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Individuals with Spinal Cord Injuries (SCI) experience decreased lung volumes, 

ambiguous minute ventilation (VE), increased fatigability, and decreased performance.  

Previous research has shown improved VO2 kinetics, walking performance, decreased 

VO2, and reduced VE variability without a change in VE following overground locomotor 

training (OLT). However, it is unclear if this reduction in VE variability influenced 

walking performance. Purpose: This study aimed to characterize the VE and tidal volume 

(VT) response, it’s variability, and if it affected performance before and after OLT. 

Participants: 8 motor incomplete cervical SCI (age 37.9±18.2 yrs; BMI 25.1±4.6 kg·m2).  

7 individuals between C2-C6 and 1 individual sustained a T7 lesion; all capable of step 

initiation and independent standing. Methods: OLT consisted of part to whole practice 

guided by the following principles: practice variability, progressive overload, and task-

specificity.  Individual training sessions included 5 segments: ground preparation, 
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standing preparation, task-isolation, task-integration and activity rehearsal. Training 

occurred 2x/week for 90 minutes with program duration of 12 weeks. Two protocols 

were used in this study. Both protocols started with 3 minutes of standing rest followed 

by 6 minutes of walking at preferred walking speed. Following this bout, individuals 

were seated for 4 minutes before returning to a 2-minute standing baseline.  At the end of 

this 6-minute rest bout, two different exercise bouts were used. Protocol 1: 6 minutes at 

above preferred walking speed (self-selected). Protocol 2: walking at preferred walking 

speed until volition fatigue or 30 minutes.  Results: Protocol 1: VE and VT variability 

were reduced by 19.4 and 26.9%, respectively.  The reduction in variability as associated 

with a reduction in RPE at each 2 minute time point by 7.6, 39.3 and 17.6% after OLT. 

Protocol 2: VE and VT variability were reduced by 18.99 and 6.8%, respectively. 

Additionally, after OLT, all individuals were able to maintain steady-state VE prior to 

volitionally ending the test.  Two individuals were able to successfully finish the 30-

minute bout.  Conclusion: It appears individuals with a motor incomplete SCI are capable 

of a hyperpneic response to exercise following a previous bout of exercise. Furthermore, 

the variability in the ventilatory response is reduced after training and may be implicated 

in volitional treadmill walking performance in these individuals. 

 

 

 

 

 

 

 

 

 

 



1 
 

 

 

 

 

 

Introduction 

 
 
 

Spinal cord injury (SCI) is a significant pathology associated with loss of physical 

capacity and a greatly reduced life expectancy primarily due to ventilatory and 

respiratory dysfunciton.1,2 The range of ventilatory and respiratory dysfunction associated 

with SCI is exceptionally broad due to the amorphous nature of the injury.  Indeed, SCI 

affects both lung volumes and capacities in an age and injury level dependent manner 

arising from a multitude of mechanisms. However, the altered ventilatory function is 

believed to primarily result from  changes in thoracic and/or abdominal pelvic cavity 

mechanics (mechanical constraints),3–5 ventilatory muscle performance,6,7 stemming from 

varying  degrees of ventilatory muscle denervation(neurological constraints),8 and altered 

lung parenchymal function (parenchymal constraints).9 Collectively, these potential 

impairments reduce pulmonary function through impeding both inspiratory and 

expiratory volume promoting reduced external respiration.   

Effective ventilation matches pulmonary perfusion and controls arterial blood 

gasses (ABG).  Effective ventilation is dependent on the ability to generate sufficient 

airflow through the respiratory bronchioles in each breath (VT: L·breath-1).  The control 

of VT  is primarily driven by contraction and relaxation  of the diaphragm via the phrenic 

nerve exiting the spinal cord from the C3-C5 vertebral spaces.6  However, pulmonary 
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performance during volitional locomotion, such as pulmonary minute ventilation (VE 

L·min-1) and VT, are not entirely understood. Therefore, understanding the overall 

performance of VE and VT during rest and exercise may provide greater insight into the 

effect of SCI on the capacity to maintain breathing as individuals with SCI have reported 

alveolar hypoventilation without changes in averaged VE.10,11  

Our understanding of exercise ventilation in SCI has been limited by previous 

methodologies.  No reports of exercise hyperpnea during volitional walking have been 

reported in this population, thus the hyperpneic response to volitional movement remains 

unknown.  Furthermore, VE and VT data is typically averaged over  an exercise bout or 

pre-determined times;12,13 limiting our abilities to make physiological inferences. (e.g. 

hyperpneic vs non-hyperneic may produce different averages)  For instance, during 2 

minute averages, Foll-de Moro (2005) reported significantly decreased values in VE at the 

4th, 8th, and 12th minutes of maximal arm-crank exercise test when compared to post-

intervention training despite no change in the average over the entire arm crank exercise 

test on a sample of 5 males and 1 female with lumbar SCI.12  In fact, VE, VT, and 

breathing frequency(Bf), during a 12-minute maximal exercise test demonstrated no 

averaged changes after a wheel-chair training program.12 However, during interval 

training on the same subjects, VT was significantly increased during different resting and 

exercising intervals despite no change in VE.12 These findings suggest that VT may 

change during exercise even if ventilation does not. In  our pilot work on  ventilatory 

variability following novel over ground locomotor training (OLT), training demonstrated 

no changes in averaged VE, VT, or Bf, but reduced VE variability and an atypical rest to 
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work transition (linear).14  These participants also exhibited significant improvements in 

treadmill walking endurance without body weight support and a reduction in VO2.
15 

Thus, it is plausible that the altered ventilatory response (reduced variability) may have 

facilitated an improvement in walking performance; potentially via the respiratory steal 

phenomenon.16  

Functional decline following SCI is well documented, specifically the loss of 

walking economy,17 which directly affects physical endurance,18 and reduced walking 

speed/distance.19  A change in the work of breathing (Wb), among many other factors, 

may affect endurance16 and increase overall perceptions of effort.20  SCI presents with 

several ventilatory constraints that may alter Wb which has been understudied as a 

contributor to fatigability in this population.  Additionally, the rate of perceived exertion 

(RPE) is currently endorsed by the American College of Sports Medicine as an 

alternative measure for exercise prescription in healthy adults, but persons with SCI have 

demonstrated irregularities among their perceptions of exertion and physiological 

measures like VO2, VE, and heart rate.21 Specifically, few information is known regarding 

VE and VT during volitional walking or the ability to reverse the impairments that might 

underlie ventilatory performance in persons with motor incomplete SCI.  Moreover, it is 

unknown if these ventilatory parameters alter an individual’s perception of work and 

limit functional performance.  The variability in breathing may be a contributing factor to 

the ambiguous physiological findings mentioned above as VT variability has been shown 

to explain 51% of the variability found in VO2 data,22 and when controlling for chest wall 
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kinematics, a 29% and 84% reduction in the averaged and standard deviation of VO2 has 

been reported.23 

 Therefore, the overall purpose of this study was two-fold: First, we aimed to 

characterize the hyperpneic response during a rest to work transition at two constant 

walking paces in adults with iSCI.  Second, this study aimed to investigate breathing 

variability in response to volitional un-aided treadmill walking before and after over 

ground locomotor training and if the ventilatory response was associated with perceived 

exertion and exercise performance in individuals with an iSCI. To accomplish these 

research objectives, we designed a study with the following specific aims. Specific Aim 

1: Characterize the exercise hyperpnea response in adults with incomplete SCI during 

volitional walking above preferred walking speed and at preferred walking speed both 

before and after OLT.   

Specific Aim 2: Characterize the exercise breathing pattern through the measurement of 

minute ventilation and tidal volume variability and the relationship with perceived 

exertion and walking performance during self-selected steady state sub-maximal 

treadmill walking to volitional fatigue. 
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Methods 
 
 
 

Study Design and Participants 

This study investigated the breathing response during bouts of walking before and after 

over ground locomotor training (OLT).  Participants were involved in a 12-week OLT 

program developed to induce mechanical and metabolic adaptations with the aim of 

improving independent ambulatory function and walking economy.  Inclusion criteria 

included: 18 years or older; motor incomplete; at least 12-months after injury; ability to 

stand and initiate a step with or without an assistive device or trainer; and demonstrate 

the ability to walk safely on a treadmill. Exclusion criteria included AIS A & B, any 

history of ischemic heart disease, known cardiovascular, pulmonary, or metabolic 

disease.  Additionally, participants were excluded if they had severe concomitant 

secondary complications following their injury which included significant orthopedic 

complications, and spasms/contractures leading to unsafe walking (over ground or 

treadmill). 

Overground Locomotion Training 

Our locomotor training program can be viewed in detail elsewhere.15  Briefly, training 

used part-practice and whole-practice sequences24,25 and sessions were conducted twice a 

week for 12 weeks with each session lasting approximately 90 minutes.  Sessions altered 
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between linear and multiplanar (e.g. lateral, cross-over, backwards, and open stepping) 

with each session composed of 5 training segments: joint mobility; volitional muscle 

activation; task-isolation; task-integration; and activity rehearsal.  Within each session 

there was a primary focus for the sub-tasks of gait (e.g. heel-strike).   

Treadmill Testing Protocol 

Two testing protocols were used in this study.   

Protocol 1: The first protocol was used to investigate if a hyperpneic response is possible 

in individuals whom have suffered from an iSCI.  Individuals stood quietly for 3-5 

minute prior to a 6-minute walking bout at preferred walking speed.  This walking bout 

was followed by 6 minutes of rest.  The participants were offered a seat during the first 4 

minutes of rest, but were required to stand for the remaining two minutes leading into the 

second walking bout.  The second walking bout was a 6 minute walking bout at above 

preferred walking speed, also self-selected, since the ventilatory response is intensity 

dependent,26 and previous exercise has shown to increase the rate of cardiorespiratory 

responses.27  

Protocol 2: The second protocol used in this study only changed the second walking bout.  

The second walking bout was at preferred walking speed, but the duration was until 

volitional fatigue or 30-minutes, whichever came first.  30 minutes was chosen as it was 

assumed none of the individuals would be able to complete the 30-minute bout. 

In both protocols, participants were instructed to use minimal upper body support during 

all walking bouts.  All clocks and timing devices were removed from participant view 

during this bout.  Ratings of perceived exertion (RPE) were taken every two minutes 
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during walking, and   research assistants were instructed to ask the participants RPE 

during the last 20 seconds of each 2-minute walking bout. 

Lastly, we investigated the effects of pulmonary performance on RPE and then exercise 

endurance in protocol 2. 

Instruments 

Height and weight were measured with a standard stadiometer (SECA 213) and scale 

(Health O Meter 400KL).  Cardiorespiratory variables were collected with an Ultima 

CardiO2 gas exchange system (MedGraphics, Saint Paul, MN) while using a prevent 

facemask and flow sensor (PN 758100-004) and umbilical adaptor (PN 7010670-001).  

Electrocardiograms (ECG) were collected during the entire procedure (Mortara M12A, 

Milwaukee, WI). Standard preparation methods and adult foam ECG Electrodes (PN 

436027-003) were used following the guidelines provided by the Ultima system for a 

Mason-Likar modification.  The Ultima systems’ flow calibration was completed using a 

175 milliliter (mL) calibration syringe and the gas calibrations were completed through 

the systems’ gas auto calibration configuration.  

Statistical Analysis 

Statistical analysis excluded the first rest and walking bout of each protocol.  Therefore, 

statistical analysis was performed on the resting bout prior to the second exercising bout 

of each test.  Resting pulmonary data was analyzed for 3 minutes prior to the second 

exercising bout.  All time dependent data points were chosen by selecting the time point 

closest to the required time frame, but with preference to the first data point just outside 

the time frame than those strictly within it even if closer to the cut off. For example, 
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when analyzing data between the 4th and 6th minute of testing, if a data point was only 

available at 236 sec and 241 seconds, the previous data point was always selected.  This 

process was repeated for the ending timeframe. 

Data on resting pulmonary variables, minute ventilation (VE) and Tidal Volume (VT) 

were fit with linear regression. 

Exercising VE and VT were fit with the best fit regression function of Origins (2016 64 

bit).  Exercising regression was calculated from the following equation (1) where 

baseline is the Y-intercept of the resting data (60sec), and the amplitude is the difference 

between resting data and the end-exercise data.  TD is the time-delay, which is the time 

until the exponential fit begins.28 The tau is the time it takes to reach 63% of the achieved 

amplitude.  99% prediction bands were computed through Origins and data points outside 

of these bands were removed and the calculations were re-computed. 

1) 𝑉𝐸 𝑜𝑟 𝑉𝑇 (𝑡) = 𝑉𝐸 (𝑉𝑇)𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 + 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒(1−exp (−(𝑥−
𝑇𝐷

𝑡𝑎𝑢
)
 

 Variability was computed for each pulmonary variable by the following equation (2), 

which was computed by the Origin’s software, and then converted to the absolute value: 

2) (OBS -  Predicted) = |Variability| 

Protocol 1: The regression technique described above was applied to the entire 6-minute 

bout for each participant since the timeframe was fixed to 6 minutes. Spearman’s 

correlation was computed (SPSS) using the averaged VE and VT variability against Rate 

of Perceived Exertion (RPE) during both exercising bouts.  The RPE was recorded every 

2 minutes during the cardiopulmonary exercise test (CPET).  VE and VT variability were 

averaged for the 2 minutes prior to taking the RPE measurement during CPET testing.  
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The RPE, VE and VT variability, in the high intensity bout, were averaged across the 

participants’ in both pre-and posttest. 

Protocol 2: The above regression analyses were used in two different formats.  First, in 

order to test for significant differences before and after OLT, a time matched analyses 

were computed based on the shorter walking bout of each individual thereby providing an 

analysis of the data only during similar time periods. Pre- and Post-test time-matched 

averages and variability were tested for significant differences using a Student’s t-test.  

The second format used the same equations (1 and 2), but the analyses was computed 

over the entire walking bout.  The second format was used to investigate the effects of 

variability on RPE and exercise endurance. 

To investigate the steady-state responses of VE and VT, linear regressions were computed 

on data from the 4-6th minute, 6-8th minutes, the final 2 two-minute segments.  The VE 

slope coefficients were utilized to quantify the ability to maintain steady-state VE and VT 

at the beginning of exercise and prior to voluntarily ending the exercise bout. The 4th 

minute was chosen as the start of analysis since previous research has shown most 

individuals reach steady state ventilation by this time.29  However, the 6-8th minute was 

also chosen due to previous research reporting slowed oxygen on-kinetics in spinal cord 

injury30,31 suggesting altered cardiopulmonary function.32   Two minute segments were 

chosen so the slope of the analyzed data matched time in which RPE was taken.  During 

these time-points the VE and VT variability was also averaged and used to compute the 

changes in variability following OLT.  When analyzing the slope stability, minute 4-6 

were chosen with the aforementioned methods, minute 6-8 was chosen from the next 
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available data point out 120 seconds.  Analyses of the end of exercise slopes followed the 

same process, but worked backwards from the last available data point. All data is 

presented as mean± (standard deviation). 
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Results 
 
 
 

8 participants enrolled and completed the OLT program. 7 individuals had cervical 

injuries and one individual had a thoracic injury.  All participants were diagnosed as 

motor-incomplete SCI AIS C & D per the American Spinal Injury Association 

Impairment Scale (AIS); injuries were considered chronic (1+ year post injury) (Table 1.) 

No differences were recorded after OLT. 

 

Table 1: Anthropometric data 

Anthropometrics 

Participants Age Height Weight Sex 

Injury 

Level AIS 

1 18 185 70.3 M C3-C5 C 

2 23 183 71.5 M C5 C 

3 35 188 108 M C5-6 C 

4 18 178 59.5 F C4-5 C 

5 67 171 77.7 M C4-5 C 

6 51 195 95.5 M C4 D 

7 55 179 84.5 M T7 C 

8 36 180 102 M  C2-C4 C 

Average 37.88(18.2) 182.38(7.21) 83.63(16.97)       

Age in years (yrs); Height in centimeters (cm); Weight in kilograms(kgs); Sex 

M=Male, F=Female; American Spinal Injury Association Impairment Scale 

(AIS) 
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High intensity bout (protocol 1)  

Averages: 

During the high intensity walking bout, no significant differences were found in VE or VT 

in the grouped data at rest or averaged during exercise (Table 2). Significant reductions 

were found for participants 1 and 3 in VE, and significant reductions in participants 2 and 

3 in VT (Table 3).  However, group analyses report no significant change despite a 6.34 

and 7.81% decrease in VE and VT, respectively. 

 

Table 2: Minute ventilation averages 

 

Protocol 1: Minute Ventilation Averages (L/Min) 

  Resting Exercise 

Participant  Pre Post Pre Post 

1 15.08 (3.85) 14.08 (3.89) 39.39 (6.78) 36.63 (7.36)* 

2 11.34 (5.19) 10.08 (4.76) 34.12 (12.74) 34.70 (10.00) 

3 13.31 (6.32) 16.67 (5.96)* 36.12 (14.84) 31.35 (10.65)* 

Mean(SD) 13.24 (1.87) 13.61 (3.32) 36.54 (2.66) 34.23(2.67) 

Data is expressed in L/minute as mean ± standard deviation 

*  Denotes significance at P ≤ 0.05 

 

Table 3 Tidal volume averages. 

 

Protocol 1: Tidal Volume Averages (mL) 

 

Resting Exercise 

 Participant Pre Post Pre Post 

1 

604.21 

(158.91) 

623.59 

(247.27) 

1024.56 

(183.71) 

1006.48  

(194.48) 

2 

800.53 

(350.00) 

630.39 

(294.37) 

1664.15 

(608.21) 

1464.18 

(343.26)* 

3 

644.06 

(346.07) 

833.00 

(368.51) 

1100.71 

(357.59) 

1023.00 

(266.32)* 

Mean(SD) 682.93 (103.7) 695.66 (118.9) 1263.14 (349.3) 1164.55 (259.6) 

     Data is expressed in mL/breath as mean ± standard deviation 

* Denotes significance at P ≤ 0.05   
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Variability in Pulmonary Responses to Exercise 

Exercising above preferred walking speed we measured no significant changes in VE 

(P=0.46) or VT (P=0.41) variability (Table 4 and 5, respectively).  The group analysis 

reports a 19.4% reduction of 1.41 VE arbitrary units (AU).  The VE changes were 

accompanied by a 26.9% reduction of 40 VT AU in variability. Participants 1 and 3 

reported significant reductions in exercising VE variability (P=0.02) and participants 2 

and 3 reported significant reductions in exercising VT variability (P≤0.001). 

 

Table 4: Minute Ventilation Variability 

 

Protocol 1: Minute Ventilation Variability 

  Resting Exercise 

Participant  Pre Post Pre Post 

1 3.04 (2.21) 3.16 (2.18) 3.20 (2.49) 3.84 (3.19)* 

2 4.26 (2.73) 3.85 (2.74) 7.84 (5.68) 7.44 (5.18) 

3 4.68 (4.00) 5.07 (3.06) 10.71 (8.49) 6.25 (6.21)* 

Mean(SD) 3.99 (0.85) 4.03 (0.97) 7.25 (3.79) 5.84(1.82) 

Data is expressed in arbitrary unities (AU) as mean ± standard deviation, * 

P≤0.05 
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Table 5: Tidal Volume Variability 

 

Protocol 1: Tidal Volume Variability 

  Resting Exercise 

 Participant Pre Post Pre Post 

1 121.68(100.68) 116.34(86.46) 82.78(72.30) 96.67(89.13) 

2 266.83(176.79) 265.06(297.30) 333.45(265.93) 202.23(154.41)* 

3 304.63(306.18) 284.98(226.17) 276.63(212.17) 207.15(178.76)* 

Average 231.05 (96.59) 222.13 (92.15) 230.95 (131.43) 168.69 (62.41) 

Data is expressed in arbitrary unities (AU) as mean ± standard deviation, * P≤0.05 

 

 

Correlations 

Grouped: 

The over ground locomotor training program resulted in a reduction in RPE, VE and VT 

variability as demonstrated in Figure 1. For each 2-minute interval, RPE was reduced by 

30.77, 18.75 and 22.22% when compared to pre-testing.  VE variability was reduced by 

12.91, 26.37 and 17.84% as VT variability was reduced by 7.56, 39.30 and 17.58%.  

Spearman’s correlations computed a negative correlation of -0.5 for time and the change 

in VE and VT variability as well as a 0.5 correlation with RPE.  The change in VE and VT 

variability was correlated with the percent reduction in RPE (R=-1.0 P≤0.01).   

Figure 1: PRE and POST OLT changes in RPE, VE Variability and VT Variability 
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Figure 1: Represents the reduction in RPE, VT variability and VE Variability in AU.  The 

data labels are the percent reduction calculated from (Post-Pre OLT)/Pre. 

 

 

Slope Stability 

Figure 12 report the VE and VT slope pre-and post OLT.  Slope stability is subjectively 

defined as the change in slope during early exercise and end exercise, as evidence by the 

slope coefficients during 2-minute time periods.  Collectively we employ an assessment 

of slope stability to describe the capacity of the pulmonary system to sustain a steady 

state response and support an optimal work of breathing. It appears all individuals could 

maintain similar VE slope coefficients during a 6-minute walking bout at above walking 

speeds.  However, VT slope stability reports two participants were not able to maintain 

steady-state VT.  Participant 2 reported a significantly decreasing slope (P=0.007) prior to 
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the end of the 6-minute walking period, which was not found after OLT.  Participant 3’s 

VT slope was significantly increased during both pre-and post-tests (P≤0.039). 

Time-Matched Endurance Bout 

The time-matched endurance bout underwent the same methods described above, but the 

time-frame for analyses was set at the shorter time-frame of the two bouts.  This allows 

for time-matched comparisons following OLT.  

Averages: 

During the time-matched analysis at preferred walking speed, the group’s VE was not 

significantly different after OLT training at rest or exercise (P≤0.514).  The group 

analyses do report a 9.4% increase during rest and a 5.35% reduction in VE during 

exercise.  However, 3 of the 5 individuals reported significantly increased VE at rest 

(P≤0.01).  During the exercise bout, at preferred walking speed, participant 7 and 8 

reported significantly reduced VE after OLT(P≤0.00).  However, participant 5 and 6 had a 

significantly increased VE following OLT (P≤0.00). (Table 6).   
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Table 6: Protocol 2, Minute Ventilation Averages 

 

  

Protocol 2: Minute Ventilation Averages (L/Min) 

  Resting Exercise 

Participant  Pre Post Pre Post 

4 9.59 (3.06) 11.48 (3.62)* 18.12 (5.22) 17.55 (4.36) 

5 10.27 (2.59) 11.71 (2.52)* 19.44 (4.14) 21.27 (3.78)* 

6 10.93 (4.62) 10.23 (3.89) 26.29 (6.23) 28.29 (8.12)* 

7 9.23 (2.94) 8.67 (2.57) 19.17 (6.64) 12.62 (2.96)* 

8 10.25 (2.69) 12.91 (4.85)* 22.58 (6.67) 20.22 (3.35)* 

Mean(SD) 10.05 (0.66) 11.00 (1.62) 21.12 (3.34) 19.99 (5.72) 

Data is expressed in L/Min as mean ± standard deviation,  

*Denotes a significance of  P≤0.05  
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Table 7: Protocol 2 Tidal Volume Averages 

 

 

Table 7 reports the average changes in VT following OLT.  There was no significant 

difference in the averaged group data at rest (P=0.357) or exercise (P=0.55), but a change 

in VT was trending towards a reduction as the groups data resulted in a 5% reduction of 

VT during exercise.  One participant had a significantly increased VT at rest, as all 5 

individuals reported a significant change in VT following OLT.  Participant 4 shows a 

significant increase in VT at rest (P≤0.00) and exercise (P≤0.00).  Participant 7 also 

reported an increased averaged VT from 709.88 mL to 762.21 mL after OLT(P=0.001).  

Participants 4, 6, and 8 all reported a significant decrease in VT` following OLT 

(P≤0.006). 

 

Protocol 2: Tidal Volume Averages (mL/Breath) 

 Participant Resting Exercise 

  Pre Post Pre Post 

4 

428.09 

(113.45) 

618.35  

(160.82)* 

544.00 

(156.77) 

671.73    

(177.30)* 

5 

550.44               

( 172.45) 

492.92    

(144.57) 

864.20 

(159.24) 

839.33    

(143.22)* 

6 

763.00 

(247.64) 

724.05     

(252.99) 

1250.28 

(276.55) 

1151.59 

(303.00)* 

7 

614.38 

(228.11) 

654.85     

(326.81) 

709.88   

(272.73 

762.22    

(257.14)* 

8 

756.90 

(213.27) 

861.28     

(248.16) 

1401.31 

(309.13) 

1106.12 

(197.89)* 

Mean(SD) 

622.56 

(142.18) 670.29 (135.80) 

953.93 

(361.81) 906.19 (212.35) 

Data is expressed in mL/breath as mean ± standard deviation, * Denotes a 

significance of  P≤0.05 
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Variability 

VE variability did not reach statistical significance during rest (P=0.24) or exercise 

(P=0.34) for grouped data.  Resting VE variability increased by 24.64% while exercising 

VE variability decreased by 18.99%. Exercising VE Variability was decreased in 4 of the 

5 individuals (P≤0.001) as one individual reported a significant increase in VE Variability 

(P≤0.00). 

 

Table 8: Protocol 2 Minute Ventilation Variability 

Protocol 2: Minute Ventilation Variability 

  Resting Exercise 

 Participant Pre Post Pre Post 

4 2.33 (1.85) 2.87 (2.11) 4.16 (2.84) 3.50 (2.42)** 

5 2.12 (1.46) 1.94 (1.57) 3.02 (2.50) 2.42 (2.16)** 

6 1.82 (1.63) 2.44 (1.96) 4.65 (3.68) 6.25 (4.97)** 

7 2.02 (2.06) 1.78 (1.84) 3.58 (2.43) 2.11 (1.84)** 

8 2.24 (1.25) 4.11 (2.44) 5.38 (3.77) 2.57 (2.03)** 

Mean(SD) 2.11 (0.20) 2.63 (0.93) 4.16 (0.92) 3.37 (1.69) 

Data is expressed in Arbitrary Units (AU) as mean ± standard deviation,  

** Denotes a significance of  P≤0.001 

 

 

 

VT Variability is reported in Table 9.  Group analysis reports no significant difference at 

rest (P=0.25) or exercise (P=0.55).  The groups’ resting VT variability increased by 

21.18% while exercising VT variability decreased by 6.79% following OLT.  Individual 

analysis reports a significant increase in VT variability at rest in participant 4 (P=0.00) 

and no significant difference in any other participant.  Exercising VT Variability was 

significantly increased in participant 4 (P=0.03) and decreased in participant 5 (P=0.03) 

and 8 (P=0.00).  Participants 6 and 7 reported no changes in VT Variability. 
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Table 9: Tidal Volume Variability 

Protocol 2: Tidal Volume Variability 

  Resting   Exercise   

 Participant Pre Post Pre Post 

4 84.92(62.67) 130.77(83.98)* 126.89(98.35) 141.17(106.31)* 

5 116.33(216.65) 109.39(88.17) 116.33(100.59) 104.99(88.53)* 

6 204.44(199.07) 166.01(154.78) 229.34(290.56) 230.22(193.56) 

7 190.80(118.34) 272.90(330.16) 187.04(130.12) 206.01(152.90) 

8 169.06(143.46) 248.60(235.11) 229.14(189.63) 146.02(127.59)* 

Average 153.11 (50.78) 185.53 (72.09) 177.75 (54.19) 165.68 (51.14) 

Data is expressed in arbitrary unities (AU) as mean ± standard deviation,  

* Denotes a significance of P≤0.05 

 

 

During the time-matched analysis Figures 4-6 (Appendices) illustrate the differences in 

RPE, VE variability and VT variability.   

Three individuals (Participants 4-6) reached statistically significant decreases in RPE 

following OLT (P ≤0.004).  (Participant 7 P=0.145, Participant 8 P=0.346).  VE 

Variability did not report significantly different slopes (P>0.145) despite 4 of the 5 

participants reporting lower values following OLT.  VT variability did not report 

significantly different slopes following OLT (P≥0.061) 

There was difference in RPE, VE, and VT Variability.  However, participant 6 reported 

an increase in VE variability at all time points.  VT variability was lower at the start of 

exercise but ended greater than pre-training in participants 5 and 6 as the other 

individuals were lower or were decreasing over-time. (Figure 1-3) 
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Entire Exercise Bout 

Minute ventilation (VE) slope stability  

VE Slope stability is reported in Figure 13. 

VE slope was maintained in3 of the 5 individuals.  Participant 5 and 7 demonstrated a 

slope coefficient that was different than 0.  After OLT training all participants were able 

to maintain VE prior to terminating the walking test due to volitional fatigue.  

Tidal volume (VT) Slope Stability  

VT slope stability is reported in Figure 14. 

VT Slope stability matches VE slope stability with 4 of the 5 participants showing large 

fluctuations in their VT Slope in the last 4 minutes of exercise.  After OLT training all 

individuals, except for participant 7, could maintain a steady-state VT slope prior to 

volitionally ending the treadmill test.  Participant 6 and 8 did not walk until volitional 

fatigue as they reached the 30-minute time-frame previously set for the endurance test. 

Appendices 

Figure 7-11 report the changes in RPE, VE Variability and VT Variability before and after 

OLT in each individual following a walk to fatigue test at preferred walking speed. RPE 

during the time matched endurance walking bout averaged a reduction of 1.4.  Participant 

5 and 6 seemingly have a different VE and VT variability response to walking than the 

rest of the group.  However, participant’s 5 rise in VE variability post-OLT coincided 

with the increased slope reported in Figure 12(appendices).  Participant 7 and 8 shows 

improved walking time reduced RPE, VE variability and VT variability after OLT.  

Participant 8 finished the 30-minute bout as participant 7 ended at 608 seconds which 
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coincided with an inability to maintain steady-state VE and VT slopes and increased VT 

variability. 
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Discussion 
 
 
 

The primary findings of this study are: First, participants with an iSCI did produce 

a hyperpneic response to exercise as exhibited by a typical phasic response.  The 

hyperpneic response was seen in both above and at preferred walking.  The hyperpneic 

response during preferred walking speed does not match our previous research at 

preferred walking speed. (In press) However, our previous research did not have a 

previous bout of walking suggesting a priming effect may be present.  Second, when 

averaging the ventilatory response to training, no significant group differences were 

found during either exercise session which also matches our previous research(in press) 

and the work of others.11–13  Despite the lack of group differences, significant reductions 

in VE and VT variability were found in most participants, which may suggest greater 

ventilatory control following training in iSCI in some subjects. Third, these participants 

may not have been able to achieve a steady-state VE and VT during walking, particularly 

during the more demanding protocol 2.   In addition, the change in VT variability 

observed in protocol 2 may have contributed to an increase in perceived exertion and 

exercise cessation.  It appears OLT may have improved the ability to maintain the VE and 

VT slope.   

The hyperpneic response suggests that in individuals with iSCI the ventilatory 

muscles require time to prime the tissues for function, thereby increasing ventilatory 
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muscle effectiveness.  Additionally, the exponential rise in VE at the onset of exercise has 

been associated with immediate increases in cardiac output.33 This information, paired 

with our previous research, (in press) may suggest that a previous bout of exercise may 

improve ventilation perfusion matching due to improved ventilatory muscle 

effectiveness. 

The reduction in variability and ability to maintain the slope of the VE and VT 

responses may provide inferential evidence of improved work of breathing and 

ventilatory muscle endurance. During mechanically resisted breathing, Keslacy et al. 

(2005) reported increased VE and slowed VE kinetics during phase II, suggesting the VE 

response can be altered due to ventilatory muscle effectiveness without known cardiac 

output impairments.34 Ramonatxo et al. (1996) reported progressive increases in mouth 

occlusion pressure and mean inspiratory flow, as sign of ineffective ventilatory muscle 

force generation, during increased work rates.35  Additionally, resistive loading during 

steady state exercise, has shown significantly decreased VE and increased VT coinciding 

with increased mouth occlusion pressure in healthy individuals supported increased 

ventilatory muscle work during exercise.36 Individuals with a cervical SCI injury has 

shown diminished mouth occlusion pressure during times of hypercapnia;37 further 

supporting altered ventilation in the presence of mechanical constraints.  Moreover, when 

the ventilatory muscles are unloaded, there are altered VE responses to exercise.  Bye et 

al. (1985) reported diaphragmatic fatigue during CWR at 80% of work capacity on a leg 

cycle ergometer during ambient air breathing.  After increasing the FiO2 to a 40% O2 

mixture, these investigators reported an increase in exercise endurance, and decreases in 



25 
 

VE and RPE.
38 This provides biological support for these measures as important factors 

involved with human performance. Thus, exercise endurance, VE and RPE may be 

variables to consider when investigating the effects of therapeutic intervention programs. 

The diaphragm is the first muscle activated, followed by accessory muscles, 

during increases in minute ventilation39 and increased work rates.38 The diaphragm is the 

primary generator for airflow as the accessory muscles are used primarily for controlling 

cavity pressures,40 but accessory muscle recruitment is also required to prevent 

hypoventilation during times of diaphragmatic fatigue.41,42 Additionally, the paradoxical 

chest and abdominal wall mechanics,3,4,8,43 and subsequent decrease in 

transdiaphragmatic pressure reported in SCI,44 may have changed in the diaphragm’s 

mechanical alignment requiring increased contraction strength/frequency and 

subsequently metabolic demand.45  Therefore, the performance of the diaphragm and 

accessory muscles may be implicated in the ventilatory variability, RPE and walking 

endurance found in this study.  Other potential explanations for the change in VE and VT 

variability include changes in walking synchronization, posture, and general training 

adaptations. Humans have reported a locomotor-respiratory coupling(LRC) that is 

influenced by visceral mass and the changes in transdiaphragmatic pressure46  therefore 

implicating walking quality with VE and VT variability.47 An increase in LRC has been 

suggested to reduce the work of breathing48,49 reduce whole body oxygen consumption,50 

improve maximal exercise performance51 and reduced oxygen consumption during 

submaximal exercise,52 which is consistent with our previous publication.15  
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Increased metabolic demand of ventilatory muscles has shown to influence 

performance16 despite no one identified mechanism.  For example, hyperventilation 

resulting in alkalosis, has reported delayed VO2 kinetics and reduced femoral artery 

blood flow in healthy humans.53 Additionally, Chin et al. (2013) reported mitigation of 

the delayed VO2 kinetics and restored peripheral blood flow during hyperventilation 

when blood pH was controlled with supplemental CO2.
54 These data provide evidence 

supporting ventilatory muscle blood flow may be altered during times of increased 

ventilation or ventilatory effort leading to altered physical performance in humans. 

Moreover, VE  variability has been inversely correlated with cardiac ejection 

fraction55 and mortality56 in congestive heart failure.  In healthy individuals, VE 

variability has been associated with increased variability in mean arterial pressure and 

decreased left ventricular stroke volume during intermittent positive pressure 

ventilation.57 Considering cardiovascular function in SCI is impaired,58,59 pulmonary 

perfusion may have been limited resulting in excessive ventilation.60 Diminished 

pulmonary perfusion has been associated with exercise intolerance61 and the interaction 

between ventilation and Wb62–64 have been associated with sympathetic nervous system 

activation,51 transient “overshoot” of VE,
62 the respiratory steal phenomenon,51 and 

altered performance.16,52 Despite these potential mechanisms, the additional stress to the 

ventilatory muscles and increased Wb65 may have been offset by changes in the 

participants’ posture.  The reduction in VT and VE variability and the maintenance of the 

VE and VT slopes may have been a result of increased postural control and its subsequent 

changes in ventilatory muscle alignment and visceral mass movements reducing the Wb 
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and the variability of mean arterial pressure allowing for optimal blood flow 

redistribution during exercise in these participants. 

Finally, drawing conclusions from averaged VE alone is problematic.  Similar to 

prior work in iSCI,12,13,31 our data demonstrates no significant changes in mean scores for 

the variables of interest, yet significant changes in ventilatory variability to exercise were 

observed. This is particularly important in this population because, while the group lacks 

changes, the individual changes in variability may affect the reported VO2 measures and 

biological adaptation and inferences to therapeutic efforts using VO2 data.  For example, 

Myers et al. (1990) reported 51% of VO2 variability can be accounted for by VT 

variability.22 Moreover, when individuals inhale an increased concentration of CO2 

(FiCO2) VE variability is reduced,66 suggesting improved control over ABGs and 

potentially improving walking performance.  Considering the number one cause of death 

in iSCI is pulmonary and respiratory distress,1 the “noise” of ventilation may be a 

significant variable of interest in this population as it may be a gross measure of 

ventilatory muscle effectiveness.  

Ventilatory performance has been shown to be malleable to multiple training 

modalities including non-ventilatory maneuvers.7,67,68,69 Improved ventilatory 

performance as measured by increases in transdiaphragmatic pressure, esophageal 

pressure, gastric pressure, expiratory pressure and inspiratory pressure have been 

accompanied by a 25% increase in diaphragm thickness.70 Training adaptations have 

reported improvements lung volumes, ventilatory muscle endurance,71,72 and increased 

diaphragmatic electromyography in individuals with quadriplegia.73  More importantly, 
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Tiftik et al. (2015) reported significant increases in vital capacity(VC), percent VC, 

forced VC(FVC), FEV1 and maximum voluntary ventilation (MVV) following 4 weeks 

of body weight supported treadmill training in a wide range of AIS and injury levels.67 

Clinically, ventilatory muscle training has been shown to result in sustained effects with 

no decrease in lung volumes 1 year post training in 11 of 12 participants, and in 5 

individuals who were studied 5 years post injury.74 The improved lung volume after 

training is speculated to improve ease of performing activities of daily leaving, 

submaximal fatigue perceptions, and decreases in microatalectasis,71 and increased 

arterial blood oxygen saturation.75   

Excessive VT has been shown to lead to pulmonary damage76 thus reductions in 

VT may be a positive adaptation in reducing the progression of pulmonary disease in 

iSCI.   The divergent responses in VT (Tables 3 and 7) could be explained by improved 

abdominal muscle function resulting in increased VT
77 in some but not all individuals.  

Some individuals may have improved pulmonary perfusion, without changes in 

ventilatory muscle effectiveness, resulting in a decreased VT thus maintaining an optimal 

ventilation perfusion matching during exercise. The ventilation perfusion matching has 

immediate impacts on health and function in humans as, the pulmonary system and 

ventilatory musculature report improvements in short time periods7 with increased 

oxygen saturation,75 VO2,
78

 and reductions in fatigue51,79 in this population.  These data 

suggest that locomotor training is capable of improving ventilatory muscle effectiveness 

in iSCI, specifically through improved muscle force generation and endurance.  
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There are several limitations to the study.  The following tests were not 

administered before and after training: Pulmonary function test (PFT), cardiac output or 

stroke volume, nor were electromyography measures of any ventilatory or accessory 

ventilatory muscles taken. Therefore, we may only speculate regarding the origin of the 

underlying mechanistic changes inferred within this study.  Additionally, since 

participants could use the handrails, it is unknown how much support was being provided 

from the upper body both before and after testing.  It is possible the participants, during 

pre-testing, were using more upper body support which may have led to using the 

Valsalva maneuver during walking that was not present during post-testing.  Lastly, no 

quantifiable data regarding walking posture was taken during testing.  
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Conclusion 
 
 
 

This study provides preliminary evidence of pulmonary adaptations that reduced 

the overall variability of ventilation following a novel OLT program.  The evidence 

suggests the pulmonary system may in part be a primary limiting factor in these 

individual’s physical performance despite no average changes in VE or VT. We believe 

these data provide biological evidence supporting further investigation into the “noise” of 

ventilation,26 which may provide an ability to stratify individuals with iSCI based on a 

functional measure rather than injury level.  However, this requires more in-depth 

investigation, both mechanistically and clinically, in aims of improving function and life 

expectancy in individuals who have sustained a spinal cord injury. 
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Appendices 

 

 

 

Control of Ventilation 

When investigating the control of respiration one must account for four 

physiological factors that affect the partial pressures of oxygen and carbon dioxide: 

ventilation, circulation, distribution and diffusion.80,81  Significant theories on the 

ventilatory control presented in the literature include: 1) central command 82 and other 

neural networking.83 2) CO2 as the primary mediator of ventilation84 which includes the 

CO2 set point85 hypothesis. 3) Respiratory controller and optimization,86 which has 

evolved into the homeostatic competition model.87 However, there is no consensus on the 

primary control mechanism for ventilation and exercise hyperpnea.   

CO2/ CO2 Set point 

The observed progressive increase in pulmonary minute ventilation (VE) 

ventilated carbon dioxide (VCO2) during exercise are well described and used for 

diagnoses in pathology88 as arterial CO2 homeostasis must be maintained; but the control 

of ventilation from CO2 is less certain.  The pressure of arterial CO2 (PaCO2)is theorized 

to be a primary driver of ventilation through peripheral chemoreceptor activity89 coupled 

with the concurrent increases in VE and VCO2.
90,91  The CO2, a biological marker 

inferring increased acidosis, stimulates an increase in tidal volume (VT)92 which is 

associated with  increased phrenic nerve activity.93  Highly trained individuals have 

reported progressive increases in VCO2, with increasing work rates, and PaCO2 coupling 
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with increased VE (L/Min) and VT.94   The ventilatory response is also shown to increase 

linearly with alveolar CO2 pressure (PACO2) during exercise with a concomitant 

increased of the CO2 slope’s  Y-intercept during high and low intensity exercise.95  

Moreover, VE and CO2 on-kinetics have reported a 0.97 correlation in the rest-to-work 

transition in humans96 with VCO2 reporting faster time constants,26,97 decreased PaCO2 

with increasing VE/VCO2,
98 and lack of VE response with carotid body resection.99 This 

evidence suggests VCO2 as a primary component involved with controlling VE during 

exercise. 

However, the reported significant changes in VCO2, PACO2 and PaCO2 with 

ventilation does not seem to be a primary controller of ventilation(for a historic review 

see100) as significant research has reported disagreement.  Casaburi (1979) reports VCO2 

kinetics is dependent on the VE time constant in non-exercising dogs 101 which conflicts 

with an earlier publication in humans  that equated the correlation of CO2 output and 

ventilation as causal.96  Casaburi’s (1979) study in dogs used arterial blood gas samples 

and reported faster time constant for minute ventilation than VCO2 at 14 vs 18 seconds, 

respectively.   

Furthermore, VCO2 kinetics have reported no change with increasing work rate, 

yet the ventilatory kinetics were significantly slower when transitioning from non-

resisted pedaling to 25W (Watts) compared to the transition to 100 W with increased 

blood lactate.26  Evidence reported a lower VE/PACO2 slope during exercise,102 no 

increase in ventilation with increased occlusion pressure,103 no increase in VE per unit 

CO2 tension in untrained individuals,104 no change in ventilatory sensitivity to CO2 in 
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mild exercise 105 and decreased sensitivity to CO2 induced ventilation during hypoxia.106  

Decreases in CO2 and ventilation are also reported in the literature107–110 coupled with 

decreases in PaCO2 and pH.85,111,112 Moreover, since the CO2 in the arterial system only 

fluctuates a few millimeters of mercury (mmHg),100  arterial blood CO2 does not have the 

capacity to continually drive VE via peripheral chemoreceptors during exercise since the 

CO2 does not continually rise.   The literature agrees that CO2 and pH are modulating 

variables contributing to ventilatory control and arterial homeostasis, but lacks significant 

evidence as the primary controller of ventilation at rest or exercise. 

Increasing evidence in opposition to arterial CO2, as the regulatory variable, has 

begun to alter the perspective regarding humoral control of ventilation from CO2 towards 

arterial hydrogen ion concentration.  Wasserman (2011) claims there is a delay in VE 

compared to VCO2 which allows a slight 2-3 mmHg increase in the arterial H+ 

concentration which stimulates VE.  The following rapid VE response is steeper than the 

increase in hydrogen ion concentration leading to a decreased in PaCO2, which is well 

documented.113  Considering VCO2 is dependent on VE,101 and with increased dead space, 

has a multiplicative effect on VE (with CO2),
114,115 resting VE dictates exercise VE

114 and 

VE responds to hydrogen concentration rather than PaCO2
113 than this helps explain the 

ambiguity in PaCO2/VE research as VE is a product of VT x Bf and infers to alveolar 

ventilation and CO2 is assumed to match pH.  Furthermore, Poon (2011)87 re-analyzed 

the  previous data113,116 reporting CO2 rebreathing increased H+ arterial concentration as 

high as 42 nmols with a VE response of 15 L/min compared to 41 micromoles and a VE of 

18 (L/Min) during exercise.113   
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CSF and Carotid Bodies 

 The CO2 literature is dependent on peripheral and central chemoreception via 

carotid bodies and medullary chemoreceptors in the cerebral spinal fluid (CSF). 

Peripheral chemoreceptors are found at the site of bifurcation into the internal and 

external carotid and are seemingly more sensitive to oxygen rather than CO2
117

 although 

CO2 does induce afferent neurogenic activity from the peripheral chemoreceptors.118  

 Kumar and Prabhakar (2012) completed an in-depth review of peripheral 

chemoreceptors’ function.  Briefly, peripheral chemoreceptors are made up of two types 

of cells.  Type I cells are referred to as the “glomus” cell and when the vasculature is 

included, is considered the functional unit of the chemoreception innervated by the 

glossopharyngeal nerve. Type II cells partially encapsulate 3-5 Type I cells potentially 

moderating neural communication between many type I cells as type II cells may be less 

excitable than type I cells. The carotid bodies’ afferent communication is via the 

glossopharyngeal nerve by means of unmyelinated and myelinated fibers terminating in 

the tractus solitaries.  Moreover, chronic intermittent hypoxia is associated with 

upregulation of reactive oxygen species, hypoxia-inducible factor 1 leading to 

sensitization of the carotid bodies and unstable breathing accompanied by increased 

sympathetic nervous system stimulation and blood pressure.117 Fortunately, the carotid 

bodies are subject to plasticity via molecular mechanisms, stimulated from altitude, 

exercise, and pathology.62,117 

The literature does support a mitigated VE response to exercise with carotid body 

resection,99 and increased CO2 and ventilation.88,90–92,94,95  However, in humans, the 

chemoreception/ventilation relationship remains controversial often citing peripheral-
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central chemoreceptor activity and methods not directly measuring carotid body 

function.117  Peripheral-Central chemoreceptor interactions boast three models of study: 

Additive, Hyperadditive and hybrid.119,120 However, ambiguity remains regarding arterial 

blood and CSF CO2 concentrations.  Dempsey (1984) compiled a short review on 

peripheral chemoreception reporting an inverse correlation between VE and PaCO2 and 

slight changes in PaCO2 may only augment exercising VE by 15% of observed VE.  The 

increased ventilatory response is correlated with increasing VCO2 values which is in 

agreement with earlier research claiming VCO2 is dependent on VE.101,114 

Mohan et al. (1999) tested difference amongst 3 different central-chemoreflex 

measures during hyperoxia; forced end-tidal (Increasing FiCO2), and two CO2 

rebreathing techniques.121 The data reported no significant difference between methods 

testing CO2 and ventilation, but the CO2 rebreathing techniques reported improved 

sensitivity and thus a superior method in measuring the central chemoreflex response. 

The authors attribute the improvement in central reflex mechanisms to minimizing the 

CO2 tensions between the arterial blood and CSF.  Essentially, end-tidal forcing increased 

arterial CO2 stimulating quicker response than the rebreathing technique; likely due to the 

associated increase in cerebral blood flow reported with increasing PaCO2 effectively 

maintaining CSF CO2 tension. 

Smith et al. (2015)119 investigated the effects of carotid  body denervation and 

different CO2 concentrations during hyperoxia on carotid body(CB) reception and its 

effect on ventilation in dogs.  The authors reported no change in arterial H+, PaO2, VT, Bf 

or VT/TI in response to carotid body denervation but a significant increase in PaCO2 (CO2 
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retention).  When the vascularly isolated CB was stimulated with increased CO2 there 

was no reported change in arterial pH (pHa), PaCO2 but an increase in PaO2, VE, and 

VT/TI during minutes 3-7 of the perturbation.  Additionally, the VE/VCO2 slope during 

hypercapnia was only significantly different from hypoxia and not normoxia, and 

hypoxia was significantly lower than normoxia during the later phase of the perturbation. 

During continued hypercapnic infusion of the carotid bodies, the PaCO2 

continued to rise which corresponded with a significant increase in ventilation; albeit 

highly variable responses. The breathing response, during extended exposure, was used 

as a measurement of central chemoreflex control122 reporting significant increases in the 

mean slopes of VE and VT/TI.  Smith et al. (2015), reported a hyperadditive influence of 

CO2 on ventilation between central and peripheral chemoreception as the mean 

ventilatory slope in response to CO2 continued to rise during prolonged perturbation.119 

Guyenet (2014)120 reviews the regulation of breathing via chemoreceptors 

reporting multifactorial effects on carotid body stimulation and reflexes.  These 

modulators include: intensity and duration of stimulation from O2, CO2, and cardiac 

output generally producing a sympathetic nervous system response, but this response can 

be overridden by the parasympathetic system during brief high intensity bolus’ like 

anoxia.120  The chemoreception is thought to regulate the sympathetic outflow through 

respiratory pattern generators (RPG) and independently of the RPG’s.120 

 Moreover, Guyenet (2014) proposes a hybrid model based on neurophysiological 

properties of the CO2 sensing neurons which are also sensitive to changes in the strength 

of incoming stimuli stemming from multiple converging neural pathways, which is 
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consistent with the definition by Dejours (1962), stating the VE response is dependent 

upon summation of incoming stimuli anywhere within the reflex arc from receptor to 

effector.122 

The immediate increase in VE at the onset of exercise does have central origins 

(see next section).  However, the immediate increase in VE and the theorized CO2 control 

over ventilation can be viewed from a simple anatomical relationship.  The carotid bodies 

are located in the systemic circulatory system, which only alters CO2 tension a few 

mmHg,100 and then decreases or remains isocapnic during exercise.  Due to the location 

of the receptors, and no change in arterial CO2 concentration, there is no possible 

mechanism for the peripheral chemoreceptors to control exercising ventilation.   

Furthermore, Casaburi (1989) reported immediate increases in CO2 in pulmonary 

circulation at the onset of exercise.123  It is plausible that an increase in efferent signaling 

stimulated the initial increase in ventilatory muscle activity causing an increase in CO2 

production.  The CO2 produced from ventilatory musculature may cause dilation of the 

bronchial tree, reducing airway resistance thus increasing alveolar ventilation124 with or 

without altering VE.23  The pulmonary metabolic CO2 may also account for the slight 2-

3mmHg increase in PaCO2 found during early stages of exercise.  However, the increased 

VE quickly returns ABGs to normative values. 

In conclusion, CO2, as the control mechanism for ventilation, has been refuted.  

Forster et al. (2012) states: “The long acknowledged and indisputable fact is that in 

healthy humans and most other mammals, the exercise hyperpnea is not associated with 

an increase in PaCO2 or a decrease in PaO2”.83  Therefore, expanding research in other 
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control variables has continued to provide clarity on the breathing response to exercise 

(hyperpnea) and explanations for the ambiguity in the CO2 and ventilation literature.  

Central Command 

The ambiguity of chemical control of ventilation is challenged by theories 

involving the neural control of ventilation.  Central command (neural control) of 

ventilation has become the predominate theory in ventilatory control due to the time 

course of exercise initiation,83 coupling of cardiac and ventilatory responses,125 passive 

limb movement,126and active limb movement.127 Limb movement and limb movement 

frequency will be included under the neural control and central command and ventilation 

for this review, as these two have been termed fast control by some.128   

Central command originates in the medulla and is modulated by efferent motor 

commands providing parallel stimulation129 of the medulla.  Exercise initiation is also 

correlated with an increase in the periaqueductal gray (PAG) region and subthalamic 

nucleus as evidenced by functional magnetic resonance imaging.130  The rapid rise in 

ventilation, prior to muscle metabolic metabolites arriving to the lungs, and simultaneous 

cardiac response, are the substantial constructs supporting the central command theory of 

ventilatory control. 

The transition from rest to work ventilation has reported increased responsiveness 

to temporal command (cadence) in exercise82,131 and responds exponentially which is 

termed Phase II ventilatory kinetics.97  Faster walking speeds during sinusoidal work 

report more rapid VE responses compared to slower walking speeds.132  Rapid increases 

in walking speed, from rest, reports immediate increases in VE when compared to slower 
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walking speeds.131 The cadences studies that did not use sinusoidal work controlled for 

VO2 in each perturbation by altering the grade of the treadmill.  

Perturbations reported a disconnect between metabolism and ventilation which 

was used to infer to the central command theory.  Duffin (2006) perturbed ventilation 

with passive limb movement and active limb movement in seated leg extension exercise 

reporting rapid increases in VE from rest to passive, and then passive to active leg 

extension.127   

Afferent feedback 

Afferent feedback was addressed in a significant review of exercise hyperpnea 

completed by Forster et al. (2011).83 The authors concluded under physiological and non-

physiological states spinal afferents have an effect on exercise hyperpnea with the 

strongest evidence cited from studies involving partial attenuation of spinal afferents and 

the attenuated VE response.83  Evidence from cardiopulmonary exercise tests (CPET) 

while utilizing a muscle afferent antagonist, fentanyl, via intrathecal injection at the L3-

L4 level provides somewhat ambiguous results.  Amann et al.(2010) reported attenuated 

VE and VE/VCO2 responses at 3 minutes of exercise at  100 and then 150 W for 3 minutes 

each with intermittent breaks when compared to placebo and concluded muscle afferents 

are a contributor to exercise hyperpnea.133   

Furthermore, Dempsey et al. (2014) contributed support for group III and IV 

afferents to exercise hyperpnea by repeating previous methods133 but removing the rest 

periods between exercise bouts creating a continuous exercise bout.  The results report 

significant reductions in VE/VO2 at 100W and 150W during leg cycling, confirming 

earlier results.133   Ventilation was reported, during leg exercise, significantly lower at all 
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time points during the fentanyl perturbation.134  Other studies have found no effect of 

fentanyl on phase III (180-300 seconds, Steady-State) VE kinetics, but a significant effect 

during phase II (150 seconds, exponential rise) VE kinetics with no differences in VCO2, 

VT, Bf or VO2 in healthy individuals.135 Considering ventilation normally reaches steady-

state around the 4th minute of exercise29 and the previous studies used three minute bouts 

with intermittent breaks133 or continuous bouts with work rate changes,134 Poon (2015) 

reinvestigated these data de novo concluding slower phase II kinetics and delayed 

attainment of Phase III ventilation with fentanyl administration136 which confirms the 

results of a delayed phase II and unaltered phase III kinetics reported earlier.135  

Homeostatic Competition Theory 

The theory of optimization was first proposed in 1985, suggesting the respiratory 

center may function as a decision center, rather than a reflex (Sherringtonian Reflex) as 

the ventilatory response will be unique to any potential change in homeostasis.86  The 

theory states the control mechanism is independent of the ventilatory output.  This 

conceptualization of ventilation allows a ‘decision’ to be made regarding the control of 

arterial gas concentrations or work of breathing, leading to a ventilatory response aimed 

to compromise the moderating commands137 and dead space(DS).115 The optimization 

model has extended its evidence base to diseased models 138,139 utilizing Whipp’s law 

(Equation 1). 

 Equation 1: V°CO2 =
VCO2

1−Vd/Vt
  

The diffusion capacity must be in proportion to alveolar ventilation (VA)and 

pulmonary perfusion (Qp) as diffusion requires the appropriate medium in which the gas 
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will diffuse and the pressure and concentration gradient and the rate in which the gasses 

are supplied all affect the diffusion rate and capacity.140 

The theory of optimization may potentially explain the uncertainty of ventilatory 

control as Wasserman (2011)113 provides evidence supporting arterial hydrogen ions, 

rather than PaCO2, as a stronger stimulator for ventilation while Poon (2011)87 reported 

the ambiguity of arterial hydrogen ion concentration and CO2 during exercise and CO2 

rebreathing and its associated VE response.  Poon and Tin (2013) provides evidence on 

ventilatory regulation, in congestive heart failure (CHF), contradicting the Sherrignton 

chemoreflex model as CHF patients reported an isocapnic yet augmented exercise 

response.138 Under the homeostatic competition theory, the increased Bf not VT was 

interpreted as the patients’ impaired external respiration stemming from decreased Qp, as 

opposed to mechanical cost of breathing, as the primary ventilatory objective leading to 

only minor arterial blood concentration changes. 

Complete conceptualization of the Homeostatic Competition Theory and the 

control of ventilation require understanding of ventilation perfusion coupling.  The 

homeostatic competition theory implicates VD/VT into the conceptual framework, which 

is also dependent on the four physiological factors affecting partial pressures of oxygen 

and carbon dioxide: ventilation, circulation, distribution and diffusion.80,81 

Ventilation/Pulmonary Perfusion (V/Q) 

The four physiological factors affecting partial pressures of carbon dioxide and 

oxygen have been investigated extensively over several decades as the primary function 

of the respiratory system, and subsequently the lungs, is to create an environment that 

facilitates respiration to control internal gas homeostasis.  Early studies by Fowler 
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(1949)141 and Riley80,81 produced methods for measuring ventilation and perfusion of the 

lungs.  Many of the methods on ventilation distribution and pulmonary perfusion utilized 

inhalation and/or the injection of a known gas with the second measure recording the 

amount exhaled over time. 

Ventilation distribution 

Starting in 1949, Fowler 141 published the last manuscript in a three part series on 

lung function, ending with a new hypothesis on uneven ventilation distribution in healthy 

persons and pulmonary disorders.   Using nitrogen breathing techniques, the manuscript 

supported uneven ventilation as the upper and lower lung compartments expired different 

nitrogen (N2) concentrations.  The percentage of nitrogen expiration was expressed as a 

percent of overall lung expansion, which supported the regional theory of ventilation and 

refuted the theory of inspired gas stratification per air unit inspired.  The uneven 

ventilation supports non-uniformity in alveolar gas exchange.  Fowler introduced a new 

theory of sequential ventilation, in which gas in the common dead spaces was distributed 

to the regions expanding first. This theory violates assumptions of early work.  Such 

assumptions, in other alveolar ventilation (VA) and perfusion (Q) studies, is 1) the entire 

lung is supplied with the same inspired gas and venous blood 2) end-capillary gas 

pressures are the same as alveolar pressures 3) lung metabolism is negligible and 4) inert 

gas calculations assume all alveoli are ventilated only with fresh ambient air.142 Fowler’s 

study provided strong evidence for continued assumption of regional minute ventilation 

(VE). 

A continuous model of respiration with sequential ventilation was then proposed 

which assumed inspired and expired gasses were not the same.143,144  The new theoretical 
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model requires one to account for dead space (DS) when describing ventilation and 

external respiration.  The potential inhomogeneity of VA/Q was tested in a three-

compartment model, assuming ventilated gas and perfused blood pressures are equal for 

each gas (VO2gas=VO2blood).  This assumption provides the ability to infer diffusion 

limitations that may prevent gas equilibrium across the alveolar membrane (Diffusion 

Capacity), which would be graphically visible on the VA/Q line the authors 

developed.80,81  The diffusion capacity must be in proportion to VA and Qp as diffusion 

requires the appropriate medium in which the gas will diffuse, the pressure and 

concentration gradient and the rate in which the gasses are supplied.140 Fick’s Law, and 

the new methodological approach provided means to calculate dead space, or proportion 

of air not participating in gas exchange, per tidal breath, expressed as VD/VT.   

Under these methods and assumptions, intralobular gas exchange was measured 

in the upright, horizontal and trendelenburg positions in anesthetized larynx and pharynx 

via intralobular catheters. This study revealed higher end-expiratory oxygen 

concentration in the upper lung and higher carbon dioxide in the lower lung145 potentially 

revealing less O2 gas diffusion in the lung apex and more CO2 diffusion in the lung’s 

base. However, supine positioning reversed these results and the trendelenburg 

positioning did not exhibit changes in lobar external respiration.145 Vital capacity, VE and 

oxygen (O2) consumption were greater in the erect position compared to supine, with 

even ventilation distribution between the two.  However, O2 uptake was different 

between the right (54%) and the left (46%) lung in both standing and supine.146  
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References to alveolar ventilation (VA) and perfusion were made from these studies but 

no direct measure of lung perfusion was taken.  

Pulmonary physiologists began using inert and radioactive gases to further extend 

the knowledge of ventilation distribution.  Using radioactive CO2 counting techniques 

revealed pulmonary tissue over the heart exhibited lower CO2 clearance rates than the 

right lung, while the lung apex revealed increases in clearance rate in the supine position 

compared to standing.147  However, exercise revealed increased clearance rates in both 

the lung apex and base, and the base revealed higher clearance rates than the apex.  The 

conclusions drawn from these studies all inferred to Qp but all lacked a direct measure.   

Ventilation/Perfusion 

Pulmonary perfusion seems to be primary dictated by the vascular geometries, 

posture, cardiac output and gravity (via parenchymal tissue alterations). Pulmonary 

perfusion is equivalent to cardiac output as the cardiovascular system is a closed-loop 

system.  However, this metric does not provide information on the location and pathway 

of Qp.  Early pulmonary perfusion studies were completed by injecting specific quantities 

of known substances and measuring the amount expired through ventilation over time.  

Early studies on pulmonary perfusion, using this technique, reported an increased Qp at 

the base of the lung compared to the apex148 based on the theory that gravity reduced the 

flow up the lung and a reduction in pressure  on the capillary walls from compressed 

alveoli. Following several seminal papers in the 1960’s,80,81,141 a driving theory behind 

pulmonary perfusion was gravity. 

VA/Q research continued by using inhaled Xenon (Xe) as VA and injected Xe as 

Qp.  Using a three-compartment model, Bryan et al. (1962)149 reported an increase in the 
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distribution index (Eq 2), increasing distribution from upper to lower lobe during quiet 

breathing and deep inspiration while in the seated position. 

Eq 2: Distribution index =
[Xe]

[XE](VE−Vd)FRC+Ve
 x100, Vd=instrument dead space).  

(2) 

Supine data revealed higher perfusion to the apex and lower perfusion in the base. 

Increased Y-intercept in the upright position established uniformity in VA/Qp in the 

supine position.  Exercise revealed similar patterns in both ventilation and perfusion with 

a higher index in the lower lobes.150  Differences in regional ventilation is supported by 

others as well.151,152  The positional changes in VE support alveolar-arterial gas tension 

differences in humans,145 causing hypoxic vasoconstriction of hypoventilated areas.153  

These data are also supported in isolated dog lungs.154 These differences indicate changes 

in regional VA/Qp in the direction of gravity.  To accept regional differences within the 

lung, the key assumption is VE/Qp and VA/Qp is equivalent.  Under this assumption, 

intraregional variations in VA/Qp are not significant; supporting the three-compartment 

model and regional VE/Qp differences. 

Ventilation Perfusion and Acceleration/Gravity and Positioning 

In attempts to advance VA/Q research, studies examined acceleration and gravity 

as perturbations for V/Q via lung parenchyma, pressure, and Qp in humans revealing 

magnification of regional differences in ventilation.155  Acceleration  (1G and 2G) 

produced differences in Qp between 1G supine, seated, and 2G seated by directing 

perfusion from apex to base as evidenced by albumin traced with iodine 131.156  

Acceleration has reported to increase VE from 9.46 L/min at rest to 11.66 at +3G, while 
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HR increased from 69 to 89 beats/min. Exercising at 60 rpm (0 kpm/min) and 600 

kpm/min reported increases in VO2, VE, and HR with increasing acceleration.  Resting 

VO2 increased significantly from rest to +3 G, which may be caused by an increase in 

ventilatory work.157  Gas exchange revealed significant increases in VD
81 at rest, 0 kpm 

and 600 kpm with increasing acceleration but no change in PAO2 or PaO2.  Interestingly, 

VA decreased at 2 G, but returned to a resting value at 3 G.157  

Continuation of VA/Q research yielded studies investigating the effects of altitude 

and weightlessness on Q.   Sheep born and raised at sea level have been reported as 

demonstrating increased Qp  and anastomotic pulmonary blood flow, as well as larger 

alveolar-arterial pressure gradients,  when compared to sheep raised at altitude in 

absolute values, and when controlled for systolic blood pressure and body weight.158  

Michels and West (1978)159 reported more uniform distribution of blood flow during 22-

27 seconds of weightlessness using Nitrogen (N2) single breath analysis.  The authors 

concluded the alveolar plateau slopes increased with the transient increases in Qp,  as 

evidenced by oscillations in CO2 and O2 confirming the results from Fowler.141  

Considering the pressure gradient is similar vertically in the lung, as measured by oxygen 

labeled CO2,
147 then microvascular resistance must decrease with vertical distance to 

allow for increased Qp from apex to base.160,161   

Recent research better elucidates the effects of gravity on V/Q matching in 

humans.  Using argon and nitric oxide (NO) rebreathing and N2 washout techniques, 

Elliot (1994) measured cardiac output (Q), residual volume (RV), functional residual 

capacity (FRC), and expiratory reserve volume (ERV) before space flight while standing 
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and supine, as well as during and after space flight.  FRC, as a percent of preflight 

standing measures, was significantly lower than standing, yet higher than supine. RV 

reported significantly lower in flight and ERV was not altered by gravity, yet was 

significantly lower during the supine pre-flight test.162 

West (1994) published a review investigating the effects of space travel during a 4 

year NASA mission.  Microgravity increased total pulmonary flow, stroke volume, 

diffusion capacity, pulmonary capillary volume and more homogenous blood flow 

distribution, compared to standing pre-flight measures.  Interestingly, breathing 

frequency (Bf) increased as tidal volume (VT) decreased manifesting in a slight decrease 

in minute ventilation, yet no differences in pulmonary gas exchange measures.163  The 

theoretical model of gravity was based upon an increase in alveolar size from base to 

apex during upright posture and an equalizing of size during micro gravity, coupled with 

decreased resistance to blood flow, used to illicit uniform Qp.162    

Albeit evidence for a vertical gradient and homogenous blood flow in the lungs 

during weightlessness, the methods utilized for pulmonary blood flow heterogeneity 

lacked the ability to detect intraplaner heterogeneity.164  Experimentation into pulmonary 

microvasculature concluded the base of the lung must maintain lower resistance than the 

lungs’ apex160,161 which provided evidence against the effects of gravity on Qp.   

A series of studies completed by Glenny et al.165–167 confirm the vertical gradient 

with changing posture, support vessel branching ratio differences, and lung volume on 

VA/Q.  Specifically, Glenny et al (1999) tested the effects of gravity and the anatomical 

geometry of the bronchial and vascular tree in 4 male baboons.166  Using a pulmonary 
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flow catheter during prone, supine and upside positioning Glenny et al. reported r2 values 

regarding structure and flow to average 0.59, 0.79 and 0.80 in the upright, supine and 

prone positions, respectively.  The additional added value by adding the vertical 

component (gravity) averaged 0.25, 0.07 and 0.05 respectively.  These data indicate a 

reduced effect of gravity on pulmonary perfusion in each position.  Additionally, 

investigations using methodology that increased the spatial resolution of Qp revealed 

significant intraplaner heterogeneity, without changing the vertical gradient previously 

reported, thus reducing the significance of gravity on pulmonary blood flow.166   

Recent research confirms gravities effect on VA/Q, but may not support gravity as 

the major determinant of pulmonary blood flow distribution supporting vascular and 

bronchial structure are the primary contributors to ventilation distribution and 

perfusion.168,169  Glenny et al (1991) reported, in dogs, that the variability within regional 

planes matches the variability across gravitational planes, blood flow is greater centrally 

than peripherally and there seems to  be high-flow regions and low-flow regions 

regardless of posture.165  Moreover, in a point: counterpoint Hughes and West (2008) 

supported the notion of gravity as a minor predictor of ventilation distribution citing 

Amis et al. (1984)161 and Glenny et al (1999),166 reporting the decrease in the correlation 

to gravity from 0.64 to 0.28 when the increased spatial resolution was added.170 

Moreover, improved oxygenation in a prone position rather than supine (superior) 

positioning has been reported in acute lung injury by generating a greater transpulmonary 

pressure than airway opening pressure in the dorsal region of the lungs (areas with the 

most severe shunt and V/Q mismatch) without an effect on ventral lung regions.171  This 
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supports and provides additional evidence for anatomical geometries as the major 

determinant of V/Q and that the dorsal region of the lung is more mutable than the ventral 

regions as blood flow, even in the prone position, is greater in the dorsal region of the 

lung and in the prone position receives better ventilation, improving the V/Q ratio.  These 

results are confirmed in ARDS patients under mechanical ventilation.172  

Lastly, prone position has shown to increase the recruitment of alveoli in areas 

experiencing edema, thus increasing the effectiveness of aeration.  The effectiveness of 

aeration was accompanied by a reduction in overinflated areas and nonaerated portions of 

the lung, mainly in the ventral portion of the lung.173 These studies retract from the 

significance of gravity as a primary determinant of pulmonary perfusion.  Posture, 

vasculature and lung volume all effect ventilation and perfusion; however, the effects are 

not equal. Therefore, transient times of mismatching may occur, producing differences in 

gas tensions within different lung regions.168  Glenny et al. has proposed a new 

perspective on lung pulmonary perfusion proposing Qp is not random within lung 

isogravitational zones but clustered in low and high flow regions.168,174  Historical 

research provides strong support for the observed ventilation distribution and factors 

affecting Q.  However, when examining the phenomena of VE/Q (inferring to VA/Q) any 

factors contributing to alterations in ventilation or perfusion will alter the (mis)matching.  

Ventilation perfusion relationships in the cardiorespiratory system have 

immediate impacts on health and function in humans.  Uncoupling between the heart and 

lungs results in hypoxemia, or increased physiological dead space (DSphys or VD/VT).  

Hypoxemia will occur if there is a diffusion limitation, hypoventilation, decreased partial 
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pressure of inspired oxygen, a low VA/Q or pulmonary shunt,175 as VD may result in 

hyperventilation or wasted ventilation,176 and regions of high VA/Q resulted in increased 

ventilation and metabolic cost of breathing.175  Moreover, high tidal volumes, which may 

accompany higher VE and hyperventilation, can induce lung damage.76  

Ventilation and Dead Space 

Alterations in VA/Q and dead space require clear operational definitions; 

definitions will be utilized from recent reviews of ventilation-perfusion175 and dead 

space(DS).176,177 Please note Roberson (2014) acknowledged the general use of the Bohr 

equation as physiological dead space is actually the Bohr-Enghoff correction as a 

measure of overall V/Q in the lung, as the equation uses an arterial blood concentration 

and overestimates dead space.  Complete understanding of the difference between dead 

space and V/Q is pivotal in pulmonary research, as they are not the same construct. Upon 

evaluation of VE/Q one cannot quantify dead space as the different interacting anatomical 

segments between expired air and perfused alveolar including; the point in which venous 

blood was measured, alveolar pressure or concentration, airway concentration or pressure 

or regional VA/Q,  all which contribute to the overall VE/Q measured, thus requiring 

additional measurements to produce more precise results of the variable of interest.144 

To fully understand pulmonary function, one must understand dead space and 

V/Q when evaluating the overall performance of the systems.  Many of the studies on 

ventilation and perfusion mentioned earlier use a CO2 rebreathing technique which 

induces bronchial dilation,179,180 increases tidal volume181 and increases dead space.  

Jones (1971) reported progressive increases in end-tidal and arterial CO2, and 

subsequently minute ventilation, during DS loading, while at rest and during three levels 
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of exercise.182  Others concluded DS increases basal CO2 levels contributing to the 

ventilatory response stimulated from the apparatus.182  Whipp (1980) perturbed DS, with 

a mouth piece and no CO2 rebreathing, during a rest-to-work transition, reporting an 

increase in VE with increased DS.183 Increases in DS have shown to stimulate VE in 

dogs,184 goats,114 and a multiplicative effect with CO2 and exercise in humans.86 

Poon (1987) reported non-significant changes in end-tidal CO2 with 1.5 and 3.0 

inspiratory pressure (DS) but reported increases in VE only to the point of maintaining 

arterial CO2 pressure while maintaining minimal mechanical work.115  The changes in DS 

is reported to drive exercise hyperpnea, as exercise VE is dependent on the level of 

resting VE.114  Moreover, older subjects reported increased DS and ventilation with lower 

CO2 and PaCO2 during low work rates with no significant rise in CO2,
115 which may be 

due to altered lung volumes.185  

More recent literature supports these findings as increased DS corresponds with 

increased VE through augmentation of VT, with no change in end-tidal CO2.  However, 

these results were only significant at 600mL of added DS.186 Wood et al. (2008) extended 

the evidence for DS modulation in both older individuals and young women.187,188 In 

2008, Whipp reported the VE-VCO2 relationship during exercise as a result of exercise, 

not a cause. “In crude terms, the system seems to “know” that when Vd/VT is reduced… 

VE “needs” to increase less per unit VCO2 to effect its regulatory function”.189 

Considering DS may be offset with small increases in alveolar ventilation, resulting in 

maintenance of PACO2, the change in VE/VCO2 without altering PaCO2,
183 maintains 

blood gas homeostasis. From a systems model perspective, DS may be a significant 
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stimulator for altering ventilation to match perfusion, as the VE response is begins within 

one cardiac cycle at the onset of exercise.125,131,132 

Ventilation/Perfusion and Parenchymal Tissue Properties 

Ventilation perfusion and dead space is currently utilized as an indices of 

mortality in pulmonary injury,190,191 chronic heart failure,60 acute respiratory distress 

syndrome (ARDS) 192 and pulmonary embolism.175 When reviewing lung pathology and 

factors affecting ventilation and/or perfusion, lung tissue parenchyma must be addressed.  

Investigating lung resistance and elasticity using an intra alveolar method, inert gas 

rebreathing and bronchial constriction, is generally completed in animal models 

considering the difficulties and ethics involved in this research.  In animal models it 

becomes apparent resistance and elastance are influenced by bronchoconstriction, VT and 

Bf. 

In all the studies found in Table 3 the control groups were the animals not 

undergoing perturbation or a cross-over design.  Graphically, all tracings matched 

controls, but the Y-intercept started significantly higher during the perturbations, which 

has been used as an indices for dead space.183 Suki et al. (1995) report an increase in 

airway resistance and inertance at a VT of 100 and 300ml193 and then a decrease in lung 

resistance as Bf increased and all tracings matched controls, but the Y-intercept started 

significantly higher during the bronchoconstriction perturbations.194 These results 

indicate bronchoconstriction exacerbates already present non-linear components of the 

lung tissue parenchyma during constriction. Furthermore, Lutchen et al.195,196 reported 

similar results in dogs and rats as his studies report a decrease in resistance with 
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increasing Bf, increased viscous resistance, decreases lung tissue resistance  and an 

increase in airway resistance over time.  These studies confirm Suki et al.’s studies as the 

bronchoconstriction and airway resistance followed normal patterns (of controls) over 

breathing frequency but maintained a higher resistance. Similar patterns are of lung 

resistance and airway resistance with bronchial constriction can be found elsewhere.197,198 
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Table 10: Parenchymal Constraints 

VT=Tidal Volume, Bf= Breathing Frequency, NeOx= Neon Oxygen, Rvis= viscous resistance, Rti= Lung Tissue Resistance

Author Population Method Resistance Elasticity VT / Bf /VE Vs control 

Suki 1995 
193 

Dogs and 

Modeling 

Alveolar capsule. 

Controlled end-

expiratory volume 

Function of VT and Bf. Decreased 

with histamine-curvilinear 

Slight increase with 

increased Hz  

VT dependent on 

tissue after 

histamine 

Resistance and 

elastance higher 

Suki 1997 
194 

Dog and 

Modeling 

Alveolar capsule Decreased with increase Bf Increased with Bf VT and Bf 

dependence of lung 

is not linear 

Resistance and 

Elastance higher 

Lutchen 

1994 196 

Dogs Capsule Method.  

VT =100ml, 300ml, 

Bf 1-5Hz 

Decreased with Bf, increased with 

time and histamine. Rvis= higher with 

VT. Rti decreased with Bf Raw: 

increased with time, 300 VT= higher 

Increased with 

histamine(linear)Ctrl: 

Lower all points same 

pattern. Highest with 

100mL VT. 

Controls: 

frequency 

dependent 

(decrease with 

increased F). 

Decrease RL, 

increase EL 

Started higher but 

decreased with Bf 

but followed the 

same path as 

controls 

Lutchen 

1996 195 

Rats NeOx breathing 

and MCh infusion. 

Constant VT 

Highest in NeOx and MCh –

curvilinear response decreasing with 

Bf. Raw increased with constriction. 

Increases then levels 

off or decreases with 

increasing Bf. 

Decreased with 

constriction 

 Bronchoconstriction 

and NeOx followed 

the same path but 

were significantly 

higher 

Bates 

1993 198 

Dogs 180mLs @ given 

Bf. Histamine 

Rlung and Raw Increased with time. 

Mean oscillatory pressure and 

amplitude increased with time  

Recoil pressure: 

Increased in all dogs’ 

phase I, II, III 

 Recoil pressure, 

resistance and 

elastance all 

increased with 

bronchial 

constriction 

Bates 

1994 197 

Dogs Bf 1-6Hz, repeated 

histamine 

Recoil Pressure increased at 6Hz 

increased with histamine 

Increased with 

histamine- dose 

response. 

 Higher than controls 
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Respiration 

Respiration, as defined by the online medical dictionary, is the exchange of 

oxygen and carbon dioxide between the atmosphere and the body’s cells. This process 

includes inhalation and exhalation coupled with diffusion of gases across the alveolar 

membrane located in the lungs. Respiration can be separated into external and internal 

respiration.  External respiration is specific to gas exchange across the alveolar 

membrane between ambient air and pulmonary arterial blood gases. This term is often, 

whether correct or not, used somewhat synonymously with ventilation. Internal 

respiration includes the delivery of blood gases to the body cells, as a function of delivery 

rate encompassing pressure and concentration of gases delivered within a specific blood 

volume, where diffusion across the capillary membrane to the other bodily cells is 

completed. For example, the skeletal muscle. 

Addressing respiration as a function of gas exchange across a membrane, the 

primary controllers during rest and exercise may be consolidated into 4 interconnecting 

and distinct laws.  These laws are: The Gas Law, Fick’s Law of Diffusion, Henry’s Law, 

and Graham’s Law.  The Gas Law is known as the relationship between pressure and 

volume which equals the number of moles of a compound, the gas constant and 

temperature.   
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Table 11: Laws Governing Diffusion 

Law Equation Abbreviations 

Gas Law  

𝑃𝑉 = 𝑛𝑅𝑇 

P=Pressure, V=Volume, n= 

number of moles, R=Gas 

constant, T=Temperature 

Fick’s Law 
𝐽 =

𝐷𝐴(∆𝐶)

∆𝑋
 

J=Flow of solute, D= 

Diffusion Coefficient of 

solute, A= cross sectional 

area, ∆C= different in solute 

between regions 1 and 2, 

∆X= Distance between 

regions 1 and 2 

Henry’s Law P=KHC P=Vapor Pressure, KH= 

Constant, C= Solute 

concentration 

Graham’s Law 
𝑅𝑎𝑡𝑒 1

𝑅𝑎𝑡𝑒 2
= √

𝑀𝑜𝑙𝑎𝑟 𝑀𝑎𝑠𝑠 2

𝑀𝑜𝑙𝑎𝑟 𝑀𝑎𝑠𝑠 1
 

1 refers to molecule of 

interest 1 and 2 refers to 

molecule of interest 2. 

 

The Gas Law is extrapolated and contextualized to the human body through 

Fick’s Law of Diffusion.  Fick’s Law of Diffusion encompasses 3 major variables that 

affect diffusion which are: The membrane thickness, which in a human model refers to 

the basal lamina, the overall surface area of the membranes, and the mass and solubility 

of the molecule of interest.  The equation is written as the surface area x the 

concentration gradient divided by the diffusion distance of the molecule of interest.  

Henry’s Law addresses partial pressure of the molecule which states a linear relationship 

of partial pressure and solubility, as partial pressure increases the solubility of the gas 

also increases.  Lastly, Graham’s law states the diffusion rate is proportional to the 
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solubility in liquid and inverse to the molecular mass.  Graham’s law is of great 

importance as it produces the diffusion rates of gases compared to each other.   

These 4 laws show the contribution of partial pressures, gradients, and the rate of 

delivery of the molecules of interest govern respiration.  Under Graham’s law it is easy to 

see that oxygen (O2) diffuses faster than CO2 which reveals the function of diffusion and 

molecular weight but does not include the membrane in which it will cross.  At this 

junction one must then utilize Henry’s law which considers the partial pressure 

differences and solubility.  Combining all the laws of gas diffusion and partial pressures 

lends us to the utilization of Fick’s law of diffusion which encompasses the partial 

pressures, solubility in a liquid, the membrane in which a molecule must pass, and finally 

the overall distance a molecule must travel. 

The combination of these laws lends us to the pulmonary diffusion rate which is:  

𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 =
∆ 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 ∗ 𝐶𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑎𝑛𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡 ∗ 𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦

𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∗  √(𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡)
 

Due to the increased solubility of CO2 it is known CO2 diffuses at a faster rate 

than O2. The factors governing the rate of delivery for external and internal respiration 

are different.  External respiration is dependent on the body’s ability to generate airflow 

through the bronchiole tree and properly ventilate the alveoli.  The amount of air 

(pressure) and the percent of inhaled gas molecules (partial pressure) ventilating the 

alveoli, for respiration, also depend on pulmonary circulation.  The circulating blood 

must have the capacity to offload CO2 and on-load O2, which is dependent on blood 

volume and hemoglobin concentration.199 
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Internal respiration, assuming external respiration has occurred, is also dependent 

on concentrations gradients and delivery.  Specifically, central delivery from the 

cardiovascular system (cardiac output and vascular control), oxygen carrying capacity of 

the blood which includes blood volume and hemoglobin concentrations, and lastly the 

metabolic capacity of the cell.  The central delivery factors provide the volume and rate 

of blood entering the capillary bed as the hemoglobin concentration influences the 

concentration gradient at specific junctions.  To use the oxygen being delivered, the cell 

must have the capacity to use the incoming oxygen, which is dependent on fiber type, 

substrate storage and availability, enzymes, and mitochondrial capacity.199  Therefore, 

when investigating respiration one must account for four primary physiological factors 

that affect the partial pressures of oxygen and carbon dioxide which include ventilation, 

circulation, distribution and diffusion.80,81 

Ventilatory Mechanics 

The muscles and nerves associated with ventilation can be viewed in Table XX.  

For an in-depth review of ventilatory mechanics one can refer to De Troyer et al. 

(2011)200 and Ratnovsky and Halpern (2008).201  In short, it is well known that the 

ventilatory musculature may be parsed into inspiratory and expiratory muscles and the 

expiratory muscles are generally inactive during quiet breathing and are recruited during 

labored breathing (IE Exercise).  The muscle orientation of the external intercostals 

allows expansion of the ribcage up and outward as the internal intercostals lower the rib 

cage.200,201  The major muscle of inspiration is the diaphragm,202,203 which is a skeletal 

muscle innervated by both autonomic and voluntary neurons204 and is composed of all 

three muscle fiber types.205,206  The abdominals are accessory muscles used in expiratory 
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movements and general produce a cranial-caudal movement in conjunction with the 

sternoclediomastoid, scalenes and platysma.3  

The diaphragm is thought to be the primary muscle activated to generate airflow 

as the accessory muscles are primarily used to maintain pressure gradients between the 

thoracic and abdominal cavities.40   Due to the ventrolateral insertion of the diaphragm, 

when activated the diaphragm descends, decreasing the intrapleural pressure and 

subsequently intrapulmonary pressure leading to inhalation.200  However, the 

diaphragm’s ability to generate pressure is reduced as lung volumes increase202,207 which 

may be caused by pressures of the abdomen and airways approaching equilibrium.203  

Exercise produces an environment in which other factors must be acknowledged as 

potential contributors affecting lung volume changes.  For example, vertical displacement 

of abdominal mass,46,208 co-activation of additional musculature,209 and subsequently 

changes in pressure generated in each cavity.39,46,210,211  

Kyroussis et al. (2000) reported the changes in cavity pressures during constant 

work rate walking to fatigue in participants with Chronic Obstructive Pulmonary Disease 

(COPD), and reported an inability to increase absolute inspiratory pressure prior to 

exercise cessation while minute ventilation continued to increase.210 Interestingly, the 

scientists also used inspiratory assistance in these participants and reported a decrease in 

abdominal pressure, increased transdiaphragmatic pressure, and ultimately an increase in 

walking time. 
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Table 12: Inspiratory and Expiratory Muscles 
6,200,201,212 

Inspiratory Muscles Innervation (Spinal Column 

Level) 

Diaphragm Phrenic Nerve(C3-C5) 

Scalenes Cervical Nerves (C4-C7) 

Sternoclediomastoid Cervical Nerves (C1-C2) 

External intercostals Costal Nerve (C8-T11) 

Expiratory Muscles  

Pectoralis Major Pectoral Nerves (C5-T1) 

Internal Intercostals Intercostal Nerves (C8-T11) 

Abdominals Intercostal Nerves, 

iliohypogastric and ilioinguinal 

(T6-L3) 

 

 

The ventilatory mechanics of the chest wall and ventilatory musculature respond 

to exercise by increasing airflow with the aims of controlling blood gas homeostasis113 

through ventilation-perfusion matching.175  In order to complete these tasks, with 

minimal work of breathing,62,87 changes in breathing pattern, volume, and rate must 

occur.  The breathing response to exercise is termed exercise hyperpnea and is 

characterized by three phases,29 which may be termed VE kinetics and is measured using 

Tau (t).  Additionally, the ventilatory response to constant work rate exercise has reported 

a VT plateau as further VE is required the additional ventilatory demand is achieved 

through Bf.
213,214 
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The rest to work transition is characterized by a sudden rise in both tidal volume 

and Bf in Phases I and II, then resolving into Phase III steady state as oxygen delivery 

meets cellular oxygen demand97 typically achieved by the 4th minute of constant work 

rate (CWR) exercise.29  The rate of VE kinetics is dependent on intensity as lower work 

rates produce faster t’s.26 Phase I is normally only seen in a rest to CWR transition29 as 

the transition toward a steady state ventilatory response is theorized to be through the 

neural control of ventilation.129,215   

The t’s of VE do not seem to be affected by respiratory alkalosis, albeit a 

significant increase in VE amplitude, has been reported during hyperventilation and while 

transitioning to moderate intensity exercise.216  However, during moderate intensity leg 

extension exercise, Chin et al (2013) reported significantly faster t’s during 

hyperventilation induced alkalosis and hyperventilation normocapnea (5% CO2 

breathing) with no significant difference found between the two perturbations.54 

However, the studies conducted by Chin et al.54,216 cannot address phase III kinetics as 

the nature of the perturbations requires increased ventilation throughout exercise.  

The VE kinetic profile is a useful tool for measuring the breathing response to 

exercise due to its well-described response, but VE is a product of Bf and VT which has 

reported a high degree of variability when compared to VO2 kinetics.26 Due to nature of 

the measurement, VE may not provide inferential evidence to underlying mechanisms.  

More specific breathing responses may be used in such instances.  Other measures with 

inferential capabilities include; inspiratory time (TI), expiratory time (TE), mean 

inspiratory flow (VT/TI) and the duty cycle (TI/TTOT).   
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TI and TE have been associated with phrenic nerve activity as Ledlie (1981) 

reported hypercapnia decreasing TE, without an effect on TI, stating hypercapnia is 

associated with peak phrenic nerve activity without an effect on ventilatory timing.  

Additionally, during hypoxia, TE and TI both decreased and it was summarized that 

hypoxia was associated with overall greater activity of the phrenic nerve92 which is 

correlated with VT, specifically during TI.
93  The VT/TI has also been considered a 

measure of neural drive for ventilation due to the associations of the phrenic nerve and TI 

and overall changes in ventilatory response.217  

 In an animal model using hypercapnia as a ventilatory stimulus, it was shown 

crural diaphragm activity exceeded costal diaphragm activity, but more importantly the 

relationship between the velocity of shortening and mean inspiratory flow was linear and 

altered by inspiratory load, which was not the case for the intercostals muscles.218 The 

relationship between velocity of shortening of the diaphragm and inspiratory flow rate 

have also been shown in humans, and during ventilatory loading, which resulted in 

ventilatory muscle fatiguability.219 The VT/TI have shown to increase with increasing 

power out, diaphragm EMG, which followed the trajectory of the VE and mouth 

occlusion pressure (P0.1).  Additionally, during CWR exercise with helium breathing, the 

VT/TI increased with increasing work intensity and when compared against inhalation of 

ambient air suggesting decreased airflow impedance at various levels of CWR.220  

Breathing frequency is an important variable of interest during VT/TI measurements as a 

change in contraction frequency increases the VT/TI at the expense of overall lung 

volume45 which may influence alveolar ventilation. 
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  The change in lung volume has shown to influence the metabolic capacity of the 

ventilatory musculature suggesting lung volume may have a role in the diaphragm’s 

mechanical alignment requiring increased contraction strength/frequency and 

subsequently metabolic demand.45 Interestingly, Wood et al. (2008) perturbed the 

breathing pattern with increased dead space, which in theory would alter the diaphragms 

function, and reported increased VT and VT/TTOT with increased dead space.  However, 

the added dead space had no effect on TI, TI/TTOT, or breathing frequency.221 The 

increased VT/TI and no change in breathing frequency adds to the ambiguity of medullary 

influence on ventilation222 but may be suggestive of modulation of inspiratory spinal 

motor neurons as cited by Wood et al. (2008).114,223 

Changes in ventilatory drive may also influence overall physical performance in 

humans as Tasoulis et al. (2014) reported increased ventilatory drive at rest and exercise 

in patients with congestive heart failure.  The ventilatory parameters were mouth 

occlusion pressure (absolute and relative), VT/TI, and VE all which were significantly 

higher than controls at rest.  During exercise, these patients had significantly lower VO2, 

VT/TI, Bf, VT, and VE; all parameters worsened when groups were stratified based on 

peak VO2.
224 

If an individual does not have the capacity to maintain VT/TI during a normal 

breathing cycle (TI/TTOT) then the breathing cycle is often reported to increase in time to 

allow for flow.225,226  Tobin et al. (1988) reported TI/TTOT as a measure of change 

between neuronal discharge, or the change in neuronal activity between inspiration and 

expiration, which was less variable than VT/TI.
227  Neder et al (2003) published a 
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normative study for the ventilatory parameters in response to exercise reporting TI/TTOT 

to be linear with no differences between age and gender.  VT/TI increased linearly per 

unit VE with no reported differences between age and sex.  However, when VT/TI was 

expressed as a percentage of ventilatory max men reported higher values than women, 

young men reported the highest values compared to men of other ages and older females 

reported significantly lower values than the other female age groups. TI and TE decreased 

with increasing VE with young men reporting the highest values and young women the 

lowest values.  Females also reported the highest Bf in response to VE, but failed to reach 

statistical significance when expressed as a percentage of maximal VE.228  Neder et al. 

(2003) then suggests cardiopulmonary testing should consider sex, age and 

anthropometric data along with submaximal and maximal exercise responses when using 

exercise tests as a clinical measure. 

However, the prognostic capabilities of the ventilatory responses to exercise are 

unknown.  Chronic Obstructive Pulmonary Disease (COPD), as a model to understand 

ABG homeostasis with pulmonary dysfunction, has reported an increase in TI/TTOT 

during maximal exercise with an inability to increase VT which was accompanied by a 

significantly reduced exercise VE.229  However, limitations in VT alone has been 

suggested to have minimal value for differential diagnosis.230  Conversely, in congestive 

heart failure (CHF), the breathing pattern in response to exercise is varied which was 

suggested to potentially have prognostic capabilities as most patients with CHF adopted a 

shallow but high frequency breathing pattern.231 These results may be suggestive of 

ventilation distribution heterogeneity(see Ventilation Distribution) and alveolar 
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hypoventilation as physiological marker of pathology, exercise tolerance, and 

subsequently treatment benefits in patient populations, specifically pulmonary disease.232 

Ventilatory Variability 

Variability within the pulmonary system and specifically in regards to VE is rarely 

quantified.  Casaburi et al. (1989) published a report on the effects of work intensity on 

the ventilatory and gas exchange kinetics in response to exercise in humans.  The report 

concluded the fastest Tau’s were measured from VO2 kinetics followed by VCO2 and 

then finally VE while lower work rates reported faster Tau’s in all three variables.  The 

Tau for VE was approximately 75 seconds until 127 watts (W) were achieved and 

increased steadily until a max of 125 seconds at 177 W.26  This study described the VE 

variability as “noise” in the response.  However, this “noise” is not quantified in a 

systematic manner nor is it a traditional measure, especially in healthy individuals.  

Quantifying the “noise” of the ventilatory system, and in response to exercise, 

may provide additional information regarding the adaptations and responses to 

rehabilitation programs, an improved understanding of ventilatory control, and physical 

performance of healthy and patient populations.  Noise in the ventilatory system may 

stem from altered chemoreception,233 pulmonary stretch receptors,234  and stress which 

includes cortical influence and muscle tension.235 The variability in VT and VE has been 

shown to be preceded by increases in muscle activity during  voluntary and involuntary 

sighs, which was followed by a decrease in muscle activation.235 Additionally, changes in 

VE and VT variability are also associated with higher variability in mean arterial pressure 

(MAP) changes and left ventricular stroke volume.57  The changes in stroke volume were 

thought to stem from changes in thoracic volume as the MAP variability was 



 

66 
 

hypothesized to arise from central mechanisms.57 Disturbances in ventilation variability, 

or ventilatory stability, do not seem to return to normal variability following the 

disturbance as individuals with hyperventilation syndrome reported higher variability in 

VT amplitude.236 Hyperventilation syndrome was associated with less change in VE per 

unit end-tidal CO2 which also reported a significant difference in the coefficient of 

varitation.236  

Fiamma et al. (2006) published the coefficient of variation for VE, VT, VT/TI, 

TTOT, TI and TE during hyper-, hypo-, and normocapnea reporting significantly greater 

variability with decreasing end-tidal CO2 except for TI/TTOT assuming there is no 

impedance to ventilation from extraneous constraints.237 Moreover, individuals with 

congestive heart failure may present with periodic breathing which is associated with 

increased variability in VE amplitude and mortality as a decrease in ejection fraction is 

associated with increased variability in VE amplitude and increased variability in time 

between breaths.56  However, the article by Leite et al. (2003) used averaged breaths 

(mean of 8) and excluded data that was not “discernible from inherent data noise” as 

regular breathing was defined as 3 consecutive breathing cycles within 20% of the 

average amplitude with a minimum VE of 5 L/min.56  These results, from analysis of 

averaged data, provide evidence in support for investigating the “noise” in ventilatory 

response especially considering the averaged data, and exclusion of data outside of 20% 

of the average, inherently reduces the reported variability in data dependent on 

ventilation.22  Moreover, the study by Fiamma et al. (2003) introduces inherent variability 

in their analysis of hypocapnic ventilation as hypocapnea was achieved through a 
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mechanical ventilator until end-tidal CO2 reached 15 Torr, which was then disconnected 

to allow spontaneous breathing to occur,237 requiring a change in VE to achieve blood gas 

homeostasis.  This method does not account for the change in trajectory of minute 

ventilation which may alter the average and standard deviation of measured variables.   

Castro (2010) reported the variability of VE, VT and BF in patients with congestive 

heart failure by calculating the root mean successive differences normalized for sample 

population (RMSSD/n).  This index investigated the variability between breaths (BF), 

change in amplitude from breath to breath (VT) and the change in the amplitude of VE 

from successive data points.  VE and BF reported significant correlations with ejection 

fraction and VT approached significance (P=0.068) with an inverse relationship between 

variability and ejection fraction,55 matching earlier studies.56 

These data provide valuable information regarding the ventilatory response to 

exercise suggesting the variability, or “noise”, of ventilation as an important variable with 

potential clinical significance.  However, no standardized method of measurement is 

known to the authors.  Therefore, the authors suggest a method which accounts for the 

normal trajectory of VE, VT and BF which can be completed using a best fit regression 

line and quantifying the variability around this line.  This novel approach, unfortunately, 

has not been used in ventilatory literature therefore no generalized or historic values are 

currently available. 

Work of Breathing 

A primary function of the human pulmonary system is to facilitate blood gas 

homeostasis at minimal metabolic cost of breathing.62 Blood gas homeostasis is 

maintained by three physiological factors: ventilation, circulation, and respiration which 
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are all subject to changes in metabolic demand.  For example, as the body requires an 

increase in ventilation the ventilatory musculature will require additional oxygen and 

substrates proportional to the increase in work.  Considering work of breathing (Wb) 

increases proportionally with increased ventilation63,64 any perturbation that increases 

resistance to air flow will lead to an increase in Wb.  Several tests are used to support the 

concept of increased Wb.  These concepts may be broken down into 3 primary principles. 

1) Deformation and uncoupling of the rib cage and abdominal wall, which includes 

intrathoracic cage uncoupling seen in incomplete spinal cord injury.4 2) characteristics of 

the ventilatory muscles and 3) resistance, which includes lung parenchyma and 

bronchiole radius.79 Under times of increased work of breathing (Wb), humans have 

reported decrements in oxygen uptake in working limbs and overall physical performance 

and the mechanisms remain largely unknown.  

 

 

 

 

 

Figure 2: Factors Affecting Work of Breathing 

 

For example, mechanical constraints such as obesity238,239 will increase the work 

of the ventilatory musculature, increasing metabolic demand, and subsequently 

ventilatory muscle fatigue.240  Ventilatory muscle fatigue is implicated in the steal 
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phenomenon which is the redistribution of blood flow away from working skeletal 

muscles.79 Additionally, ventilatory muscle fatigue may lead to intermittent hypoxemia 

and altered chemoreception facilitating an increase in ventilatory variability.222,241 The 

redistribution of blood flow away from peripheral muscles has been associated with 

increased sympathetic outflow51 and decreases in physical performance.16,51,52 The 

mechanism for the altered blood flow and changes in performance may be unknown but 

ventilatory muscle fatigue has been implicated in both, is easily measured, and is 

malleable with training.  Thus, obtaining additional information on ventilatory dynamics 

in patient populations may prove to be valuable in the rehabilitation process.  

 

 

 

 

 
 

Figure 3: Pulmonary Variables and the Respiratory Steal Phenomenon 

 

Mechanical constraints 

Resistance to ventilation may stem from various factors; one being mechanical 

resistance causing impeded airflow.168,242   Mechanical constraints to ventilation can be 

measured through spirometry or maximum voluntary ventilation both providing different 

information.243 The measurements of mechanical constraints can be affected from 

postural movements between the thoracic and abdominal regions.244,245 alterations in 
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muscle length tension relationships of the diaphragm246 and increased resistances of the 

chest wall.5  The increased mechanical resistance requires additional ventilatory muscle 

force output to maintain the same VE, and subsequently increased adenosine triphosphate 

(ATP) requirement and then ventilatory muscle fatigue,39,41 which may not alter VE.38 

Ventilatory constraints are typically measured by the percent of maximal capacity 

achieved during a given exercise or perturbation.247  Ventilatory capacity is often 

measured by forced expiratory volume (FEV), or maximal voluntary ventilation (MVV), 

each measuring different mechanical constraints.248  Another method includes exercise 

tidal flow volume loops (FVL) superimposed in maximum flow volume loop (MFVL) 

which may be a better measure of mechanical constraints as MFVL is a measure of 

airway and ventilatory muscles’ ability to produce air flow.247  Additionally, performing 

MVV above functional residual capacity has reported a disproportional increase in the 

Wb when compared to exercise64 potentially due to differences in breathing pattern.249  

Johnson et al. (1992) investigated the mechanical constraints on exercise 

hyperpnea in trained endurance athletes reporting an increase in Wb and ventilatory 

muscle VO2 during increased VE.  This study included measures of inspiratory resistance, 

end expiratory lung volume (EELV) and dynamic compliance reporting significant 

decreases in compliance at 83%, 95%, and 100% of VO2 and significant increases in end 

expiratory lung volume (EELV) and inspiratory resistance during the same time 

periods.242  Airflow impedance is reported in some individuals during submaximal work.  

In a group of healthy women, used as a model of ventilatory constraints due to lower lung 

volumes,250 whom experienced exercise induced arterial hypoxemia (EIAH), reported a 
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decreased maximal exercise VE. 
251

 Moreover, Dominelli et al. (2013) also reported 

mechanical constraints as a primary mechanism for alveolar hypoventilation and arterial 

blood hypoxemia during submaximal exercise and decreased FVC as a limitation to 

maximal VE.251 These results provide evidence for mechanical, and potentially 

parenchymal, constraints leading to an increase in metabolic demand for the ventilatory 

muscles in trained individuals. 

Cavity coupling 

Similarly to the cardiopulmonary coupling,125 the thoracic cavity and abdominal 

cavity work in a synchronized fashion252 to control lung volume253 and 

transdiaphragmatic pressure.244 Hardemark et al. (2008) reported synchronized EMG 

activity between the diaphragm and the abdominal musculature during breathing, 

swallowing and swallowing apnea.252 The synchronized movements of the thoracic and 

abdominal cavity have shown to change inspiratory pressures during walking, and when 

fatigued, a decrease in transdiaphragmatic pressure in patients with COPD.210 

Additionally, during running, humans have shown a ventilatory-locomotor 

entrainment(often termed locomotor-respiratory coupling or LRC) which corresponds 

with abdominal EMG activity209 and  step-dependent flow suggesting changes in cavity 

compliance.46 

Moreover, an increase in ventilatory-locomotor entrainment has been suggested to 

reduce the work of breathing48,49 and shown to reduce whole body oxygen 

consumption.50  These data are of interest as reductions in work of breathing has shown 

improvements in maximal exercise51 and reduced oxygen consumption during 

submaximal exercise.52  
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Resistance 

Parenchymal 

The alterations in parenchymal tissue components have become integral due to 

new research on alveolar function. In a rabbit model, Salito (2014) investigated the 

changes in absolute and alveolar specific compliance, using direct imaging of subplueral 

alveoli.254 The absolute compliance of the alveoli was reported as a linear relationship to 

alveolar size. The imaging revealed a higher number of small alveoli at rest and an even 

distribution of alveoli during expansion, with 6000-7000 micrometer alveoli recording 

the highest count.  Furthermore, each alveoli reported different compliant changes, based 

on size, but all alveoli’s compliance increased with expansion, thus the author contributed 

increased compliance to be independent of size.  The increased compliance with 

increased size is at odds with previous researchers interpretations of their data, as they 

hypothesized distention of the lung decreased alveolar compliance.148 The change in 

alveolar compliance, and number of alveoli present during lung expansion, is an 

important concept when investigating populations which may have altered ventilation 

distribution as external respiration is dependent on the pressure gradient generated from 

inhalation. 

Despite information regarding the alveolar compliance, there are reports of 

decreasing lung resistance and elastance as breathing frequencies increase.  The 

frequency dependent lung compliance and pattern changes are also seen when VT is held 

constant,195  or changed.196 The decreased lung resistance with increased breathing 

frequency, and increasing alveolar compliance with inflation,254 provide evidence of how 

the lung parenchyma may contribute to VE.  For example, during maximal exercise and 
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high ventilatory output, transdiaphragmatic pressure and dynamic compliance were 

significantly reduced when compared to non-exercise mimicking trials. 63 Thus, breathing 

frequency dependent lung compliance may be a compensatory response to the increased 

work of breathing reported during high intensity exercise64 stemming from potential 

mechanical constraints imposed during exercise. 

Bronchiole Radius 

A simple application of Poiseuille’s law allows for interpretation of the effects of 

bronchiole radius on the resistance to airflow.  The primary factor for flow, in the 

bronchiole tree, is the radius of the bronchiole as it resembles function of the arterioles 

and the control of blood flow.  Individuals with asthma present with decreased bronchiole 

dilation during inhalation leading to increased airway resistance.255  Resistance stemming 

from the bronchiole tree is often perturbed with a bronchial constricting or dilating agent 

in animal models,194,196–198 spinal cord injury,9,256 asthmatics,255 and others,179,257,258 

leading to an increase in airflow.9,256,259 

Muscle capacity 

Diaphragm fatigue 

Fatigue may be defined as a loss in muscle force generating capacity, due to work, 

which is recovered following rest,260 or the reduction in muscle performance regardless 

of task outcome.261  This muscle fatigue is a result of an inability to match substrate-level 

phosphorylation with energy requirements leading to intracellular hydrogen ion 

accumulation262 and decreased exercise sustainability.263  The diaphragm is one of the 

primary ventilatory muscles264,265 and is innervated by the phrenic nerve.204   The 

diaphragm is a skeletal muscle composed of all three muscle fiber types,205 subject to 
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autonomic and voluntary control,204 and is susceptible to fatigue as any other 

muscle.206,266  

The diaphragm is the first muscle activated, followed by accessory muscles, 

during increases in minute ventilation39 and increased work rates.38 The diaphragm is the 

primary generator for airflow as the other musculature are used primarily for controlling 

cavity pressures,40 but accessory muscle recruitment is also required to prevent 

hypoventilation during times of diaphragmatic fatigue.41,42 The increased work rates 

result in proportional increases in minute ventilation,26 up to 60 L/min when  breathing 

pattern may elicit an exponential rise in the work of breathing,64 subsequently leading to 

increased work of breathing.63,64 Diaphragmatic force production is commonly measured 

through changes in bodily pressures (IE: transdiaphragmatic, inspiratory, gastric)39,42,63 

and a sign of diaphragmatic fatigue is often an inability to generate the same inspiratory 

pressure,42 or an inability to increase transdiaphragmatic pressure placing additional 

stress on the accessory ventilatory musculature.38 The stress required to induce 

ventilatory muscle fatigue hastens when diaphragmatic force approaches 40% of maximal 

contraction,39 and increases with relative intensity above 85% of VO2 max.42 Studies 

investigating the effects of hypoxia on exercise induced ventilatory fatigue reported 

significantly high Wb during hypoxia during early and mid-stages of exercise.41  

Additionally, diaphragmatic fatigue has been reported in triathletes,267and 

moderately trained individuals.268  Babcock et al. (1995) reported decreases in 

transdiaphragmatic pressure (Pdi) following heavy exercising using bilateral phrenic 

nerve stimulation (BPNS) at 1, 10 and 20 hertz(Hz)41 which refutes suggestions of 
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supraspinal input leading to fatigue269 as peripheral nerve stimulation is a process to 

circumvent the central nervous system.   Others have also reported diaphragmatic fatigue 

using BPNS following heavy endurance exercise270 which may last up to 60 minutes post 

exercise266 in both sexes.268   

During times of increased work of breathing, or high minute ventilation, the 

increased work of ventilatory musculature may lead to diaphragmatic fatigue and 

decreased physical endurance.  Diaphragmatic fatigue is an important physiological 

construct as it has been linked to the steal phenomenon, which is a re-distribution of 

blood flow away from other working muscles to perfusion ventilatory musculature 

leading to fatigue.16,51 The redistribution of blood flow during the steal phenomenon has 

potential causal roots in sympathetic vasoconstriction outflow during prolonged271 and 

high intensity treadmill  exercise.51  However, the sympathetic outflow does not always 

present during the steal phenomenon at submaximal exercise.52  The effect of high work 

of breathing may be viewed through unloading the ventilatory muscles during work as 

Marciniuk et al (1994) reported decreased VO2, dyspnea and an increase in time to 

exhaustion(14%), but interestingly no changes in VE, VT or Bf were reported during 

submaximal effort.272 Moreover, breathing a helium oxygen mixture increased arterial 

oxygen tension in males.273 In females experiencing EFL and exercise induced arterial 

hypoxemia (EIAH) helium inhalation has reduced the Wb, decreased EFL, increased Bf, 

and lead to an increase in VO2.
251 

VRMO2 

Aaron et al. (1992), in a series of two studies, investigated the oxygen cost of 

breathing and implications on performance.  In the first study they attempted to verify if 
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individuals could accurately mimic exercise hyperpnea through matching the 

transpulmonary pressure-volume loop, Bf, VE and end-expiratory lung volume (EELV) 

during submaximal and maximal exercise.  Exercising at 70% VO2 reported a 

significantly lower VE, VT, higher Bf and higher EELV than the mimicking trial. During 

maximal exercise the EELV was higher than the mimicking trial.  Wb was shown to be 

significantly higher at 70% VO2 along with inspiratory and expiratory effort, 

transdiaphragmatic pressure, gastric pressure, dynamic compliance and lung resistance 

(lower) than the mimicking trial. Maximal exercise reported significant decreases in 

transdiaphragmatic pressure and dynamic compliance compared to the mimicking trails.63  

The second study examined the Wb and ventilatory muscle fatigue and then reported 

fatigue and Wb did not alter an individual’s ability to maintain the pressure-volume loop, 

which was their measure of performance.274   

Coast et al. (1993) reported the differences in the Wb between exercise hyperpnea 

and hyperventilation. This study utilized pressure-volume loops from an esophageal 

balloon to ensure similar breathing patterns.  Pulmonary minute ventilation (VE) was 

tested at 20, 40, 70 and 100 L/min for the hyperventilation perturbation and PETCO2 was 

adjusted via altering dead space and the exercise protocol used work rates which elicited 

similar VE (within 15%).  The reported results revealed Wb to be similar up to 60 L/min 

but the shape of the curves after 60 L/min differed significantly.  However, the added 

dead-space altered the pressure-volume loops during their first experiment as 

hyperventilation VT was lower than exercise VT, thus a second experiment was conducted 

which matched VE, VT, Bf and the duty cycle. The second experiment reported no 
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differences between the mean values of exercise and hyperventilation and no interaction 

effect.64 

In both experiments there was a significant relationship between ventilatory 

muscle oxygen consumption (VVMO2) and Wb. Furthermore VVMO2 increased as exercise 

VO2 increased but when VVMO2 was expressed as a percentage of total VO2 there was a 

negative linear relationship. The evidence of this study revealed that hyperventilation 

above 60 L/min, if not controlled for breathing pattern, results in a higher Wb than 

exercise hyperpnea.64 These studies provide evidence for an increase in Wb as the minute 

ventilation continues to increase as does the oxygen consumption of the ventilatory 

musculature and the importance of the breathing pattern. 

Dempsey, citing his work with Aaron,63,274 reported VO2 cost of hyperpnea, as a 

percentage of VO2 total, as the Y-axis plotted over VE (L/Min) inferring VO2 cost of 

hyperpnea ranges from about 3% to16% of VO2 total.  Additionally, a second schematic 

revealed VO2/ VE plotted over minute ventilation (mL-O2/L-VE  over VE L/Min) reports 

O2 cost per liter of air breathed per minute and this value rises curvilinearly with 

increasing VE.79 

Increased Blood Flow 

Dempsey et al. (1999) published a brief review of the cardiovascular 

consequences of exercise hyperpnea in which he concluded, referencing the previous 

studies, ventilatory muscles indeed require 10% or more of the cardiac output and VO2 at 

maximal exercise redistributes blood from the leg muscles to the thorax.  Furthermore, 

during increased Wb the redistribution of blood flow from working musculature may be 

due to a sympathetic metaboreflex mechanisms.275  The alteration in blood flow has 
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recently been investigated by Chin et al. reporting vasoconstriction of the leg muscles, 

and specifically the femoral artery, and reduced leg blood flow during hyperventilatory 

alkalosis,53 and altered microvascular perfusion.276  Additionally, absolute VO2, during 

hyperventilation and no alkalosis, has reported significantly lower VO2 without femoral 

artery diameter changes.54 

Harms et al.51 continued to investigate the effects of Wb on peripheral blood flow. 

The theoretical model supporting the “competition” for blood flow between working leg 

muscles and ventilatory muscles is based on the concept of increasing O2 cost of 

hyperpnea would require increased blood flow to the working ventilatory muscles thus 

reducing the blood flow to working skeletal muscles.  Harms et al. (1997), measuring Wb, 

flow rates and pressures following previous methods274 and measuring blood flow via 

thermodilution methods, reported decrements in leg blood flow during increased Wb.  

Specifically, Wb in Joules/min decreased significantly during inspiratory assistance and 

increased significantly during inspiratory load which corresponded in a significant 

increase and decrease in leg blood flow, respectively.  The altered leg blood flow also 

reported improvements in VO2 during inspiratory assistance and decreases in VO2 during 

inspiratory load without alterations in arterial femoral vein dilution O2 (a-fv DO2) or other 

gas exchange parameters.  

Moreover, inspiratory load altered the pressure-volume loop in the esophagus 

revealing a different breathing pattern. The researchers extended their previous results to 

direct evidence of the effects of Wb on cardiac output during maximal exercise.16  In this 

study, cardiac output (CO) was measured via Fick method and reported no differences in 
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stroke volume, cardiac output (CO), or VO2 during loaded trials but was significantly 

lower than control during unloaded (assisted) inspiratory work at VO2 max.  

Additionally, arterial venous oxygen differences (a-vO2 difference) were not different.  

The results of these two studies report significant portions of CO redirected towards the 

ventilatory muscles with a concomitant local vasoconstriction in the leg muscles.16   

Despite changes in minute ventilation and the pulmonary system rarely 

considered a limiting factor to exercise, it is becoming increasingly clear that the 

supporting musculature for ventilation may be problematic for physical exertion.  

Increases in ventilation to maintain blood gas homeostasis during exercise or pathology 

can compromise performance.  When ventilatory demands increase to match capacity, the 

diaphragm and accessory muscles undergo increased stress and Wb.  If the ventilatory 

muscles do not have the capacity to generate flow over time then expiratory flow 

limitation and expiratory end lung volumes increase which may lead to changes in 

physical performance. The increase in minute ventilation, and accompanied increased 

metabolic cost of muscular work, responds to several exercise modalities leading to 

improved exercise performance and perceptions of breathlessness in humans.  The 

unknown mechanisms embedded in the control of ventilation and subsequent effects on 

exercise performance lead to ambiguity in the reporting literature.  One potential avenue 

for increasing ventilatory research may stem from the variability in minute ventilation as 

these mechanisms are currently not researched277  but implicated in heart failure.55  

Response to Training 

Exercise training and specifically aerobic endurance training (AET) is the gold 

standard exercise treatment for most conditions due to the multifactorial adaptations. 
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Your perspective would guide the response as exercise training produces results in all 

physiological systems.  There are four specific, but not exclusive, areas of interest.  It 

must be noted, due to the dynamical system theory applied to physiology not motor 

control, I will attempt to refrain from using “systems” due to their inherent integrations. 

The first area of interest involves pulmonary adaptations.  The second area will focus on 

the structural changes in central and peripheral delivery.  The third area is the 

intracellular adaptations regarding substrate storage and usage and the final area concerns 

adaptations to blood’s carrying capacity and buffering capacity. These four areas lead to 

two major adaptations to aerobic training; increased cardiac output and expanded arterial-

venous difference (a-vO2 difference)278 or aerobic fitness/VO2.  

Pulmonary Adaptations 

The pulmonary system is generally not considered a limiting factor in healthy 

individuals due to the ability to increase pulmonary minute ventilation (VE) as high as 35 

times resting ventilation, which also makes it less malleable to training in healthy 

individuals.25  However, training adaptations do occur when untrained individuals begin 

different training modalities.   

Exercise has shown to change ventilatory muscle power and endurance along with 

accessory ventilatory muscles and potentially alter work of breathing in healthy 

individuals and different patient populations.(See Work of Breathing section)  Alveolar 

ventilation and tidal volume are maintained, despite increased VE when ventilatory 

muscle fatigue is present, through substantial changes in breathing pattern when 

inspiratory muscle contractility is altered.279  One such adaptation may be a reduction in 

exercise blood lactate concentrations,280 which may contribute to lower ventilation, 
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breathing frequency, VCO2 but an increased exercise time seen in swimmers following 

ventilatory muscle training.281  However, the adaptations to the pulmonary system are not 

often noticeable when reporting VE as an outcome measure. Gigliotti et al. (2006) 

published a short review reporting ambiguity in VE as 3 studies reported reductions, 8 

reported no change, and 6 reported increases in VE after training.282  However, 4 of the 

reports cited by Gigliotti et al. (2006) reported increases in endurance when no change in 

VE, all 3 studies with a decreased VE reported an increase in endurance, and 5 of the 

studies reporting increased VE also reported increases in endurance.   

Despite the large ventilatory capacity  in humans, athletes may have cardiovascular 

capacity to outperform the pulmonary system, leading to exercise induced arterial 

hypoxia (EIAH) and altered performance.283  In contrast, patient populations may exhibit 

neurological and mechanical constraints that may change the VE response to exercise and 

alter blood gas homeostasis 113,175,284 resulting in peripheral fatigue.16,51   

The increase in VE is achieved through a concomitant increase in breathing 

frequency and tidal volume and is termed exercise hyperpnea.29  Exercise hyperpnea is 

proportional to the intensity of work26 and provides precise control over arterial blood 

gases113 while reducing the work of breathing.62  Some pathologies may affect ventilatory 

musculature and thoracic cage mechanics3,264 which alters the metabolic work of 

ventilation.73 As with other skeletal muscles, the ventilatory muscles are subject to 

fatigue285 and respond to different modalities of training.7,67,70  

The ventilatory muscles are often the target of interventions when lung volumes 

are altered and/or ventilation is inadequate.  Leith and Bradley (1978) reported increases 
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in strength and endurance in individuals undergoing inspiratory and expiratory resistance 

and normocarbonic hyperpnea breathing at targeted ventilation.286 In healthy participants, 

strength and endurance training of the ventilatory muscles have shown improvements in 

ventilatory capacity.  Strength training via inspiratory and expiratory resistance above 

vital capacity 5 days a week resulted in small increases in lung volume specifically total 

lung capacity and vital capacity.68  Endurance training consisting of 30-45 minute 

sessions of normocarbic hyperpnea to the point of exhaustion within 2-3, 5-7, and 12-15 

minutes was completed 5 days a week which lead to a 19% increase in ventilation time 

ventilating at 81-96% of maximum voluntary ventilation.68  Moreover, Simpson (2012) 

reported increases in ventilatory muscle efficiency, or the decreased oxygen cost of 

ventilation per unit ventilation, by 22% with an accompanied reduction in breathing 

frequency following inspiratory muscle training in healthy individuals.287 

In patient populations, specifically incomplete spinal cord injury (iSCI), the range of 

pulmonary impairment is exceptionally broad due to the ambiguous nature of the injury.  

The pulmonary system is no exception as it is well known that spinal cord lesions affect 

lung volumes in a level-dependent manner. 2,288  The altered lung volumes may arise 

from changes in thoracic and abdominal pelvic cavity mechanics 3–5 stemming from 

different degrees of denervation.8 Additionally, the degree of pulmonary dysfunction 

following SCI also leads to respiratory complications as the number one cause of 

mortality in this population.1  Therefore much focus has been directed towards 

ventilatory training in this population.   
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Ventilatory muscle training generally uses inspiratory and expiratory resistance as 

a perturbation to elicit a training adaptation of the ventilatory musculature.  Ventilatory 

performance is often measured by the change in the amount of pressure one can generate 

with each breath.   Resisted breathing has shown to improve static and functional lung 

volumes and ventilatory muscle endurance in quadriplegics.71,72 Others have shown 

increases in inspiratory pressures which accompanied increased electromyography 

(EMG) activity in individuals with chronic cervical injuries.289  Additionally, ventilatory 

muscle training has shown to increase ventilatory muscle endurance which was 

accompanied by an increase in peak VO2 and no increase in max inspiratory pressure.78  

Muellar et al. (2006) trained a group of individuals with paraplegia and tetraplegia 

(ASIA A or B) at 20%, 40% and 60% of their MVV reporting individuals with paraplegia 

maintained near normal percent of predicted lung volumes but their inspiratory and 

expiratory pressure were significantly reduced, which was the same in tetraplegia.  As 

suspected, the tetraplegic group maintained significantly lower values than the group of 

paraplegics.  In only 6 visits all individuals significantly increased their ventilatory 

endurance by increasing their time performing each maneuver.7 Moreover, several other 

modalities of exercise training may increase lung volume and ventilatory muscle capacity 

including locomotor training67 and aerobic training. 69 

The adaptations following ventilatory muscle training have reported sustained 

effects as one study reported no decrease in lung volumes 1 year post training in 11 of 12 

participants and in 5 individuals who were studied 5 years post injury.74  Moreover, the 

improved lung volumes after training is speculated to improve ease of performing 
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activities of daily leaving, submaximal fatigue and decreases in microatalectasis,71 

increased arterial blood oxygen saturation,75 and a decrease in breathing frequency.290 

It is obvious the pulmonary system adapts to training, yet the methodology and outcome 

measures used may draw inappropriate inferences to the mechanisms of improvements 

within the pulmonary system, and ventilation itself may not be the limiting factor per se.  

These studies provide ample evidence of the malleability of the pulmonary system in 

healthy and spinal cord injured individuals.  More importantly, the pulmonary system and 

ventilatory musculature report improvements in short time periods,7 increased oxygen 

saturation,75 peak VO2,
78 and a reduction in fatigue.51,79  These improvements provide 

plausibility that the pulmonary system may be a limiting factor given certain 

circumstances or pathologies (IE. SCI), and requires an in-depth investigation into the 

acute and chronic responses to different modalities of training and an extension of 

traditional outcome measures typically reported in the literature. 

Cardiac Adaptations  

Exercise training has shown to significantly improve the central and peripheral 

blood delivery in human models.  To accomplish these central, or cardiac, adaptations 

must occur.  These adaptations include improved inotropicity and lusitropicity resulting 

in increased cardiac output.  Improved inotropicity is highly associated with calcium 

function within the cell resulting in more myosin actin crossbridging291 292 and myocyte 

hypertrophy.293  The improved cardiac hypertrophy may be accomplished through 

increased left ventricular cavity (eccentric hypertrophy) or a thickening of the 

myocardium (concentric hypertrophy).294  The improvements in contractility of the heart 

provide the ability to eject more blood (SV and/or Ejection fraction) for the given internal 
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environment of the person.  It must be noted that right and left ventricle adaptations 

mirror each other.   Goodman et al. (2005) reported decreases in heart rate during 

exercise, increased ejection fraction at end exercise, increased SV, end diastolic volume 

(EDV), and end exercise cardiac output after 6 days of continuous cycling.295  

Morganroth et al. reported increases in left ventricular mass in college and world-class 

athletes when compared to controls.296  Exercise modality also reports differences in 

cardiac structure.297 296   

Albeit increases in VO2 max with training, cardiac adaptations may not always 

occur.298  The increased cardiac adaptations, cardiac output and VO2 max are associated 

with the outcome measure of stroke volume (SV).  Stroke volume increases in response 

to four factors: increased internal left ventricular volume, likely from blood volume 

changes (addressed below), reduced cardiac and arterial stiffness,299 increased diastolic 

filling time from bradycardia and potentially improved intrinsic myocyte properties.  

Adaptations to training, or differences between trained and untrained reveal untrained 

individuals achieve the required CO mainly through HR as trained individuals increase 

HR and SV simultaneously300 while 8 weeks of training increase SV substantially, but not 

to the effect of highly trained individuals.  There is debate on SV during submaximal 

exercise and max in response to training.301  Accompanying this debate is the limiting 

factors of max capacity and endurance as some argue increased endurance, in response to 

moderate training, is predominantly achieved through peripheral adaptations via 

increased a-vO2 difference 18,302,303 as max capacity is limited by central delivery.18 
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Myocyte “switching” has also been reported in the literature as there seems to be 

an adjustment from fast twitch myosin head to a slower twitch myosin isoform after 

myocardial infarction.304 The fast to slow isoform may seem paradoxical in regards to 

heart performance but the slower isoforms seem to be more efficient at forming cross-

bridges thus producing better force. The improved cardiac structure and subsequent 

performance improves the bulk blood flow providing a rate dependent increase in flow to 

working organs and muscles, which by Fick’s law of diffusion improves the probability 

of increasing internal respiration305 and subsequently performance.306  

Vasculature Adaptations 

Impaired vasculature is associated with inactivity and cardiovascular disease.  

Information regarding vascular anatomical changes tends to be ambiguous based on 

reporting measures.  Anatomical adaptations to the vascular system include increased 

capillary density, decreased arterial stiffness,293 and increased femoral artery diameter.307  

In models of inactivity and vascular adaptations, Olive (2013) reported significant 

baseline and maximal conduit artery dimension changes but reported the significant 

decreases in diameter were mitigated when expressed per cross-sectional area of the 

muscle59  

De Groot et al. (2006) 308 published a review on inactivity and vascular adaptations 

under the framework of inactivity leads to altered vasculature control and then 

cardiovascular disease as an inward remodeling model.  The review covers inactivity, 

limb suspension, bed rest and spinal cord injury and reports decrements in femoral artery 

diameter (% change) from -30% to +20 percent in chronic spinal cord injury (SCI) to 

endurance trained individuals, respectively. 
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However, functional characteristics of vessels remain unclear. De Groot (2006) also 

reports evidence of vessels, during deconditioning, losing the ability to respond to sheer 

stress. Hyperemic blood flow, or the vasodilatory capacity post ischemia or exercise, is 

reduced in deconditioning by 40-60% in SCI and28% in bed rest but the timeframe in 

which these adaptations occur may be different and are currently unknown (as cited by 

308). Furthermore, deconditioning in limb immobilization, microgravity and SCI report a 

paradoxical flow mediated dilation (FMD) response.  Green et al. reports exercise 

induced nitric oxide (NO) function improvements which mediates the vasodilatory 

response309 and its associated capillary function and max aerobic capacity.310 The altered 

diameter and decreased absolute blood flow may suggest a decreased FMD response with 

deconditioning, which is seen in cardiovascular risk factors, but the opposite is reported 

be de Groot et al.  Citing their own work and the work done by Bleeker et al, they report 

increases in relative FMD response their tested models of deconditioning.308  

Interestingly, the chronic SCI group was the only group that reported an inability to 

respond to vasodilation which was suggesting that the vascular anatomy was the limiting 

factor. 

Cellular adaptations 

Vascular adaptations 

The increased bulk flow achieved through increasing cardiac function must be met 

with a reduction in vascular resistance and improved capillary control at the skeletal 

muscle.293  These peripheral delivery adaptations have been associated with improved 

reactive oxygen species (ROS) 311 and nitric oxide (NO) homeostasis and control,312 

respectively.  Additionally, exercise training has shown to improve the number of 
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capillaries and subsequent surface area for diffusion313 and capillary density is associated 

with measures of VO2 peak, not oxidative potential in skeletal muscles310 and the 

pulmonary vasculature.314 

Skeletal Muscle adaptations 

 Internal respiration relies heavily on available substrates and appropriate 

enzymatic reactions to utilize these substrates.  Using exercise to perturb the intracellular 

function of skeletal muscle reported a strong reliance on glycogen and lactic acid 

buffering capacity of the cell. The lactic acid buffering was dependent on both glycogen 

levels and the intensity of exercise.306 Cooper et al. reported, during exercise with 

glycogen depletion, a reduction in the R-values (VCO2/VO2), VO2 lactate accumulation 

and exercise duration.  These results indicate cellular function during progressive 

exercise requires glycogen to continue ATP production at increasing work rates as 

carbohydrate oxidation is well known to increase as exercise intensity (% VO2 max) 

increases. During exercise when the absolute amount of glycogen is reduced there is an 

accompanied reduction in absolute lactate accumulation.  This evidence potentially infers 

to the body’s ability for maximal exercise, and cellular function, relies on glycogen levels 

and the body’s ability to utilize the stored glycogen for optimal functioning. 

Cellular functioning and adaptation to exercise is often studied in an obesity 

model.  The obesity model offers an integrated model with significant alterations in 

cellular metabolism and physical performance.  For example, obese individuals report 

altered energy metabolism 315 and metabolic inflexibility.316  Metabolic inflexibility and 

altered substrate metabolism has been described as a decrease in glucose oxidation in the 

presence of insulin at rest 317,318 and the body’s inability to mobilize and oxidize the 
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appropriate substrate for energy synthesis.318 The altered metabolic capacity is associated 

with several altered enzymes. Specifically: Carnitine acetyltransferase (CrAT)319 up-

regulated Pyruvate Dehydrogenase Kinase (PDHK)320 and altered citrate synthase (CS), 

cytochrome C Oxidase(COX) IV, GLUT4 translocation and peroxisome proliferator-

activate receptor gama coactivator 1-alpha (PG1C-Alpha).321 Obese individual’s 

metabolic dysfunction manifests as the inability to match substrate-level phosphorylation 

with energy requirements thus altering physical performance. 

 AET has reported to improve glycemic control,322 increase absolute 323 and 

relative VO2.
324  The reported increase in aerobic capacity have been accompanied by 

increased PGC1alpha,325 whole body substrate oxidation and citrate synthase (CS)326 and 

other studies have also reported increases in CS with different methodology.327 Exercise 

training at high intensities, or progress to high intensities, increase the relative 

contribution of carbohydrate oxidation with a decrease in fat oxidation.328  Under this 

assumption, High Intensity Interval Training (HIIT), which requires rapid ATP synthesis 

from glycolysis during the exercise and fat oxidation during resting bout, is starting to be 

utilized in individuals with a BMI   30.0. HIIT has reported improved glycemic control 

and translocation of GLUT 4 322, improve CS, Mitochondrial protein complex II, III, 

COX subunit II and IV,329 PGC1 Alpha and decreased insulin concentrations.321  

Additionally, absolute and relative VO2 and alterations in whole body substrate oxidation 

via respiratory quotient (RQ) have been reported.330  

 Bioenergetic alterations in the anaerobic pathways are also affected by training. 

Pyruvate Dehydrogenase (PDH) is a rate-limiting enzyme used to convert pyruvate into 
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Acetyl-CoA for transport into the Kreb’s cycle and eventual oxidation in the electron 

transport chain.  The obese Zucker rat has reported to have 46% less pyruvate 

dehydrogenase phosphatase (PDHP) activity per milligram of mitochondrial protein.  In 

the same rats, 8 weeks of endurance training significantly increased PDHP activity in the 

obese rats but not in the lean counterparts.331 

 In 1963 Randle et al. published an article in The Lancet regarding competition of 

Coenzyme-A particles from beta oxidation and glycolysis stating free fatty acids (FFA) 

from beta oxidation override the kreb cycle thus reducing the reaction from pyruvate to 

Acetly-CoA resulting in decrements in glucose oxidation.  This inhibitory effect on 

glycolysis down-regulates PDH in mammals.332  Since it is known obese individuals 

manifest with intracellular fat stores, the Randle hypothesis provides some explanation to 

the alterations in low ventilatory RQ in obese individuals 333 but higher RQ values from 

the leg RQ values reported by Kelley et al. 317,334 The evidence is based on lactate 

buffering and CO2 production from lactate, which would accumulate when pyruvate 

cannot be converted to Acetyl-CoA and shuttled into the mitochondrial matrix by 

carnitine acetyltransferase (CrAT) which is also reported as deficient in obese 

individuals.319  More importantly these intracellular changes in diabetes have reported to 

alter O2 utilization during contractions.335 

 Exercise training used to perturb the anaerobic systems specifically also report 

significant increases in these enzyme levels and activities and overall cellular function.  

HIIT and Sprint Interval Training (SIT) protocols have reported significant increases in 

O2 extraction, fatigue resistance, COX proteins, CS, muscle glycogen, succinate 
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dehydrogenase, hormone sensitive lipase, CPT, SIRT, Malate Dehydrogenase and 

decreased time constant slow component, mean response time and blood lactate.326,329,336–

343 

Myoglobin 

 Myoglobin is a small tertiary protein with 150 amino acids producing 8 alpha 

helices around an iron group totaling approximately 300 angstroms in length and 

hydrophobic bonds between the G and H helices.344–346  Myolobin is an oxygen 

transporter and intracellular oxygen storing molecule with a higher affinity for O2344,345 

therefore producing an environment that increases solubility of O2 and facilitates O2 

diffusion.347  Furthermore, Ramanathan et al. (2012) investigated myoglobin and lactate 

providing evidence of lactate decreasing oxymyoglobin content thus increasing the 

pressure gradient for O2 diffusion. Moreover, oxymyoglobin is an oxygen scavenger and 

when myoglobin becomes deoxygenated the nitric oxide is then available to facilitate 

precapillary sphincter opening resulting in increased bulk flow to the working tissues.347  

Rassaf et al. (2007), in myoglobin knockout mice, reported decreased coronary perfusion 

when nitric oxide was infused into the myocytes resulting in a conversion of 

oxymyoglobin to ferric myoglobin.348  During acute activity upwards of 5 fold increases 

in heart rate, myoglobin concentrations maintained half saturation349and blood perfused 

heart muscle maintained saturation during 8 fold increases in HR.350 

Blood changes 

 Considering the central and peripheral adaptations are accompanied by 

intramuscular (or cellular) adaptations there are also adaptations to the circulatory system 

that must be accounted for.  Exercise training has shown to increase overall blood 
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volume, and blood flow and distribution.351  Sawka et al. reported a 12 to 20% increase in 

plasma volume after 3-5 weeks of training352 which is associated with circulatory reserve, 

end-diastolic volume, stroke volume and oxygen transport.295,300  These intravascular 

volume changes lead to several of the cardiac changes already addressed.  The increased 

plasma volume from training353 facilitates preload and left ventricular end diastolic 

volume leading to an increased stroke volume and VO2 max.  Specifically, Hagberg et al. 

(1998), in a cross-sectional design, investigated older male athletes and older lean but 

sedentary men.  The article reports  significantly different relative VO2 max and VO2 

max expressed per unit fat free mass, plasma volume, red cell volume, total blood volume 

and the same volumes when expressed per unit fat free mass.300  These reported blood 

volume alteration, when correlated to stroke volume and normalized for body weight, 

reported R2 values of 0.6 when using total blood volume and fat-free mass.  Lastly, 

increased blood expansion has also correlated well with increased pericardial compliance 

facilitating ventricular expansion.299 

The extension of these cellular alterations can be seen in the work done by 

Barstow et al. (1999) where investigations of fiber typing and aerobic capacity were 

completed.  These report higher amplitude of O2 cost per watt of exercise, over time, and 

a smaller mean response time in individuals characterized of a higher percentage of slow 

twitch fibers or aerobic capacity.  Using linear correlation to assess the gain (ΔVO2/ΔW), 

multiple linear regression to determine independent contributions of fiber type and linear 

regression and then one way ANOVA to  compare the gain on the three slopes ( 1<LT, 

2>LT, 3 entire slope) provided correlations of R=0.84 and R=0.82 for S2 and S1, 
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respectively.354 These results, using multiple linear regression, did not add significance 

improvement when peak VO2 was added to the formula.  Furthermore, extending cellular 

research to organism level outcomes, Davies et al. (1981) studied mitochondrial muscle 

and whole body respiration in rats following 10 weeks of endurance training and reported 

increased mitochondrial content of the muscle with a near 100% increase in absolute 

tissue oxidative capacity, which was accompanied by citric acid cycle enzymes.302  

Following this study, Davies et al. (1982) reported the effects of mitochondrial 

bioenergetics, oxygen supply and work capacity during iron deficiency, which resulted in 

significant anemia, muscle myoglobin and cytochrome C depletion, and revealed higher 

R values during iron deficiency, lower VO2 max, lower maximal speed and endurance 

time.303 Day 0(baseline) reported a 93% reduction in endurance capacity which did not 

significantly improve until day 5 of repletion.  

The effects of blood volume on overall cardiac performance has shown to 

increase central venous pressure but no change in cardiac output or stroke volume during 

maximal work in non-athletes355 but an increase in cardiac output in trained 

individuals.299 Kanstrup et al. reported a 20% increase in stroke volume and 13% increase 

in maximum cardiac output when 700 milliliters of plasma expansion was applied.  The 

change in stroke volume, after volume expansion, reported a strong linear relationship 

with an R2 value of 0.49.199  Moreover, this interaction of blood expansion and stroke 

volume has been associated with left ventricular end-diastolic load leading to an 

increased pericardial compliance356 thus facilitating the Frank-Starling mechanism. 
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Considering the aforementioned alterations it is sufficient to state there are three 

primary adaptations to exercise training which are the delivery of blood both centrally 

and peripherally, the intramuscular adaptations facilitating substrate utilization and the 

medium in which O2, CO2 and waste products can travel, which can be subdivided into 

several areas of research for investigators.  Their individual contribution to exercise 

performance is virtually impossible to quantify due to how many factors exercise 

influences. These responses to exercise are extremely valuable to a Rehabilitation 

Scientist as many of them work between impairments and functional limitations and these 

measures infer to this causal link. 

Spinal Cord Injury 

Individuals with incomplete Spinal Cord Injury (iSCI), classified as AIS C and D 

motor incomplete, may provide an adequate model to study the control of resting 

ventilation, exercise hyperpnea and compensatory ventilatory control strategies.  iSCI 

present altered function both centrally and peripherally.  Central factors include 

impairments within the pulmonary system2,6,11 and cardiovascular 357 as the peripheral 

factors include the muscular system,358 and substrate metabolism/bioenergetics.359  

Muscle function and bioenergetics are variables which influence venous return and 

venous blood gas tensions and therefore may influence V/Q ratios. The impaired systems 

manifest from a “filtering” effect of the spinal cord lesion resulting in an inability to 

activate desired effectors. 

Spinal cord lesions continue to produce ambiguous organ system level alterations 

for the same documented injury. However, decreased heart rate, oxygen pulse, heart rate 

variability and ventilation357,360,361 are well reported.  West et al.(2012), in a systematic 
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review of cardiovascular function in iSCI, reported equivocal evidence in individuals 

with complete/incomplete and acute/chronic SCI.  Acute complete injuries report 

bradycardia and electrocardiogram (ECG) abnormalities which are somewhat mitigated 

by an incomplete injury.  Chronic SCI has limited evidence suggesting mitigation of 

cardiovascular changes is proportional to the percent completeness of the injury.  

 However, if stratified for the percent of autonomic completeness, there is 

stronger support for mitigation of cardiac dysfunction.357  For example, Bernard et al. 

(2000) investigated lesion level on cardioventilatory adaptations in wheelchair athletes 

with high and low paraplegic injuries during exercise and reported higher heart rate and 

minute ventilation in the high paraplegic injuries when compared to low paraplegic 

injuries.13  Additionally, lesion completeness and injury level report high percentages of 

orthostatic hypotension with cervical complete reporting 88% compared to low thoracic 

which reported 18% experiencing orthostatic hypotension.362 

Paralysis may also lead to venous pooling and subsequently reduced cardiac 

output.  Individuals with motor complete injuries at the C5-C6 level, compared to able-

bodied individuals, have significantly reduced left atrium, left ventricular end-diastolic 

volume, left ventricular end-systolic volume and left ventricular mass index (g/m2).363 

Nash et al. (1991), reported cardiac atrophy, and the response to exercise, in 8 chronic 

complete quadriplegic males after before and after functional electrical stimulation (FES) 

training.  The data reported a significant increase in internal dimensions in the left 

ventricle, interventricular septum and overall left ventricular mass.364 In 2012, West et 

al., using support from aforementioned studies, investigated resting cardiopulmonary 
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parameters in athletes with injuries resulting in paraplegia to able-bodied individuals.  

This study reported significant decreases in left ventricular internal diameter in systole 

and diastole, end diastolic volume, left ventricular mass, cardiac output, stroke volume, 

and ejection fraction.365   

Specific to the pulmonary system are two major alterations after spinal cord 

injury; chest/lung wall compliance and neuromuscular communication.  Lung capacity 

and FVC impairments are well documented using spirometry 2,6,288 and individuals with 

iSCI and pulmonary dysfunction report paradoxical chest and abdominal wall 

movement3,4,8 43 increased expansion of the abdominal cavity compared to the lower rib 

cage. The increased expansion of the abdominal cavity compared to lower rib cage 

expansion causes a decrease in transdiaphragmatic pressure, compensating for the 

inability to maintain VT from remaining innervated ventilatory muscles.  The altered 

abdominal pelvic cavity mechanics results in a compensatory cranial/caudal movement of 

the rib cage to maintain ventilation.3  Changing posture from upright to supine has shown 

to re-establish transdiaphragmatic pressure and increase VT in iSCI.202  Moreover, 

abdominal bracing and water immersion perturbations have also shown to increase lung 

volumes, through re-establishing transdiaphragmatic pressure and abdominal 

compliance.244,366,367 Other perturbations, such as bronchial dilators, have been used to 

decrease airway resistance and increase lung volumes in SCI.9,256,259,368 

The effect of spinal cord lesion and pulmonary/chest wall mechanics is well 

documented and is a result of the damage neuroanatomy.  The major inspiratory and 
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expiratory muscles and their accompanied vertebral column pathway can be reviewed in 

Table XX.6 

These adaptations to reduced neurological communication are tightly coupled 

with the remaining innervated musculature.  The control of tidal volume (VT) is primarily 

driven by activation of the diaphragm via the phrenic nerve; which is potentially impaired 

if the lesion is between the C3-C5 vertebral spaces.6  Individuals with C1 (quadriplegics) 

on a paced diaphragm reported phrenic nerve activation as a major contributor (yet 

needed more assistance) to rib cage motion.  In these individuals supine position 

increased VT and decreased the anterior-posterior and lateral dimensions of the rib cage.8  

Injuries resulting in tetraplegia, and no intercostal EMG activity, facilitated upper rib 

cage collapse and reduced lower rib cage expansion.4  C1-C2 transection during free 

breathing also exhibited increased belly excursion and inward movement of the rib cage, 

increased sternocleidomastoid, trapezius and platysma muscle EMG with increased 

cranial movement of the upper rib cage3 while C5-C7 level injuries results in reduced 

lung volumes and reduced transdiaphragmatic pressure when no EMG was recorded in 

the 3rd and 4th intercostal space.8 The reduced transdiaphragmatic pressure was associated 

with a reduced forced expiratory volume, functional residual capacity and total lung 

capacity.  The cranial/caudal movement of the rib cage, and increased belly excursion, 

may be an adaptation aimed towards maintaining alveolar ventilation.  However, if the 

expiratory muscles, mainly abdominals, are weak then over inflation of the lungs may 

occur.  The over inflation is problematic as the reported VE and VT may report similar 

values.  Moreover, hyperinflation and thus larger VT may cause additional lung damage.76 
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However, pulmonary performance as measured by VE is less well documented.  

VE has been reported as no different compared to controls (5.8 vs 6.6 L/min),10 and lower 

(6.4 vs 11.3 L/min) with impaired VT (600ml vs 900ml).11  In a study investigating high 

and low paraplegic injuries there was no change in VE at submaximal or maximal 

exercise yet significant changes in breathing frequency (Bf), the respiratory cycle, VT, and 

inspiratory time/ respiratory cycle (Ti/TTOT) illustrating high paraplegics maintained 

higher Bf and Ti/TTOT and lower VT.13 

Blood gas homeostasis is pivotal for optimal organism function.  To maintain 

blood gas homeostasis ventilation and pulmonary perfusion (V/Q), or more specifically 

alveolar ventilation and perfusion (VA/Q), needs to be appropriately matched to facilitate 

external respiration.  It is now well known vascular structure is the primary determinant 

of pulmonary perfusion,169 and bronchial geometry is the primary determinant for 

ventilation,168 therefore functional control of these systems must be adequate to produce 

the movement of their respected mediums through their anatomical networks.  The 

cardiopulmonary coupling is extremely complex but it is known impaired cardiac 

function results in impaired pulmonary blood flow and excessive ventilation.60  SCI, 

below the level of the lesion, is known to present with vascular dysfunction, blood 

pressure oscillations and vascular degeneration.59,369 

Due to the known organ system adaptations after spinal cord injury it is easy to 

see how a reduced cardiac output (pulmonary perfusion), potentially impaired ability to 

inspire and/or expire (Table 12), overall lung capacity, uncoupled rib cage mechanics, 

and altered autonomic control could lead to transient times of VA/Q mismatching thus 
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alterations in VD/VT in SCI.  This is an important distinction due to the lack of details and 

investigation into how the pulmonary system functions of transient times of activity and 

the absent data on direct measures of altered dead space in spinal cord injury as altered 

blood gas homeostasis is known to alter bioenergetics in humans305 and subsequent 

physical performance.370 

 It is clear spinal cord injury may be an adequate model for studying the control of 

ventilation at rest and exercise due to the lesion’s effect on the mechanical, neurological 

and parenchymal variables affecting ventilation.  If one assumes the central hypothesis, 

under the optimization theory137 of constant efferent flow being governed by a respiratory 

controller aiming to reduce the conflicting chemical homeostasis and mechanical cost of 

breathing, then one would require a functional model with high degrees of variability 

within cardiopulmonary function.  

iSCI may represent with vastly different effects on multiple systems.  However, 

the reduced lung volume capacity, increased cost of breathing, and cranial-caudal rib 

cage expansion is well documented as well as cardiovascular alterations.  Considering 

V/Q is a phenomena observed resulting from the two systems working in a synchronized 

pattern, if either system is altered the result may be higher variability of V/Q and 

subsequent VD/VT.  There is growing evidence supporting VD or VD/VT as a potential 

stimulator of ventilation. Therefore, while accepting the optimization theory as a central 

hypothesis, iSCI may be a sufficient functional model to study how respiratory 

mechanics and VD/VT influence the control of ventilation and exercise hyperpnea when 

an injury is sustained in the C3-C5 regions.
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Figure 3: Difference in RPE Following OLT 
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Figure 4: Difference in VE Variability Following OLT 

 

 

 

 

 

-5

-4

-3

-2

-1

0

1

2

3

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

D
if

fe
re

n
ce

 in
 V

E 
V

ar
 (

A
U

)

Minutes

Participant 4

Participant 5

Participant 6

Participant 7

Participant 8



 

  

1
0

2 

Figure 5: Difference in VT Variability Following OLT 
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Figure 6-11: RPE(A), VE Variability (B) and VT Variability (C) before and after OLT 

Figure 7: Participant 4 
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Figure 7: Participant 5 
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Figure 8: Participant 6 
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Figure 9: Participant 7 
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Figure 10: Participant 8 

 

 

 

 

 

 

 

 

 

Figure 7-11: Participants are represented in rows as the columns represent by the letters A, B and C. A= RPE, B=VE Variability, C= VT 

Variability. Diamonds are Pre-Test and Squares are Post-Test 
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Figure 11: VE and VT Slope Stability during Protocol 1 

 

 

Figure 12: VE and VT Slope coefficients calculated over 2 minute periods. PRE= Pre-OLT, 

POST= Post OLT. 1= Minutes 2-4, 2=Minutes 4-6. *= slope was significantly different from 0. 
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Figure 12: VE Slope Stability during Protocol 2 

 

 

Figure 13: VE Slope coefficients calculated over 2 minute periods. Segment= S. 1= Minutes 2-4, 

2=Minutes 4-6, 3 and 4 are the final 2, 2-minute segments prior to volitional fatigue. 
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Figure 13: VT Slope coefficients 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: VT Slope coefficients calculated over 2 minute periods. Segment (S) 1= Minutes 2-4, 

2=Minutes 4-6, 3 and 4 are the final 2, 2-minute segments prior to volitional fatigue. 
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