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Combined endurance and strength training 

         Compromised or synergistic adaptation? 

                    - sedentary individuals 

                    - moderately trained individuals 

                    - highly trained top level athletes 

Diminished cardiovascular and musculoskeletal 

adaptations to endurance (E) and strength (S) training 

when training regimes are combined 
                                             Hickson 1980, Dudley et al 1985, Hunter et al 1987,  

                                          Nelson et al 1990, Kraemer et al 1995 

 
Concurrent E+S training does not impair cardiovascular  

or musculoskeletal adaptations compared to either  

training regime alone 
                                              Bell et al 1991, McCarthy et al 1995, Izquirdo et al 2005 

 
Concurrent E+S training increases endurance  

performance more than either training regime alone 
 

                                              Marcinik et al 1991, Hickson et al 1988, Hoff et al 2002,  

                                           Rønnestad et al 2009, Aagaard et al 2011 

 

 

 

 

      Cardiovascular and muscular adaptations  

               with concurrent S+E training 
       Previous study findings: contradictory data  
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Strength training and running performance 

 
 

 
 

Strength training and running performance 
 
 

Trained runners (VO2max 60 ml O2/minkg): 

 leg muscle strength (1RM squat) 

Improved running economy (reduced O2 uptake at 70% VO2max)  

 time to exhaustion at max aerobic speed, No change in VO2max 

                Støren et al 2008  

 
 

Well Trained triathletes (VO2max 70 ml O2/minkg): 

14 wks of combined strength and running training (E+S) 

 leg muscle strength 

Improved running economy at 75%VO2max  (reduced ml O2/km)  

       following E+S training compared to E training alone 

 Run speed at VO2max in E+S only (19.5  20.0 km/h) 

No change in VO2max 

                                            Millet et al. 2002 
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Improved running economy in well-trained runners 

 
Well trained runners (VO2max: 65 ml/kg min)  

 

Training:   32% of the normal running training volume was replaced by  

                 short sprints, plyometric exercises, overload-jumping,  

                 high-speed low-resistance weight training ('power training'),  

                 Training duration: 9 weeks (n=10), 8-9 hours/week 

 

Results:    5 km run time improved about 30 seconds (18.20 to 17.50 min)  

                 Improved performance in anaerobic run test (MART) 

                 Improved running economy (8% reduced VO2 at 16 km/h) 

                 Shortened ground contact times during the stance phase 

  

                 No changes observed in the control group (n=8) 

 

 

 

Paavolainen et al. 1999 

Strength training and cycling performance 
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Cycle-specific resistance training  

(“strength training” or “power pedalling”  

performed on the bike): 
 

cycling with a low cadence (e.g. 40 rpm)  

with relatively high force  
 

has no effect on neither maximal force capacity  

of the legs nor cycling performance* 
 

                                      Kristoffersen et al. 2014, Mujika et al. 2015 

 
 

Strength training and cycling performance 
 

* Aerobic capacity, 30-min cycling performance,  

   power output at lactate threshold, cadence, gross efficiency 

 

 

 
 

Untrained subjects: 

 Leg muscle strength 

 Long term cycling performance at 75% VO2max (2635 min, +33%) 

 Blood lactate at same absolute workload (-30%) 

Elevated blood lactate threshold ( Watts at 3.5 mM, +12%) 

No change in VO2max 

                                      Marcinik et al. 1991 

 
 

Strength training and cycling performance 
 

Training regime: 
 

- 12 wks resistance training,  
 

- 3 sessions per week, 36 sessions in total 
 

- knee extension, knee flexion, leg press, 

  parallel squat + upperbody exercises 
 

- 8-12 RM and 15-20 RM loads 
 

- No endurance (E) training 
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Well trained subjects: 

 Leg muscle strength (30%) 

 Short term cycling performance (6-8 min, +11%) 

 Long term cycling performance at 80% VO2max (6985 min, +20%) 

No change in VO2max 

No increase in body weight 

No increase in muscle fibre area (VL muscle) ! 

                                                                             Hickson et al. 1988 

Strength training and cycling performance 
 

Training regime: 
 

- 10 wks concurrent S+E training,  
 

- 3 sessions per week, 36 sessions in total 
 

- knee extension, knee flexion, parallel squat  
 

- 8-10 RM (80% 1 RM), 3-4 sets of 5 reps 
 

- E training: running and/or cycling 3-5 days/wk 

 
 

 

In well trained cyclists (VO2max ~ 66-70 ml O2 min-1 kg-1): 

cycling economy was improved to a greater extent by  

concurrent S+E training than E training alone during  

the final hour of a 185-min long cycling test  Rønnestad et al 2011 

 

Strength training and cycling performance 
 

Training regime: 
 

- 12 wks concurrent resistance training,  
 

- 2 sessions per week, 24 sessions in total 
 

- half squat, unilateral leg press  
 

- 8-10 RM  5-6 RM, 3 sets, max speed 
 

- E training: cycling or xc-skiing ?hrs/wk 
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Rønnestad et al,  

Scand J Med Sci Sports 2011 
 

Graph from  

Aagaard & Andersen 2010 
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Rønnestad et al,  

Scand J Med Sci Sports 2011 
 

Graph from  

Aagaard & Andersen 2010 
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In conclusion, heart rate and blood lactate responses  

were reduced during the final hour of a 185-min long  

cycling test following concurrent S+E training compared  

to E training alone  Rønnestad et al 2009 

 

Strength training and cycling performance 
 

Notably, all-out cycling performance measured during a 5-min 

max test at the finish of 185 min cycling was improved following 

concurrent S+E training (8% increased power production) while 

unaffected by endurance training alone.  
 

 sprint capacity in the final phase of a race can be enhanced  

      by concurrent SE training                                                                       
                                                                Rønnestad et al 2009 

Strength training and cycling performance 
 

 
 

 

In conclusion, heart rate and blood lactate responses  

were reduced during the final hour of a 185-min long  

cycling test following concurrent S+E training compared  

to E training alone  Rønnestad et al 2009 
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Strength training and cross-country skiing 

 

 

Improved economy in cross-country skiing 

 
Male elite cross-country skiers (n=9) 
                  VO2max  69 ml O2/ min kg 

 

Strength training: 3 x 6 RM, 3 times/wk, 8 wks + ski training 

 

Results:   Increased muscle strength and RFD,  

                Improved endurance performance - Time to exhaustion:  

                                6.5  10.2 min = +20% vs controls 

                Improved economy: 1.02  0.74 ml O2 kg-0.67 min-1 

 

Proposed adaptive mechanism (Hypothesis):   

                Increased endurance and improved economy due to 

                enhanced muscle blood perfusion 
 

 Hoff et al. 2002 

Østerås, Helgerud, Hoff 2002 
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Tension 

Hypothetical changes in Blood flow 

perfusion due to changes in RFD 

Relaxation phase 

Tension 

Blood 
Flow 

PRE 

POST 

Time Hoff et al. 1999, 2002 

Østerås, Helgerud, Hoff 2002 

Occluded blood flow 

Free  

 flow 

Hoff et al. 1999 

Improved economy in cross-country skiing 
 

Female trained cross-country skiers (n=8) 
                  VO2max  55 ml O2/ min kg 

 

Strength training: 3 x 6 RM, 3 times/wk, 9 wks  + ski training 

 

Results:   Increased muscle strength and RFD,  

                Improved endurance performance - Time to exhaustion:  

                        5.2  12.3 min (vs 4.0  6.3 min in C) = +80% vs controls 

                Improved economy:  1.42  1.10 ml O2 kg-0.67 min-1   

 

Proposed adaptive mechanism (Hypothesis):   

                Increased endurance and improved economy due to 

                enhanced muscle blood 
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Changes in short-term endurance performance 

induced by concurrent S+E training 

 

Concurrent SE training  

 improved short-term (<10 min) endurance capacity  

     measured as an increased time to exhaustion during  

     treadmill running, cycling ergometer testing, ski ergometer  

     testing in... 
 

     - untrained subjects  Hickson et al. 1980 

     - recreational moderately trained individuals  Hickson et al. 1988  

     - well-to-highly trained cross-country skiers and cyclists   

                                                            Hoff et al. 1999, 2002, Østerås et al.  2002,  

               Mikkola et al. 2007, Støren et al. 2008,  

               Psilander et al. 2015 

 

 

SUMMARY 

Changes in LONG-TERM endurance performance 

induced by concurrent S+E training 

 

 

 

 

 

 

 
 

     Not well examined - 

    only very few data exist!!!  
 

 

SUMMARY 
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Muscle capillarization and myofiber size  
Effect of  fiber CSA on intracellular diffusion distance? 

Muscle fiber 

capillary 

Fiber hypertrophy 

        with RT 

Intracellular  

diffusiondistance 

Aagaard et al, Scand J Med Sci Sports 2011 
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Subjects 

14 young amateur elite cyclists (Danish U-21 National Team) 

No strength training for at least 8 months prior to the study  

 

Training groups 

E + S : combined endurance and strength training (n=7) 

E :  endurance training alone (n=7) 

 

72.3  6.0 

 

179.0  4.5 

 

19.0  0.8 

 

7 

Control group, E 
endurance only 

 

69.2  5.8 

 

182.4  6.2 

 

20.1  0.9 

 

7 

E + S 
combined endurance and strength 

 

Weigth, kg 

 

Heigth, cm 

 

Age, years 

 

n 

Training     
Group 

 
Material and Methods 

Aagaard et al, Scand J Med Sci Sports 2011 

             November                                                            February                                            May  
      start of combined training                                                        end of combined training                                        follow-up  

           

 
Study design 

      Test 1 (pre)                                         Test 2 (post)                     Test 3 (post 2)       
     biopsy sampling                                         biopsy sampling                       biopsy sampling 

    16 weeks                                              8 weeks 

combined training (E+S)                                   

  endurance training (E) 
endurance training  
         [ both groups ] 

Aagaard et al, Scand J Med Sci Sports 2011 
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18 18 18 10 18 18 17 16 Hours 

16 15 14 13 12 11 10 9 Week 

10 17 17 16 11 15 15 14 Hours 

8 7 6 5 4 3 2 1 Week 

Endurance training (E+S and E groups) 
1 

- controlling hours of training, not intensity 

- training diary 

 

 
Material and Methods... 

Aagaard et al, Scand J Med Sci Sports 2011 
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Strength training (E+S group only) 
1 

- training diary 

- two weeks preparatory strength training  

     training loads: 10-12 RM 

- heavy-resistance training, restitution  48 h 

- 4 sets of 4 exercises 

Freq = training sessions per week 

Loads = training loads expressed in RM 

 

 
Material and Methods... 

Aagaard et al, Scand J Med Sci Sports 2011 
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Strength training exercises 

 
Material and Methods... 

Leg press 

Knee 
extension 

Hamstring curl 

Calf raises 

VO2max remained unchanged in either group  

      S+E: 73.5 ±8.2 vs 75.0 ±6.0 ml O2 min-1 kg-1,  

        E: 71.5 ±6.0 vs 73.0 ±2.3  ml O2 min-1 kg-1 

 

Cycling Economy (VO2 at 75% VO2max) 

remained unchanged in either group 

 

Blood lactate profile obtained during graded 

submaximal graded testing was unchanged 

in both groups 

Muscle fiber size and vascularization (cap/fiber, cap/mm2) 

did not change with either mode of training 

                 S+E: 7.6 ±0.8 vs 7.2 ±0.8 cap/fiber 

                     E: 7.6 ±0.6 vs 8.4 ±0.7 cap/fiber 

 

 
Results 

Aagaard et al, Scand J Med Sci Sports 2011 
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Short-term endurance performance 

                  5 minutes all-out 

Short-term endurance capacity
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Fig.1

Short-term endurance performance measured as average speed (Watts)

(equivalent to total work) during 5-min all-out cycling. * post > pre (P<0.05).

 
E+S group 

 
E group 

* different from pre, p<0.05 

 

* * 

 
Results... 

Aagaard et al, Scand J Med Sci Sports 2011 

 

Long-term endurance performance 

        45 minutes all-out time trial 

Fig.2

Long-term endurance performance measured as average speed (Watts)

(equivalent to total work) during 45-min time trial. * post > pre (P<0.05), **

SE > E (P<0.01).
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Results... 

Aagaard et al, Scand J Med Sci Sports 2011 
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     Maximal muscle strength 

Static knee extension moment (MVC) 
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Results... 

Aagaard et al, Scand J Med Sci Sports 2011 

 

             Rapid Force Capacity   

        Rate of Force Development (RFD) 
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Aagaard et al, Scand J Med Sci Sports 2011 
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       Muscle fibre type distribution 

      evaluated by ATPase histochemistry 
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Fibertype distribution based on muscle fiber area before and after SE (a)

and E (b) training, respectively. * post > pre (P<0.05); (*) trend for post < pre

(P=0.08)
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Results... 

Aagaard et al, Scand J Med Sci Sports 2011 

Both E training and combined SE training increased 

(3-4%) short-term cycling performance in young top-

level cyclists.  

 

Only combined SE training increased (8%) long-term 

cycling performance. This parameter remained 

unchanged after E training alone. 

 

 

 

 

The improvement in long-term endurance performance 

was ascribed to  
 
(i) an increased proportion of type IIA fibers at the  

     expense of a reduced proportion of IIX fibers,  
 

(ii) training-induced increases in RFD and MVC 

 
Conclusions 

Aagaard et al, Scand J Med Sci Sports 2011 
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Increased proportion of type IIA muscle fibres  

 more endurant type II muscle fibre profile 

 

11 wks of heavy-resistance strength training: 

Change in 40 min all-out performance in female  

well-trained cyclists correlated with changes in  

the proportion of IIAX fibers (r = -0.63, p = 0.009) 

 

 

• 

Possible explanations for the increase in 

 endurance performance observed with 

           combined E+S training 

                   Vikmoen et al, ECSS 2015 

Increased proportion of type IIA muscle fibres  

 more endurant type II muscle fibre profile 

 

Increased ratio of relaxation-to-activation time (reduced  

”duty factor”) due to the increased RFD  

 increased time for restitution in each pedal revolution 

    + increased capillary mean transit time (MTT)  

 increased FFA uptake from blood  glycogen sparing 

 reduced fatigue 

 

• 
• 

Possible explanations for the increase in 

 endurance performance observed with 

           combined E+S training 
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Billeter & Hoppeler,  

Strength & Power in Sports, IOC 2003 

Combined endurance and resistance training 

Effects on myofiber hypertrophy 

WHICH CELLULAR MECHANISM(S) ARE INVOLVED 

in the blunted hypertrophy response? 

 

Concurrent endurance training may fully or  

partially inhibit the hypertrophy response normally  

elicited by resistance training (moderately to highly trained individuals)  

                    Aagaard et al 2011, Hickson et al 1988, Kraemer et al 1995, Rønnestad et al 2012 

 

In fact, single-modality high-volume endurance training  

may induce substantial muscle fiber atrophy per se 

                                      Terados et al 1986, Ratzin Jackson et al 1990, 

                                      Kraemer et al 1995, Harber et al 2004, Trappe et al 2006 
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Sandri,  

Physiology 2008 

Skeletal muscle size: Molecular regulatory signalling pathways 

Atherton et al,  

FASEB J 2005 
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Atherton et al, FASEB J 2005 

ENDURANCE exercise activity 

low-frequency muscle stimulation (LFS) 

long duration  

RESISTANCE exercise activity 

high-frequency muscle stimulation (HFS) 

short duration 

Cell nuclei 

 Myofibrillar protein synthesis 

 
Atherton, Babraj, Rennie, Wackerhage et al, FASEB J 2005 

 

 

 

 
ACTIVATION OF THE MUSCLE ENDURANCE ADAPTATION PATHWAY 
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Atherton, Babraj, Rennie, Wackerhage et al, FASEB J 2005 

 

 

 

 
ACTIVATION OF THE MUSCLE HYPERTROPHY PATHWAY 

 

 

 

 

 

 

 

 
Atherton, Babraj, Rennie, Wackerhage et al, FASEB J 2005 

 

 

 

 
ACUTE CHANGES IN CELLULAR PROTEIN SYNTHESIS  
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Coffey & Hawley, Sports Med 2007 

Atherton et al, FASEB 2005 

Nader, Med Sci Sports Exerc 2006 

Baar, Med Sci Sports Exerc 2006 

Positive and potential negative effects from  

resistance training on endurance performance 
 

Positive effects 

- Improved long-term endurance capacity (cycling, 10k run in trained runners) 

- Improved economy (adaptive mechanism:  RFD  prolonged relaxation phase?) 

- Improved muscle blood flow ??  

- Increased proportion of fatigue-resistant type II muscle fibers ( MHC IIA) 

- Enhanced biogenesis of mitochondria ? 

SUMMARY 

Aagaard & Andersen,  

Scand J Med Sci Sports 2010 
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Wang, Sahlin et al, J Appl Physiol 111, 2011 

Wang, Sahlin et al, J Appl Physiol 111, 2011 

"... We have investigated the hypothesis  

      that molecular signaling of mitochondrial  

      biogenesis after endurance exercise is  

      impaired by resistance exercise ..." 

"... Contrary to our hypothesis, the results  

      demonstrate that RT, performed after ET,  

      amplifies the adaptive signaling response  

      of mitochondrial biogenesis compared  

      with single-mode endurance exercise ..." 
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Wang, Sahlin et al, J Appl Physiol 111, 2011 

RESISTANCE TRAINING CAN BOOST MITOCHONDRIAL BIOGENESIS 

70-80%1RM loads  

6 sets, reps ≤15 or to failure  

RESISTANCE TRAINING CAN BOOST MITOCHONDRIAL BIOGENESIS 
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RESISTANCE TRAINING CAN BOOST MITOCHONDRIAL BIOGENESIS 
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PGC-1 mRNA PRC mRNA 

PDK4 mRNA SDH mRNA 

RESISTANCE TRAINING CAN BOOST MITOCHONDRIAL BIOGENESIS 
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"... the present study shows that combining endurance 

      and resistance exercise (E+S) leads to larger  

      increases in the mRNA of early markers of  

      mitochondrial biogenesis (PGC-1 and PRC)  

      and substrate regulation (PDK4) compared with  

      single-mode endurance exercise ..." 
 

 

"... The enhanced signaling response of mitochondrial  

       biogenesis after E+S may be related to a cross talk  

       between signaling pathways mediated through the  

       activity of mTOR, which, in addition to muscle  

       growth, also regulates the expression of  

       mitochondrial genes ..." 
 

PGC-1 mRNA PRC mRNA 
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However, in a subsequent longitudinal study there was no measurable effect  

on mitochondrial biogenesis following 8 wks concurrent S+E training... 

Psilander, Sahlin et al, Scand J Med Sci Sports 2015 

Positive and potential negative effects from  

resistance training on endurance performance 
 

Positive effects 

- Improved long-term endurance capacity (cycling, 10k run in trained runners) 

- Improved economy (adaptive mechanism:  RFD  prolonged relaxation phase?) 

- Improved muscle blood flow ??  

- Increased proportion of fatigue-resistant type II muscle fibers ( MHC IIA) 

-  biogenesis of mitochondria (in novice subjects: yes, longitudinally:  maybe not) 

- Enhanced sprint and acceleration capacity 

 

SUMMARY 

Aagaard & Andersen,  

Scand J Med Sci Sports 2010 
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Positive and potential negative effects from  

resistance training on endurance performance 
 

Positive effects 

- Improved long-term endurance capacity (cycling, 10k run in trained runners) 

- Improved economy (adaptive mechanism:  RFD  prolonged relaxation phase?) 

- Improved muscle blood flow ??  

- Increased proportion of fatigue-resistant type II muscle fibers ( MHC IIA) 

-  biogenesis of mitochondria (in novice subjects: yes, longitudinally:  maybe not) 

- Enhanced sprint and acceleration capacity 

 

Potential negative effects 

- Body weight may increase (however only rarely seen with concurrent SE training) 

- Impaired capillarization ( cap mm-2)? No, not observed with SE training 

- Requires additional training ressources (time, energy, restitution) 

 

  ! Aerobic capacity (VO2max) is not impaired ! 

SUMMARY 

Aagaard & Andersen,  

Scand J Med Sci Sports 2010 

Potential negative effects from endurance training  

on maximal strength and power performance 

Potential negative effects 

- Reductions in maximal muscle strength  
 
- Reductions in explosive strength (RFD)  
 
- Impaired gains in muscle size, RFD and power  

   with concurrent strength training (well-trained to  

   highly trained individuals) compared to strength 

   training alone 

SUMMARY 

Rønnestad et al, Eur J Appl Physiol  112, 2012 

Häkkinen et al, Eur J Appl Physiol  89, 2003 
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Aagaard & Andersen,  

Scand J Med Sci Sports 2010 

OVERALL CONLUSIONs 

Effects of resistance training on endurance capacity in Top Level Athletes 

 

 

Short-duration endurance 

performance (0-15 min)

Long-duration endurance 

performance (15-180 min)

Strength training

?

 MVC  RFD  Economy of movement      Capillary MTT?

? ?

 muscle size and/or 

improved neuro-

muscular function 
 % type IIA fibers

 musculo-tendinous 

stiffness      

?

Reduced Fatigability
 Sprint ability in 

mass start events

Aagaard & Raastad.  

Strength training for  

endurance performance, 2012 

OVERALL CONLUSIONs 

Effects of resistance training on endurance capacity in Top Level Athletes 
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Short-term (≤10 min) endurance capacity* can be improved 

by means of concurrent endurance (E) and strength (S)  

training in both previously untrained individuals as well as  

in well-trained and highly trained (top level) endurance athletes 
 

* Time to exhaustion at VO2max 

 

Furthermore, concurrent endurance and heavy-resistance  

strength training can increase running speed and power output  

at VO2max (Vmax and Wmax) and improve time to exhaustion  

at Vmax and Wmax 

 

Concurrent E+S training training (using either explosive or 

heavy strength training) can improve running performance  

( economy) and also lead to enhanced cycling performance 

OVERALL CONLUSIONs 

Effects of resistance training on endurance capacity in Top Level Athletes 

Long-term (30-180 min) endurance capacity* can be improved 

by means of concurrent E+S training in both previously untrained  

individuals as well as in well-trained and highly trained (top level)  

endurance athletes 
 

* Distance covered in 45-60 min (time trial testing), duration of 5-k run or 40-k cycling,  

  sprint performance at the end of 180 min cycling 

 

Adaptive mechanisms involve: conversion of fast-twitch type IIX  

fibers into more fatigue-resistant type IIA fibers,  maximal muscle  

strength (MVC),  rapid force characteristics (RFD) 

 

and may likely also involve: improvements in neuromuscular function  

( neural drive) and improved musculo-tendinous stiffness... 

 

 !! ALSO in top level endurance athletes !! 

OVERALL CONLUSIONs 

Effects of resistance training on endurance capacity in Top Level Athletes 
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Aagaard  & Andersen,  

Scand J Med Sci Sports 2010 

Rønnestad & Mujika,  

Scand J Med Sci Sports 2014 
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If performed in the same training session: 

What is the optimal order of concurrent  

S and E exercise? 

? 

? 

OR 
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Order of concurrent training? 

Chtara, Millet et al, Br J Sports Med 2005 

4 km maximal running 

Young male sports students (21 yrs, SD 1.3 yrs) 

12 wks of training, 2 sessions per week 

Order of concurrent training? 

Time to exhaustion at VO2max speed 

Young male sports students (21 yrs, SD 1.3 yrs) 

12 wks of training, 2 sessions per week 

Chtara, Millet et al, Br J Sports Med 2005 
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Order of concurrent training? 

Time to exhaustion at VO2max speed 

Young male sports students (21 yrs, SD 1.3 yrs) 

12 wks of training, 2 sessions per week 

Chtara, Millet et al, Br J Sports Med 2005 

If performed in the same training session: 

E exercise before S exercise!  
(when the aim is to improve running performance) 


