
NRD & breathlessness during exercise in COPD JOLLEY online supplement 200814 

 1

NEURAL RESPIRATORY DRIVE AND BREATHLESSNESS IN CHRONIC 

OBSTRUCTIVE PULMONARY DISEASE: ONLINE DATA SUPPLEMENT 

 

Methods 

Diaphragm EMG recordings 

EMGdi was recorded continuously throughout exercise on day 2 using a multipair oesophageal 

electrode to record the crural diaphragm EMG as previously described [1]. All EMG signals were 

amplified and band-pass filtered between 10 Hz and 3 kHz (Biomedical amplifier Pclab-3808, 

Guangzhou Yinghui Medical), and acquired and digitized using a Powerlab analog-to-digital 

converter running Chart software (version 5.4.2 ADInstruments Pty Ltd, Castle Hill, Australia). The 

sampling frequency was 1kHz. The recordings were stored for off-line analysis following post-

acquisition band-pass filtering between 20Hz and 1kHz using Chart software.  

 

The raw EMGdi signal was converted to root mean square (RMS) (Powerlab Chart v5.4 software, 

ADInstruments), using a time constant of 50 ms and a moving window. The maximum root mean 

square (RMS) EMGdi value during 100ms subdivisions of each breath was determined, manually 

excluding EMG signals contaminated by the ECG artefact from the analysis. The mean maximum 

RMS EMGdi per breath (EMGdi,br) over the final 30-seconds of each one minute of rest and exercise 

was calculated. These values were assigned as representative of that minute (30s – 1 min = minute 

1, 90s – 2 minutes = minute 2, etc). If the exercise was terminated at a time other than a round 

minute of exercise, the mean values over the 30 seconds immediately before the peak exercise time 

were calculated. EMGdi,br was normalised to the peak RMS EMGdi activity recorded during 

inspiratory manoeuvres performed before exercise (inspiration to TLC from FRC, maximum sniff 

from FRC, PImax manoeuvre from FRC and sprint MVV over 15 seconds), during performance of 

IC manoeuvres at end exercise, and during breaths taken during the exercise protocols. This value 

was termed EMGdi%max. 
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Exercise protocols 

The cycle exercise protocol consisted of 3 minutes rest seated on the cycle, followed by 3 minutes 

unloaded pedalling and 10W increases in workload every 3 minutes until symptom limitation. The 

treadmill exercise protocol consisted of 3 minutes standing at rest, 3 minutes walking at 1km/h on 

the flat, thereafter increasing the incline by 2% every 3 minutes. Treadmill speed was increased to 

2km/h at 12 minutes and by 0.5 km/h every 3 minutes thereafter (i.e. a modified Balke protocol 

[2]). Borg breathlessness and leg fatigue scores were assessed at baseline, at the end of each minute 

of exercise and at the time of symptom limitation in both protocols.  

 

EMG, metabolic and cardiorespiratory data were averaged over 30 second time periods. Group data 

were reported at each 20% epoch of exercise time (i.e. from the end of the rest period onwards) to 

study patterns of increases in variables during each form of exercise. 20% epochs were chosen 

because these were the smallest divisions that could be analysed to give representative data for the 

whole group, given the relatively short exercise times of which some patients were capable. Two 

patients exercised for less than 5 minutes on the treadmill. For these patients the 0%, 40%, 80% and 

100% treadmill exercise epochs were reported to ensure that important data-points were represented 

i.e. at the start and end of exercise, mid exercise (40%) and after the onset of neuromechanical 

dissociation (80%). The 20% epochs in these patients were short (around 1 minute long). 

 

Calculation of EMGdi%index and EMGdi%max*RR 

EMGdi%max is a measurement of EMGdi activity per breath and does not take into account changes 

in inspiratory time or respiratory rate that occur as a consequence of changes in breathing pattern as 

neural respiratory drive increases. The product of EMGdi%max, mean inspiratory time per breath 

and mean respiratory rate was calculated to provide an index of EMGdi activity over each minute 

(“EMGdi%index”). This is conceptually similar to the diaphragm pressure-time-product [3]. The 
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product of EMGdi%max per breath and respiratory rate (EMGdi%max*RR) was calculated as the 

correlate of “neural respiratory drive index (NRDI)”, the product of parasternal intercostal muscle 

EMG activity % maximum and respiratory rate, which our group has recently reported to correlate 

well with changes in Borg breathlessness during acute exacerbations of COPD [4].  
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Results 

Symptoms, ventilation, metabolic data and EMGdi activity before exercise and at the point of 

symptom limitation during cycle and treadmill exercise are shown in table S1.  

 

 Before exercise End-exercise 

 Cycle Treadmill p Cycle Treadmill p 

Work (W)    30 (20 to 47.5)   

Exercise time 

(minutes) 

   10.7 (8.1 to 

16.8) 

12.2 (6.6 to 

14.0) 

0.7 

Borg 

breathlessness 

0 (0 to 0.5) 0 (0 to 0.38) 0.3 8 (5 to 10) 7.5 (7 to 10) 0.5 

Borg leg fatigue 0 (0 to 0) 0 (0 to 0) 0.8 5 (4.25 to 

8.75) 

7.5 (3.25 to 

9.75) 

0.2 

VE (l/min) 10 (8.9 to 

10.7) 

9.7 (8.3 to 

10.9) 

0.6 23.7 (18.5 to 

29.4) 

20.6 (18.6 to 

27.2) 

0.05 

IC (l)  1.8 (1.5 to 

1.9) 

1.7 (1.5 to 2.1) 0.3 *1.39 (1.0 to 

1.98) 

**1.34 (1.20 

to 1.68) 

1.0 

ΔIC (pre – post 

exercise)  (ml) 

   270.0 (100.0 

to 440.0) 

330.0 (130.0 

to 480.0) 

0.5 

VO2 

(ml//kg/min) 

3.5 (3.2 to 

4.3) 

3.5 (3.1 to 4.4) 1.0 12.8 (9.8 to 

14.1) 

11.2 (8.1 to 

12.9) 

0.3 

VCO2 

(ml/kg/min) 

3.6 (3.0 to 

4.0) 

3.4 (3.3 to 3.7) 0.6 12.3 (10.0 to 

15.3) 

10.7 (8.9 to 

12.4) 

0.1 

RER  1.0 (0.9 to 

1.1) 

1.0 (0.9 to 1.0) 1.0 1.0 (0.92 to 

1.06) 

0.96 (0.89 to 

1.02) 

0.01 

O2 saturation (%) 96.2 (95.1 to 

97.0) 

95.4 (94.1 to 

96.9) 

0.1 92.3 (90.9 to 

94.5) 

90.6 (87.8 to 

94.0) 

0.04 

ti/ttot % 34.1 (32.2 to 

35.3) 

33.9 (31.2 to 

35.5) 

0.9 33.7 (29.2 to 

34.4) 

35.0 (33.3 to 

36.7) 

0.002 

RR/minute 21.0 (14 to 18.8 (13.7 to 0.2 28.8 (26.9 to 27.9 (23.5 to 0.6 
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 Before exercise End-exercise 

 Cycle Treadmill p Cycle Treadmill p 

23.7) 23.1) 34.4) 36.3) 

VT (ml) 476.6 (426.6 

to 607.2) 

487.3 (434.5 to 

609.5) 

0.4 789.1 (645.4 

to 1008.0) 

740.5 (618.8 

to 882.1) 

0.09 

VT%VCpred 15.7 (13.1 to 

16.8) 

15.7 (12.5 to 

20.0) 

0.6 23.6 (20.4 to 

33.7) 

22.8 (19.7 to 

30.1) 

0.1 

EMGdi%max 16.9 (14.3 to 

20.6) 

17.9 (12.8 to 

23.9) 

0.3 73.3 (60.6 to 

77.4) 

69.9 (54.0 to 

76.3) 

0.3 

EMGdi%max/ 

VT%VCpred  

(a.u.) 

1.05 (0.94 to 

1.31) 

1.09 (0.74 to 

1.64) 

0.7 2.86 (2.06 to 

3.83) 

2.68 (1.87 to 

4.01) 

0.7 

Table S1: Symptoms, ventilation, metabolic data, diaphragm EMG activity and 

neuroventilatory uncoupling (EMGdi%max/VT%VCpred) at rest before cycle and treadmill 

exercise, and at end-exercise. (Data shown are median (interquartile range)). * indicates a 

significantly lower IC after cycle exercise compared to the IC before cycle exercise (p=0.004). 

** indicates a significantly lower IC after treadmill exercise compared to the IC before 

treadmill exercise (p=0.0008). 

Abbreviations: VE = minute ventilation, IC = inspiratory capacity, VO2 = rate of oxygen 

uptake, VCO2 = rate of CO2 elimination, RER = respiratory exchange ratio, ti/ttot% = ratio of 

inspiratory time to total breath duration (expressed as a percentage), RR = respiratory rate, 

VT = tidal volume, VT%VCpred = tidal volume expressed as a percentage of predicted vital 

capacity, EMGdi%max = mean root mean square diaphragm electromyogram (RMS EMGdi) 

activity per breath, expressed as a percentage of maximum RMS EMGdi recorded during 

maximal inspiratory manoeuvres. 

 

Pattern of increases in breathlessness during cycle and treadmill exercise 

The pattern of increase in breathlessness was similar for cycle and treadmill exercise. After a 

positive inflection point from low levels of breathlessness early in exercise (cycle: 30% (20% to 

40%) of exercise time, from Borg 0.25 (0 to 1); treadmill: 40% (20% to 40%) of exercise, from 

Borg 0.5 (1 to 3)), breathlessness increased approximately linearly with time to reach similar levels 
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of breathlessness at the point of symptom limitation (cycle: Borg 7 (5-10), treadmill: Borg 7.5 (7-

10). This positive inflection point was termed the “breathlessness threshold”. Data from an 

individual to illustrate the concept of the breathlessness threshold, and group breathlessness data, 

and are shown in figures S1 and S2. 

 

Pattern of increases in ventilation, neural respiratory drive and NVU during cycle and 

treadmill exercise 

Overall, VE, and EMGdi%max increased approximately linearly with time. Tidal volume expressed 

as a % of predicted vital capacity (VT%VCpred) initially increased linearly but reached a plateau at 

40% of cycle exercise time, and 60% of treadmill exercise time, (figures S3a and S3b)). 

EMGdi%max/VT%VCpred was significantly higher at 100% exercise time compared to baseline 

(0% exercise time) for both exercise modalities (table S1, p<0.001). Together these data indicate 

that NVU progressed during both cycle and treadmill exercise, becoming more pronounced over the 

latter 40-60% of exercise time. 

 

Relationships between EMGdi%max, ventilation and breathlessness during cycle and 

treadmill exercise 

Breathlessness was closely related to EMGdi%max in individual patients during both forms of 

exercise (cycle: median Spearman coefficient r=0.98 (0.94-0.99), p=0.002; treadmill: r=0.94 (0.83-

0.97), p=0.008 (figures S4a) and S4b). During both forms of exercise the correlation between 

EMGdi%max and breathlessness was at least as strong as correlations between breathlessness and 

EMGdi%max/VT%VCpred, VE and VT%VCpred (table S2).  
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 Spearman coefficient 

median IQR p 

Cycle EMGdi%max 0.98 0.94 to 0.99 0.0001 

 EMGdi%max/VT%VCpred 0.94 0.84 to 0.99 0.005 

 VE 0.96 0.93 to 0.99 0.003 

 VT%VCpred 0.90 0.67 to 0.96 0.01 

     

Treadmill EMGdi%max 0.94 0.83 to 0.97 0.005 

 EMGdi%max/VT%VCpred 0.91 0.84 to 0.97 0.01 

 VE 0.94 0.86 to 0.97 0.004 

 VT%VCpred 0.84 0.57 to 0.91 0.11 

 

Table S2: Median and inter-quartile range (IQR) of the Spearman coefficient and p values for 

correlations between Borg breathlessness, EMGdi%max, EMGdi%max/ VT%VCpred and 

ventilation during cycle and treadmill exercise. 

 

A plateau in ventilation, defined as less than a 10% increase in VE, occurred in 7/12 patients during 

cycle exercise between 60% to 80% exercise time, and in 4/12 patients during treadmill exercise 

between 80% to 100% exercise time. This resulted in breathlessness increasing despite very little 

incremental change in VE, whereas EMGdi activity continued to increase, leading to better 

discrimination between successive Borg scores using EMGdi%max (figure S5). 

 

 

EMGdi%max, ventilation and breathlessness relationships during cycle and treadmill exercise 

after the “breathlessness threshold” 
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For each normalised variable except VT%VCpred, the slope of the relationship with breathlessness 

was significantly greater after the breathless threshold than before (table S3). After the 

breathlessness threshold, the slope of normalised EMGdi%max and breathlessness relationship was 

significantly less than the slope of the normalised VE and breathlessness relationship (cycle: 5.7 (3.0 

to 6.6) vs 10.4 (7.0 to 19.8), p=0.0005; treadmill: 9.1 (5.1 to 12.0 vs 14.9 (8.7 to 24.5), p=0.04). 

There were no significant differences between the slopes of the relationships between Borg 

breathlessness and EMGdi%max after the breathlessness threshold when cycle and treadmill 

exercise were compared (p=0.17). 

 

Borg breathlessness tended to higher values at the breathlessness threshold during treadmill exercise 

(cycle: 0.25 (0 to 1), treadmill: 1 (0.13 to 1.75), p=0.09) and EMGdi%max, 

EMGdi%max/VT%VCpred were correspondingly higher at the breathlessness threshold during 

treadmill exercise. There were no differences between %exercise time, VE or VT%VCpred (table 

S4). 
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  VE  VT%VCpred EMGdi%max EMGdi%max/VT%VCpred 

Cycle Before 0 (0 to 2.3) 0 (0 to 2.6) 0 (0 to 0.9) 0 (0 to 1.2) 

 After 10.4 (7.0 

to 19.8) 

9.9 (4.1 to 

31.5) 

5.7 (3.0 to 

6.6) 

6.5 (4.7 to 15.2) 

 p 0.0005 0.1 0.0005 0.0005 

      

Treadmill Before 1.5 (0.2 to 

4.7) 

1.5 (0 to 4.0) 1.1 (0.2 to 

2.0) 

1.7 (0.2 to 2.5) 

 After 14.9 (8.7 

to 24.5) 

11.1 (2.2 to 

31.4) 

7.9 (5.7 to 

12.5) 

9.6 (6.7 to 13.3) 

 p 0.002 0.1 0.0005 0.002 

 
Table S3: Slopes of the relationship between breathlessness and VE, VT%VCpred, 

EMGdi%max and EMGdi%max/VT%VCpred after the breathlessness threshold during cycle 

and treadmill exercise. 

 



 

10 
 

 %exercise time Borg breathlessness VE (L/min) VT%VCpred EMGdi%max EMGdi%max/VT%VCpred 

(a.u.) 

Cycle 30 (20 to 40) 0.25 (0 to 1) 14.8 (11.6 to 16.8) 21.2 (18.6 to 

24.8) 

27.4 (22.3 to 

43.1) 

1.5 (1.1 to 2.2) 

Treadmill 40 (20 to 40) 1 (0.13 to 1.75) 15.8 (13.7 to 18.2) 20.6 (16.1 to 

25.7) 

42.9 (24.3 to 

55.1) 

2.0 (1.2 to 2.7) 

p 0.5 0.09 0.5 0.7 0.02 0.04 

 

Table S4: EMGdi%max, EMGdi%max/VT%VCpred, ventilation and breathlessness at the breathlessness threshold 
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Pattern of increases in EMGdi%index and EMGdi%max*RR during cycle and 

treadmill exercise 

EMGdi%index and EMGdi%max*RR increased approximately linearly with time 

during both forms of exercise (figures S6a and S6b). There were no significant 

differences in baseline or end-exercise EMGdi%index or EMGdi%max*RR values 

when cycle and treadmill exercise were compared (tables S5a and S5b,). 

 

 

 Cycle Treadmill p 

EMGdi%index (a.u./min)  350.0 (247.5 to 433.3) 328.7 (240.8 to 468.8) 0.4 

EMGdi%max*RR 

(a.u./min) 

322.2 (250.8 to 442.8) 373.4 (221.9 to 439.8) 0.79 

 
Table S5a) 
 

 Cycle Treadmill p 

EMGdi%index (a.u./min)  1210.0 (1110.0 to 

1600.0) 

1370.0 (974.5 to 

1710.0) 

1.0 

EMGdi%max*RR 

(a.u./min) 

2156.0 (1645.0 to 

2405.0) 

1808.0 (1506.0 to 

2366.0) 

0.34 

 
Table S5b) 

 
Tables S5a) and S5b): Diaphragm EMG activity expressed as EMGdi%index 

(a.u./min) and EMGdi%max*RR (a.u./min) at the start (table S5a) and end (table 

S5b)) of cycle and treadmill exercise. (Data shown are median (interquartile 

range)). 
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Relationships between EMGdi%index, EMGdi%max*RR and breathlessness 

during cycle and treadmill exercise 

Breathlessness was closely related to EMGdi%index and EMGdi%max*RR in 

individual patients during both forms of exercise (see tables S6a) and S6b) and figures 

S7a), S7b), S8a) and S8b)). As with the EMGdi%max-breathlessness relationship, the 

relationships were flat for the first 20% of exercise time with breathlessness 

increasing little with increases in EMGdi activity, and then became steeper and 

approximately linear until peak breathlessness was reached, mirroring the pattern of 

increase in breathlessness with time.  
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Table S6a) 

Cycle Spearman coefficient  

 median IQR p 

EMGdi%max 0.98 0.94 to 0.99 0.0008 

EMGdi%index 0.97 0.94 to 0.99 0.001 

EMGdi%max/VT%VC 0.94 0.87 to 0.99 0.005 

EMGdi%max*RR 0.96 0.94 to 0.99 0.005 

 

Table S6b) 

Treadmill Spearman coefficient  

 median IQR p 

EMGdi%max 0.94 0.83 to 0.97 0.005 

EMGdi%index 0.95 0.84 to 0.99 0.004 

EMGdi%max/VT%VC 0.91 0.84 to 0.97 0.01 

EMGdi%max*RR 0.98 0.94 to 0.99 0.001 

 

Tables S6a) and S6b): Median and inter-quartile range (IQR) of the Spearman 

coefficient, and p values for correlations between breathlessness and 

EMGdi%max, EMGdi%index, EMGdi%max/ VT%VCpred and 

EMGdi%max*RR during cycle exercise (table S6a)) and treadmill exercise (table 

S6b)). 
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Discussion 

The principal finding of this study is that neural respiratory drive, quantified as 

EMGdi%max is closely related to breathlessness during cycle and treadmill exercise in 

COPD. The relationships between EMGdi%max and breathlessness are consistent 

between exercise modalities in individual patients. Increases in EMGdi%max 

discriminate better between successive Borg breathlessness scores than increases in 

ventilation, particularly in patients exhibiting significant neuroventilatory uncoupling.  

 

A median Spearman coefficient (r) of >0.9 indicates a strong relationship between 

breathlessness and all calculated indices of EMGdi activity or neuroventilatory 

uncoupling. It seems that in terms of capturing physiological changes important to the 

perception of breathlessness, relatively little is gained over EMGdi%max alone by 

combining EMGdi%max per breath with indices of inspiratory time or respiratory rate.  
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Figures 

Figure S1 

 
Figure S2 
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Figure S3a 

 
Figure S3b) 
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Figure S3c) 

 

Figure S3d) 
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Figure S4a) 

 
Figure S4b) 
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Figure S5 
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Figure S6a) 

 

Figure S6b) 
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Figure S7a) 

 
Figure S7b) 
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Figure S8a) 

 
Figure S8b) 
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Figure legends (online data supplement) 

Figure S1: An example of the pattern of increase in breathlessness during 20% epochs 

in total cycle exercise time, in a single COPD patient. This illustrates the concept of 

the “breathlessness threshold” at the point of the positive inflection point in the 

breathlessness-time relationship (indicated by the arrowhead). 

 

Figure S2: Increases in Borg breathlessness during 20% epochs of cycle and treadmill 

exercise time. Data-points are median and interquartile range of the whole patient 

group. 

 

Figures S3a) to S3d): VT%VCpred, EMGdi%max and VE during 20% epochs of cycle 

(S3a) and S3c)) and treadmill (S3b) and S3d)) exercise time. Data-points are median 

and interquartile range. (Abbreviations are defined in the legend for table S1).  

 

Figures S4a) and S4b): EMGdi%max-breathlessness relationships during 20% epochs 

of cycle (figure S4a) and treadmill (figure S4b) exercise.  

 

Figure S5: Increases in EMGdi%max and minute ventilation (VE) relative to Borg 

breathlessness in a single COPD patient exhibiting significant neuroventilatory 

uncoupling during cycle exercise. Note that in contrast to EMGdi%max, 

breathlessness increases with very little incremental change in VE.  

 

Figures S6a) and S6b). EMGdi%index and EMGdi%max*RR during 20% epochs of 

cycle and treadmill exercise time. Data-points are median and interquartile range. 

 

Figures S7a) and S7b): EMGdi%index-breathlessness relationships during 20% 

epochs of cycle and treadmill exercise. 

 

Figures S8a) and S8b): EMGdi%max*RR-breathlessness relationships during 20% 

epochs of cycle and treadmill exercise. 

 

 


