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Abstract


We investigated how inspiratory muscle training impacted respiratory and locomotor muscle deoxygenation during submaximal exercise with resistive inspiratory loading. 16 male cyclists completed 6 weeks of either true (n=8) or sham (n=8) inspiratory muscle training. Pre- and post-training, subjects completed 3, 6-min experimental trials performed at ~80%  ˙VO2peak with interventions of either moderate inspiratory loading, heavy inspiratory loading, or maximal exercise imposed in the final 3 min. Locomotor and respiratory muscle oxy-, deoxy-, and total-haemoglobin and myoglobin concentration was continuously monitored using near-infrared spectroscopy. Locomotor muscle deoxygenation changes from 80%  ˙VO2peak to heavy inspiratory loading were significantly reduced pre- to post-training from 4.3±5.6 µM to 2.7±4.7 µM. Respiratory muscle deoxygenation was also significantly reduced during the heavy inspiratory loading trial (4.6±3.5 µM to 1.9±1.5 µM) post-training. There was no significant difference in oxy-, deoxy-, or total-haemoglobin and myoglobin during any of the other loading trials, from pre- to post-training, in either group. After inspiratory muscle training, highly-trained cyclists exhibited decreased locomotor and respiratory muscle deoxygenation during exercise with heavy inspiratory loading. These data suggest that inspiratory muscle training reduces oxygen extraction by the active respiratory and limb muscles, which may reflect changes in respiratory and locomotor muscle oxygen delivery.





[bookmark: N10CB4]
Key words

respiratory muscles - 
muscle oxygenation - 
near-infrared spectroscopy - 
respiratory muscle training





 

[bookmark: ]

[bookmark: N118FE]
	
References


	
[bookmark: R5276-0001]1 
American Thoracic Society. Standardization of Spirometry, 1994 Update. Am J Respir Crit Care Med 1995; 152: 1107-1136 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0002]2 ATS/ERS. Statement on Respiratory Muscle Testing. Am J Respir Crit Care Med 2002; 166: 518-624 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0003]3 Aaron EA, Seow KC, Johnson BD, Dempsey JA. Oxygen cost of exercise hyperpnea: implications for performance. J Appl Physiol 1992; 72: 1818-1825 





PubMedGoogle Scholar





	
[bookmark: R5276-0004]4 Babcock MA, Pegelow DF, Johnson BD, Dempsey JA. Aerobic fitness effects on exercise-induced low-frequency diaphragm fatigue. J Appl Physiol 1996; 81: 2156-2164 





PubMedGoogle Scholar





	
[bookmark: R5276-0005]5 Bailey SJ, Romer LM, Kelly J, Wilkerson DP, DiMenna FJ, Jones AM. Inspiratory muscle training enhances pulmonary O2 uptake kinetics and high-intensity exercise tolerance in humans. J Appl Physiol 2010; 109: 457-468 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0006]6 Boutellier U, Büchel R, Kundert A, Spengler C. The respiratory system as an exercise limiting factor in normal trained subjects. Eur J Appl Physiol 1992; 65: 347-353 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0007]7 Boutellier U, Piwko P. The respiratory system as an exercise limiting factor in normal sedentary subjects. Eur J Appl Physiol 1992; 64: 145-152 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0008]8 Caine M. Development and evaluation of a pressure threshold inspiratory muscle trainer for use in the context of sports performance. Sports Engin 2000; 3: 149-159 





PubMedGoogle Scholar





	
[bookmark: R5276-0009]9 Chiappa GR, Queiroga F, Meda E, Ferreira LF, Diefenthaeler F, Nunes M, Vaz MA, Machado MCL, Nery LE, Neder JA. Heliox improves oxygen delivery and utilization during dynamic exercise in patients with chronic obstructive pulmonary disease. Am J Respir Crit Care Med 2009; 179: 1004-1010 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0010]10 Chiappa GR, Roseguini BT, Vieira PJC, Alves CN, Tavares A, Winkelmann ER, Ferlin EL, Stein R, Ribeiro JP. Inspiratory muscle training improves blood flow to resting and exercising limbs in patients with chronic heart failure. J Am Coll Cardiol 2008; 51: 1663-1671 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0011]11 Costes F, Prieur F, Feasson L, Geyssant A, Barthelemy JC, Denis C. Influence of training on NIRS muscle oxygen saturation during submaximal exercise. Med Sci Sports Exerc 2001; 33: 1484-1489 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0012]12 Dempsey JAJB. Wolffe memorial lecture. Is the lung built for exercise?. Med Sci Sports Exerc 1986; 18: 143-155 





PubMedGoogle Scholar





	
[bookmark: R5276-0013]13 Dempsey JA, Romer L, Rodman J, Miller J, Smith C. Consequences of exercise-induced respiratory muscle work. Respir Physiol Neurobiol 2006; 151: 242-250 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0014]14 Derchak PA, Sheel AW, Morgan BJ, Dempsey JA. Effects of expiratory muscle work on muscle sympathetic nerve activity. J Appl Physiol 2002; 92: 1539-1552 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0015]15 Downey AE, Chenoweth LM, Townsend DK, Ranum JD, Ferguson CS, Harms CA. Effects of inspiratory muscle training on exercise responses in normoxia and hypoxia. Respir Physiol Neurobiol 2007; 156: 137-146 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0016]16 Edgerton VR, Apor P, Roy RR. Specific tension of human elbow flexor muscles. Acta Physiol Hung 1990; 75: 205-216 





PubMedGoogle Scholar





	
[bookmark: R5276-0017]17 Enright SJ, Unnithan VB, Heward C, Withnall L, Davies DH. Effect of high-entensity inspiratory muscle rraining on lung volumes, diaphragm thickness, and exercise capacity in subjects who are healthy. Phys Ther 2006; 86: 345-354 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0018]18 Ferrari M, Mottola L, Quaresima V. Principles, techniques, and limitations of near infrared spectroscopy. Can J Appl Physiol 2004; 29: 463-487 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0019]19 Guenette JA, Vogiatzis I, Zakynthinos S, Athanasopoulos D, Koskolou M, Golemati S, Vasilopoulou M, Wagner HE, Roussos C, Wagner PD, Boushel R. Human respiratory muscle blood flow measured by near-infrared spectroscopy and indocyanine green. J Appl Physiol 2008; 104: 1202-1210 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0020]20 Harms CA, Babcock MA, McClaran SR, Pegelow DF, Nickele GA, Nelson WB, Dempsey JA. Respiratory muscle work compromises leg blood flow during maximal exercise. J Appl Physiol 1997; 82: 1573-1583 





PubMedGoogle Scholar





	
[bookmark: R5276-0021]21 Harms CA, Wetter TJ, McClaran SR, Pegelow DF, Nickele GA, Nelson WB, Hanson P, Dempsey JA. Effects of respiratory muscle work on cardiac output and its distribution during maximal exercise. J Appl Physiol 1998; 85: 609-618 





PubMedGoogle Scholar





	
[bookmark: R5276-0022]22 Harms CA, Wetter TJ, StCroix CM, Pegelow DF, Dempsey JA. Effects of respiratory muscle work on exercise performance. J Appl Physiol 2000; 89: 131-138 





PubMedGoogle Scholar





	
[bookmark: R5276-0023]23 Harriss DJ, Atkinson G. Ethical standards in sport and exercise science research. 2016 update Int J Sports Med 2015; 36: 1121-1124 



Google Scholar





	
[bookmark: R5276-0024]24 Hill JM. Discharge of group IV phrenic afferent fibers increases during diaphragmatic fatigue. Brain Res 2000; 856: 240-244 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0025]25 Johnson BD, Babcock MA, Suman OE, Dempsey JA. Exercise-induced diaphragmatic fatigue in healthy humans. J Physiol 1993; 460: 385-405 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0026]26 Kanda K, Hashizume K. Factors causing difference in force output among motor units in the rat medial gastrocnemius muscle. J Physiol 1992; 448: 677-695 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0027]27 Kowalchuk JM, Rossiter HB, Ward SA, Whipp BJ. The effect of resistive breathing on leg muscle oxygenation using near-infrared spectroscopy during exercise in men. Exp Physiol 2002; 87: 601-611 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0028]28 Legrand R, Marles A, Prieur F, Lazzari S, Blondel N, Mucci P. Related trends in locomotor and respiratory muscle oxygenation during exercise. Med Sci Sports Exerc 2007; 39: 91-100 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0029]29 Marcinik EJ, Potts J, Schlabach G, Will S, Dawson P, Hurley BF. Effects of strength training on lactate threshold and endurance performance. Med Sci Sports Exerc 1991; 23: 739-743 





PubMedGoogle Scholar





	
[bookmark: R5276-0030]30 McConnell AK, Lomax M. The influence of inspiratory muscle work history and specific inspiratory muscle training upon human limb muscle fatigue. J Physiol 2006; 577: 445-457 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0031]31 McCully KK, Hamaoka T. Near-infrared spectroscopy: what can it tell us about oxygen saturation in skeletal muscle?. Exerc Sport Sci Rev 2000; 28: 123-127 





PubMedGoogle Scholar





	
[bookmark: R5276-0032]32 Morris JF. Spirometry in the evaluation of pulmonary function. West J Med 1976; 125: 110-118 





PubMedGoogle Scholar





	
[bookmark: R5276-0033]33 Nielsen HB, Boesen M, Secher NH. Near-infrared spectroscopy determined brain and muscle oxygenation during exercise with normal and resistive breathing. Acta Physiol Scand 2001; 171: 63-70 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0034]34 Ramírez-Sarmiento A, Orozco-Levi M, Güell R, Barreiro E, Hernandez N, Mota S, Sangenis M, Broquetas JM, Casan P, Gea J. Inspiratory muscle training in patients with chronic obstructive pulmonary disease. Am J Respir Crit Care Med 2002; 166: 1491-1497 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0035]35 Ray AD, Pendergast DR, Lundgren CEG. Respiratory muscle training reduces the work of breathing at depth. Eur J Appl Physiol 2010; 108: 811-820 





PubMedGoogle Scholar





	
[bookmark: R5276-0036]36 Romer LM, McConnell AK. Specificity and reversibility of inspiratory muscle training. Med Sci Sports Exerc 2003; 35: 237-244 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0037]37 Romer LM, McConnell AK, Jones DA. Effects of inspiratory muscle training on time-trial performance in trained cyclists. J Sport Sci 2002; 20: 547-590 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0038]38 Romer LM, McConnell AK, Jones DA. Inspiratory muscle fatigue in trained cyclists: effects of inspiratory muscle training. Med Sci Sports Exerc 2002; 34: 785-792 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0039]39 Sheel AW, Derchak PA, Morgan BJ, Pegelow DF, Jacques AJ, Dempsey JA. Fatiguing inspiratory muscle work causes reflex reduction in resting leg blood flow in humans. J Physiol 2001; 537: 277-289 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0040]40 St Croix CM, Morgan BJ, Wetter TJ, Dempsey JA. Fatiguing inspiratory muscle work causes reflex sympathetic activation in humans. J Physiol 2000; 529: 493-504 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0041]41 Turner LA, Mickleborough TD, McConnell AK, Stager JM, Tecklenburg-Lund S, Lindley MR. Effect of inspiratory muscle training on exercise tolerance in asthmatic individuals. Med Sci Sports Exerc 2011; 43: 2031-2038 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0042]42 Turner LA, Tecklenburg-Lund S, Chapman RF, Stager JM, Duke JW, Mickleborough TD. Inspiratory loading and limb locomotor and respiratory muscle deoxygenation during cycling exercise. Respir Physiol Neurobiol 2013; 185: 506-514 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0043]43 Turner LA, Tecklenburg-Lund SL, Chapman RF, Stager JM, Wilhite DP, Mickleborough TD. Inspiratory muscle training lowers the oxygen cost of voluntary hyperpnea. J Appl Physiol 2012; 112: 127-134 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0044]44 Wen AS, Woo MS, Keens TG. How many maneuvers are required to measure maximal inspiratory pressure accurately?. Chest 1997; 111: 802-807 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5276-0045]45 Witt JD, Guenette JA, Rupert JL, McKenzie DC, Sheel AW. Inspiratory muscle training attenuates the human respiratory muscle metaboreflex. J Physiol 2007; 584: 1019-1028 





CrossrefPubMedGoogle Scholar










 









    
  

  
    
      
        


      

    

    
      
        
        


      

    

  


  

  
  
    
      
      
    
    
      
        
        
      

    
  




  
  
    
      
      
    
    
      
        
        
      

    
  



  







    
    


















  






      

      

  
    Top of Page
  

  
    
      ©  Georg Thieme Verlag KG | 
      
      
        Imprint |
        Privacy policy statement |
      
      Smartphone Version
      

      
        Your Current IP Address: 18.232.115.247
      

    

    

  




      


  
    
  
  
  
    
    
      
        
        
        
        
      
      
      
      
    
  
  




    

    






    

    
      
        
      
    

    
    


    
      
      
      
    

  