurrent resistance and endurance 
training influence basal metabolic rate in nondieting individuals. 
J Appl Physiol. 1998;85:695–700.

	20.	 Bell GJ, Syrotuik D, Martin TP, Burnham R, Quinney HA. Effect 
of concurrent strength and endurance training on skeletal muscle 
properties and hormone concentrations in humans. Eur J Appl 
Physiol. 2000;81:418–27.

	21.	 Häkkinen K, Alen M, Kraemer WJ, Gorostiaga E, Izquierdo M, 
Rusko H, et al. Neuromuscular adaptations during concurrent 
strength and endurance training versus strength training. Eur J 
Appl Physiol. 2003;89:42–52.

	22.	 Mikkola J, Rusko H, Izquierdo M, Gorostiaga E, Häkkinen K. 
Neuromuscular and cardiovascular adaptations during concurrent 
strength and endurance training in untrained men. Int J Sports 
Med. 2012;33:702–10.

	23.	 Fyfe JJ, Bartlett JD, Hanson ED, Stepto NK, Bishop DJ. Endur-
ance training intensity does not mediate interference to maximal 
lower-body strength gain during short-term concurrent training. 
Exerc Physiol. 2016;7:487.

	24.	 Fyfe JJ, Bishop DJ, Bartlett JD, Hanson ED, Anderson MJ, Gar-
nham AP, et al. Enhanced skeletal muscle ribosome biogenesis, 
yet attenuated mTORC1 and ribosome biogenesis-related signal-
ling, following short-term concurrent versus single-mode resist-
ance training. Sci Rep. 2018;8:560.

	25.	 Lundberg TR, Fernandez-Gonzalo R, Gustafsson T, Tesch 
PA. Aerobic exercise does not compromise muscle hypertro-
phy response to short-term resistance training. J Appl Physiol. 
2013;114:81–9.

	26.	 Lundberg TR, Fernandez-Gonzalo R, Tesch PA. Exercise-
induced AMPK activation does not interfere with muscle 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


2882	 B. Shamim et al.

hypertrophy in response to resistance training in men. J Appl 
Physiol. 2014;116:611–20.

	27.	 Sale DG, Jacobs I, MacDougall JD, Garner S. Comparison of two 
regimens of concurrent strength and endurance training. Med Sci 
Sports Exerc. 1990;22:348–56.

	28.	 de Souza EO, Tricoli V, Roschel H, Brum PC, Bacurau AVN, 
Ferreira JCB, et al. Molecular adaptations to concurrent training. 
Int J Sports Med. 2013;34:207–13.

	29.	 Wilson JM, Marin PJ, Rhea MR, Wilson SMC, Loenneke JP, 
Anderson JC. Concurrent training: a meta-analysis examining 
interference of aerobic and resistance exercises. J Strength Cond 
Res. 2012;26:2293–307.

	30.	 Murach KA, Bagley JR. Skeletal muscle hypertrophy with concur-
rent exercise training: contrary evidence for an interference effect. 
Sports Med. 2016;46:1029–39.

	31.	 Perez-Schindler J, Hamilton DL, Moore DR, Baar K, Philp A. 
Nutritional strategies to support concurrent training. Eur J Sport 
Sci. 2015;15:41–52.

	32.	 Hawley JA. Molecular responses to strength and endurance 
training: are they incompatible? Appl Physiol Nutr Metab. 
2009;34:355–61.

	33.	 Baar K. Using molecular biology to maximize concurrent training. 
Sports Med. 2014;44:117–25.

	34.	 Camera DM, West DWD, Phillips SM, Rerecich T, Stellingwerff 
T, Hawley JA, et al. Protein ingestion increases myofibrillar pro-
tein synthesis after concurrent exercise. Med Sci Sports Exerc. 
2015;47:82–91.

	35.	 Moore DR, Tang JE, Burd NA, Rerecich T, Tarnopolsky MA, 
Phillips SM. Differential stimulation of myofibrillar and sarco-
plasmic protein synthesis with protein ingestion at rest and after 
resistance exercise. J Physiol. 2009;587:897–904.

	36.	 Cermak NM, Res PT, de Groot LC, Saris WH, van Loon LJ. Pro-
tein supplementation augments the adaptive response of skeletal 
muscle to resistance-type exercise training: a meta-analysis. Am 
J Clin Nutr. 2012;96:1454–64.

	37.	 Morton RW, Murphy KT, McKellar SR, Schoenfeld BJ, 
Henselmans M, Helms E, et al. A systematic review, meta-analysis 
and meta-regression of the effect of protein supplementation on 
resistance training-induced gains in muscle mass and strength in 
healthy adults. Br J Sports Med. 2018;52:376–84.

	38.	 Eddens L, van Someren K, Howatson G. The role of intra-session 
exercise sequence in the interference effect: a systematic review 
with meta-analysis. Sports Med. 2018;48:177–88.

	39.	 Murlasits Z, Kneffel Z, Thalib L. The physiological effects of 
concurrent strength and endurance training sequence: a systematic 
review and meta-analysis. J Sports Sci. 2018;36:1212–9.

	40.	 Torrens SL, Areta JL, Parr EB, Hawley JA. Carbohydrate depend-
ence during prolonged simulated cycling time trials. Eur J Appl 
Physiol. 2016;116:781–90.

	41.	 Hawley JA, Noakes TD. Peak power output predicts maximal oxy-
gen uptake and performance time in trained cyclists. Eur J Appl 
Physiol. 1992;65:79–83.

	42.	 Borg E, Borg G. A demonstration of level-anchored ratio scaling 
for prediction of grip strength. Appl Ergon. 2013;44:835–40.

	43.	 Tofari P, Kemp J, Cormack S. A self-paced team sport match 
simulation results in reductions in voluntary activation and modi-
fications to biological, perceptual and performance measures at 
half-time, and for up to 96 hours post-match. J Strength Cond Res. 
2017. https​://doi.org/10.1519/JSC.00000​00000​00187​5.

	44.	 Nana A, Slater GJ, Stewart AD, Burke LM. Methodology review: 
using dual-energy X-ray absorptiometry (DXA) for the assessment 
of body composition in athletes and active people. Int J Sport Nutr 
Exerc Metab. 2015;25:198–215.

	45.	 Areta JL, Burke LM, Ross ML, Camera DM, West DWD, Broad 
EM, et al. Timing and distribution of protein ingestion during 

prolonged recovery from resistance exercise alters myofibrillar 
protein synthesis. J Physiol. 2013;591:2319–31.

	46.	 Loenneke JP, Loprinzi PD, Murphy CH, Phillips SM. Per meal 
dose and frequency of protein consumption is associated with 
lean mass and muscle performance. Clin Nutr Edinb Scotl. 
2016;35:1506–11.

	47.	 Moore DR, Robinson MJ, Fry JL, Tang JE, Glover EI, Wilkinson 
SB, et al. Ingested protein dose response of muscle and albumin 
protein synthesis after resistance exercise in young men. Am J 
Clin Nutr. 2009;89:161–8.

	48.	 Snijders T, Res PT, Smeets JS, van Vliet S, van Kranenburg J, 
Maase K, et al. Protein ingestion before sleep increases muscle 
mass and strength gains during prolonged resistance-type exercise 
training in healthy young men. J Nutr. 2015;145:1178–84.

	49.	 Trommelen J, Kouw IWK, Holwerda AM, Snijders T, Halson SL, 
Rollo I, et al. Pre-sleep dietary protein-derived amino acids are 
incorporated in myofibrillar protein during post-exercise overnight 
recovery. Am J Physiol Endocrinol Metab. 2018;314:E457–67.

	50.	 Macnaughton LS, Wardle SL, Witard OC, McGlory C, Hamilton 
DL, Jeromson S, et al. The response of muscle protein synthesis 
following whole-body resistance exercise is greater following 40 g 
than 20 g of ingested whey protein. Physiol Rep. 2016;4:e12893.

	51.	 Faul F, Erdfelder E, Buchner A, Lang A-G. Statistical power 
analyses using G*Power 3.1: tests for correlation and regression 
analyses. Behav Res Methods. 2009;41:1149–60.

	52.	 McCarthy JP, Pozniak MA, Agre JC. Neuromuscular adaptations 
to concurrent strength and endurance training. Med Sci Sports 
Exerc. 2002;34:511–9.

	53.	 Balabinis CP, Psarakis CH, Moukas M, Vassiliou MP, Behrakis 
PK. Early phase changes by concurrent endurance and strength 
training. J Strength Cond Res. 2003;17:393–401.

	54.	 Ahtiainen JP, Hulmi JJ, Kraemer WJ, Lehti M, Pakarinen A, Mero 
AA, et al. Stength, endurance or combined training elicit diverse 
skeletal muscle myosin heavy chain isoform proportion but unal-
tered androgen receptor concentration in older men. Int J Sports 
Med. 2009;30:879–87.

	55.	 Hendrickson NR, Sharp MA, Alemany JA, Walker LA, Harman 
EA, Spiering BA, et al. Combined resistance and endurance train-
ing improves physical capacity and performance on tactical occu-
pational tasks. Eur J Appl Physiol. 2010;109:1197–208.

	56.	 Laird RH, Elmer DJ, Barberio MD, Salom LP, Lee KA, Pascoe 
DD. Evaluation of performance improvements following either 
resistance training or sprint interval based concurrent training. J 
Strength Cond Res. 2016;30:3057–65.

	57.	 Tomiya S, Kikuchi N, Nakazato K. Moderate intensity cycling 
exercise after upper extremity resistance training interferes 
response to muscle hypertrophy but not strength gains. J Sports 
Sci Med. 2017;16:391–5.

	58.	 Sporer BC, Wenger HA. Effects of aerobic exercise on strength 
performance following various periods of recovery. J Strength 
Cond Res. 2003;17:638–44.

	59.	 Robineau J, Babault N, Piscione J, Lacome M, Bigard AX. 
Specific training effects of concurrent aerobic and strength 
exercises depend on recovery duration. J Strength Cond Res. 
2016;30:672–83.

	60.	 Okamoto T, Masuhara M, Ikuta K. Combined aerobic and resist-
ance training and vascular function: effect of aerobic exercise 
before and after resistance training. J Appl Physiol Bethesda Md. 
1985;2007(103):1655–61.

	61.	 Cadore EL, Izquierdo M, Pinto SS, Alberton CL, Pinto RS, Bar-
oni BM, et al. Neuromuscular adaptations to concurrent train-
ing in the elderly: effects of intrasession exercise sequence. Age. 
2013;35:891–903.

	62.	 Pinto SS, Alberton CL, Bagatini NC, Zaffari P, Cadore EL, 
Radaelli R, et al. Neuromuscular adaptations to water-based con-
current training in postmenopausal women: effects of intrasession 

https://doi.org/10.1519/JSC.0000000000001875


2883Concurrent Training and High-Protein Diet

exercise sequence. Age. 2015;37. https​://www.ncbi.nlm.nih.gov/
pmc/artic​les/PMC43​15433​/.

	63.	 Bentley DJ, Zhou S, Davie AJ. The effect of endurance exercise 
on muscle force generating capacity of the lower limbs. J Sci Med 
Sport. 1998;1:179–88.

	64.	 Bentley DJ, Smith PA, Davie AJ, Zhou S. Muscle activation of 
the knee extensors following high intensity endurance exercise in 
cyclists. Eur J Appl Physiol. 2000;81:297–302.

	65.	 Leveritt M, MacLaughlin H, Abernethy PJ. Changes in leg 
strength 8 and 32  h after endurance exercise. J Sports Sci. 
2000;18:865–71.

	66.	 Wernbom M, Augustsson J, Thomeé R. The influence of fre-
quency, intensity, volume and mode of strength training on whole 
muscle cross-sectional area in humans. Sports Med Auckl NZ. 
2007;37:225–64.

	67.	 Hickson RC, Dvorak BA, Gorostiaga EM, Kurowski TT, Foster C. 
Potential for strength and endurance training to amplify endurance 
performance. J Appl Physiol. 1988;65:2285–90.

	68.	 Chtara M, Chamari K, Chaouachi M, Chaouachi A, Koubaa D, 
Feki Y, et al. Effects of intra-session concurrent endurance and 
strength training sequence on aerobic performance and capacity. 
Br J Sports Med. 2005;39:555–60.

	69.	 Rønnestad BR, Hansen EA, Raastad T. Effect of heavy strength 
training on thigh muscle cross-sectional area, performance deter-
minants, and performance in well-trained cyclists. Eur J Appl 
Physiol. 2010;108:965–75.

	70.	 Silva RAS, Silva-Júnior FL, Pinheiro FA, Souza PFM, Boullosa 
DA, Pires FO. Acute prior heavy strength exercise bouts improve 
the 20-km cycling time trial performance. J Strength Cond Res. 
2014;28:2513–20.

	71.	 Beattie K, Kenny IC, Lyons M, Carson BP. The effect of strength 
training on performance in endurance athletes. Sports Med. 
2014;44:845–65.

	72.	 Vikmoen O, Rønnestad BR, Ellefsen S, Raastad T. Heavy strength 
training improves running and cycling performance following pro-
longed submaximal work in well-trained female athletes. Physiol 
Rep. 2017;5. https​://www.ncbi.nlm.nih.gov/pmc/artic​les/PMC53​
50167​/.

	73.	 Rønnestad BR, Hansen EA, Raastad T. High volume of endur-
ance training impairs adaptations to 12 weeks of strength train-
ing in well-trained endurance athletes. Eur J Appl Physiol. 
2012;112:1457–66.

	74.	 Moore DR, Areta J, Coffey VG, Stellingwerff T, Phillips SM, 
Burke LM, et al. Daytime pattern of post-exercise protein intake 
affects whole-body protein turnover in resistance-trained males. 
Nutr Metab. 2012;9:91.

	75.	 Konopka AR, Harber MP. Skeletal muscle hypertrophy after aero-
bic exercise training. Exerc Sport Sci Rev. 2014;42:53–61.

	76.	 Chtara M, Chaouachi A, Levin GT, Chaouachi M, Chamari K, 
Amri M, et al. Effect of concurrent endurance and circuit resist-
ance training sequence on muscular strength and power develop-
ment. J Strength Cond Res. 2008;22:1037–45.

	77.	 Dudley GA, Djamil R. Incompatibility of endurance- and strength-
training modes of exercise. J Appl Physiol. 1985;59:1446–51.

	78.	 Kazior Z, Willis SJ, Moberg M, Apró W, Calbet JAL, Holmberg 
H-C, et al. Endurance exercise enhances the effect of strength 
training on muscle fiber size and protein expression of Akt and 
mTOR. PLoS One. 2016;11:e0149082.

	79.	 Linari M, Bottinelli R, Pellegrino MA, Reconditi M, Reggiani C, 
Lombardi V. The mechanism of the force response to stretch in 
human skinned muscle fibres with different myosin isoforms. J 
Physiol. 2004;554:335–52.

	80.	 Bawa P, Binder MD, Ruenzel P, Henneman E. Recruitment order 
of motoneurons in stretch reflexes is highly correlated with their 
axonal conduction velocity. J Neurophysiol. 1984;52:410–20.

	81.	 Henneman E. Relation between size of neurons and their suscep-
tibility to discharge. Science. 1957;126:1345–7.

	82.	 Hughes DC, Marcotte GR, Marshall AG, West DWD, Baehr LM, 
Wallace MA, et al. Age-related differences in dystrophin: impact 
on force transfer proteins, membrane integrity, and neuromuscular 
junction stability. J Gerontol Biol Sci Med Sci. 2017;72:640–8.

	83.	 Huxley AF, Niedergerke R. Structural changes in muscle dur-
ing contraction; interference microscopy of living muscle fibres. 
Nature. 1954;173:971–3.

	84.	 Street SF. Lateral transmission of tension in frog myofibers: a 
myofibrillar network and transverse cytoskeletal connections are 
possible transmitters. J Cell Physiol. 1983;114:346–64.

	85.	 Miller BF, Olesen JL, Hansen M, Døssing S, Crameri RM, Well-
ing RJ, et al. Coordinated collagen and muscle protein synthesis 
in human patella tendon and quadriceps muscle after exercise. J 
Physiol. 2005;567:1021–33.

	86.	 Kongsgaard M, Reitelseder S, Pedersen TG, Holm L, Aagaard 
P, Kjaer M, et  al. Region specific patellar tendon hypertro-
phy in humans following resistance training. Acta Physiol. 
2007;191:111–21.

	87.	 Rønnestad BR, Hansen EA, Raastad T. Strength training affects 
tendon cross-sectional area and freely chosen cadence differently 
in noncyclists and well-trained cyclists. J Strength Cond Res. 
2012;26:158–66.

	88.	 Couppé C, Kongsgaard M, Aagaard P, Hansen P, Bojsen-Moller J, 
Kjaer M, et al. Habitual loading results in tendon hypertrophy and 
increased stiffness of the human patellar tendon. J Appl Physiol. 
2008;105:805–10.

	89.	 Watsford M, Ditroilo M, Fernández-Peña E, D’Amen G, Lucertini 
F. Muscle stiffness and rate of torque development during sprint 
cycling. Med Sci Sports Exerc. 2010;42:1324–32.

	90.	 Driss T, Vandewalle H. The measurement of maximal (anaerobic) 
power output on a cycle ergometer: a critical review. BioMed 
Res Int. 2013;2013. https​://www.ncbi.nlm.nih.gov/pmc/artic​les/
PMC37​73392​/.

	91.	 Jones TW, Smith A, Macnaughton LS, French DN. Variances in 
strength and conditioning practice in elite Rugby Union between 
the northern and southern hemispheres. J Strength Cond Res. 
2017;31:3358–71.

	92.	 Gabbett TJ. The training—injury prevention paradox: should 
athletes be training smarter and harder? Br J Sports Med. 
2016;50:273–80.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4315433/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4315433/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5350167/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5350167/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3773392/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3773392/

	Adaptations to Concurrent Training in Combination with High Protein Availability: A Comparative Trial in Healthy, Recreationally Active Men
	Abstract
	Background 
	Methods 
	Results 
	Conclusion 

	1 Introduction
	2 Methods
	2.1 Participants
	2.2 Experimental Design
	2.3 Exercise Training
	2.4 VO2peak Testing
	2.5 Strength Testing
	2.6 Power Testing
	2.7 Body Composition

	3 Architectural Assessment of Vastus Lateralis
	3.1 Resistance Training
	3.2 Endurance Training
	3.3 Diet
	3.4 Statistical Analysis

	4 Results
	4.1 Participant Characteristics
	4.2 Body Composition
	4.3 Vastus Lateralis Architecture
	4.4 Strength
	4.5 Power Testing
	4.6 Vo2peak
	4.7 Wingate Indices
	4.8 Training Volume and Variables
	4.9 Diet

	5 Discussion
	6 Conclusion
	6.1 Practical Applications

	Acknowledgements 
	References




