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Introduction: Specific resistance (SRaw) measurements in Chronic Obstructive Pulmonary Disease (COPD) patients may be 
performed by panting or tidal breathing. The aim of this study was to compare how breathing frequency affected SRaw in COPD 
and compare different tangent plotting methods.
Methods: Fifteen COPD patients participated. Three protocols were performed: tidal 1 – spontaneous tidal breathing; tidal 2 – tidal 
breathing with a flow of ±1 L/sec; panting – 60 breaths per min. Effective (SReff), total (SRtot), ±0.5 L/s (SR0.5), and mid (SRmid) 
specific resistance were assessed.
Results: The tidal breathing protocols provided similar results. Panting resulted in higher SReff (p = 0.0002) and SRtot (p < 0.0001) 
versus tidal breathing, but not SR0.5 or SRmid. Breathing frequency did not affect intra-test variance. SReff and SRtot measurements 
were similar, and were higher than SR0.5, during tidal breathing (p = 0.0014 and p < 0.0001 respectively) and panting (p = 0.0179 and 
p < 0.0001 respectively). SRtot was higher than SRmid during tidal breathing (p < 0.0001) and panting (p < 0.0001). Intra-test variance 
of SReff and SRtot were similar and showed the lowest percent coefficient of variation during both tidal breathing and panting.
Conclusion: Panting and tidal breathing manoeuvres are not interchangeable in COPD patients. Panting widens the clubbing in the 
SRaw loop. SR0.5 and SRmid may underestimate abnormal physiology in COPD.

Plain Language Summary: The effort to breathe can be measured as specific airway resistance (SRaw), which is a measure of the 
airflow that a person can achieve. SRaw is calculated from a plotted loop, but may be affected by the way that the test is performed and 
calculated. SRaw can be measured during panting or tidal breathing, and can be calculated using different methods of plotting the SRaw 

slope. In COPD patients, we found that panting SRaw is higher than during tidal breathing, and the calculation methods that use the 
extremities of the SRaw loop give higher values and have the lowest variability. 
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Introduction
Body plethysmography is a well-established pulmonary function test, allowing measurement of specific airway resistance 
(SRaw). This sensitive method allows small changes in airway function to be measured. Resistance measurements have been 
used in clinical trials to evaluate drug effects,1 and are often used in clinical practice as part of routine pulmonary function 
testing in chronic obstructive pulmonary disease (COPD). Different methodologies exist for measuring SRaw in COPD.2

SRaw is calculated by plotting a tangent line through data from a breathing cycle, where airflow is plotted on the y-axis and 
shift volume on the x-axis, the latter being the change in volume within the plethysmograph caused by compression and 
rarefaction of thoracic gas.2 SRaw is the reciprocal gradient of the tangent line. This can be measured using either tidal breathing 
or panting, and can be affected by thermo-hygrometric artefact arising from inspiration of ambient air and exhalation of warm 
humid air.3 Shallow panting reduces this artefact by minimising the temperature difference between inspired and expired air,4 
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while also reducing upper airway resistance.5 Electronic compensation removes artefact during tidal breathing by reducing 
temperature effects on box volume, artificially closing the SRaw loops.3 Tidal breathing is also considered easier to perform and 
increases the chance of a successful test.6 In obstructive lung conditions the loop becomes more horizontal and non-uniform 
(opening at the expiratory part of the loop).7 Some COPD patients may find it difficult to pant during the manoeuvre, and it is 
important to determine whether there are differences between tidal breathing and panting in terms of SRaw loop shape.

Different SRaw calculation methods previously described are illustrated in Figure 1:3 effective SRaw (SReff) which utilises 
least squares regression of all the points in the loop; total SRaw (SRtot) which is plotted through the extremes of the x-axis loop 
values (thus defining the greatest shift volume); 0.5 L/s SRaw and mid SRaw, plotted through a flow of ± 0.5 L/s (y-axis) on the 
right side of the loop (SR0.5) or through the centre of the loop (SRmid). SReff and SRtot may result in lower tangent gradients (ie 
flatter loops) and higher SRaw values as they utilise the extremities of the loop, rather than just the portion between ±0.5 L/s.

COPD SRaw loops have a different shape compared to healthy subjects.7 It is therefore relevant to investigate whether the 
breathing technique used or the method of SRaw tangent plot influence the results obtained in COPD patients. The aim of this 
study was to investigate methodological aspects that may cause variability in SRaw measurements in COPD patients; first by 
comparing panting versus tidal breathing and second by comparing results obtained using different tangent plotting methods.

Methods
Sixteen COPD patients were recruited with post-bronchodilator forced expiratory volume in 1 second (FEV1)/forced vital 
capacity (FVC) ratio <0.7, ≥10 pack year smoking history, and no history of asthma. All patients were free from exacerbation 
within the preceding 6 weeks, and provided written informed consent using a protocol that complies with the Declaration of 
Helsinki, approved by the Greater Manchester East Research Ethics Committee (North West: 05/Q1402/41).

Patients performed plethysmography with the following breathing protocols, in a randomised order; tidal protocol 1 – 
spontaneous tidal breathing; tidal protocol 2 – tidal breathing with a flow of at least ±1 L/sec (augmented flow without 

Figure 1 Schematic example of an SRaw loop of a COPD patient with “clubbing”, showing the various methods of plotting the SRaw tangent ( ). (A) Effective 
specific resistance (SReff); (B) Total specific resistance (SRtot); (C) Specific resistance at 0.5 L/s (SR0.5); (D) Mid specific resistance at 0.5 L/s (SRmid).
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change in breathing frequency); panting protocol – panting to approximately 60 breaths per minute (1 Hz). Tidal protocol 
2 was included in case spontaneous tidal breathing (ie tidal protocol 1) did not achieve flows of 0.5 L/s, as required to 
accurately plot the tangents of SR0.5 and SRmid. Lung volumes were also measured (see Supplement and Figure S1). 
Testing was performed on the Vyntus Body system (Vyaire, Hoechberg, Germany). For tidal breathing protocols, thermo- 
hygrometric compensation was applied automatically by the device. SReff, SRtot, SR0.5 and SRmid were calculated 
automatically by the device software, using loops that were considered consistent by the operator. Spirometry (NDD, 
Zurich, Switzerland) was measured in accordance with ATS/ERS standards,8 and the COPD assessment test (CAT) and 
modified medical research council dyspnoea scale (mMRC) questionnaires were administered. All lung function 
measurements were performed post-bronchodilator to protect against altered airway calibre from repeated testing, 
maintaining consistency between tidal and panting protocols.

A sample size of 15 subjects was considered sufficient for a within-subject analysis. The median value from 5 
consecutive SRaw loops was reported, using the same loops for each method of plotting the SRaw tangent. Intra-test 
variance of each method was calculated as percent coefficient of variation (CoV) of these 5 loops. Data was assessed for 
normal distribution using D’Agostino & Pearson omnibus normality test, with any data sets containing non-normally 
distributed data assessed using non-parametric test. Comparisons between tidal breathing and panting was assessed using 
the Wilcoxon matched-pairs signed rank test for SRaw values, and paired t-test for SRaw CoV. Comparisons between the 
methods of plotting SRaw tangents was assessed using the Friedman test with Dunn’s multiple comparison test, adjusted 
for multiplicity. Analysis was performed using Prism 9 (GraphPad, CA, USA). P values <0.05 were considered 
statistically significant.

Results
Of the 16 COPD patients recruited, one patient was unable to tolerate occlusion during plethysmography, so was 
excluded from the analysis. Patient characteristics are shown in Table 1. The majority of patients were male and former 
smokers, from across all GOLD stages (FEV1 range: 28–98% predicted), with mean CAT score 16.

Table 1 Patient Characteristics

Characteristic COPD (n=15)

Sex (male/total) 10/15

Age (years) 72 [58–76]

Current smokers (n/total) 2/15
Smoking (pack years) 39 (±15)

No. of patients with 0/1 exacerbation in preceding 12 months (n) 9/6

Prescribed LABA and/or LAMA (n/total) 13/15
Prescribed ICS (n/total) 12/15

CAT score 16 (±6)

mMRC dyspnoea 1 [1–3]
GOLD Stage 1/2/3/4 (n) 2/9/3/1

FEV1% predicted 62 (±19)

FVC % predicted 99 (±13)
FEV1/FVC 0.48 (±0.12)

FEF25%-75% % predicted 26 (±18)

TLC % predicted 105 (±13)
FRC % predicted 113 (±28)

RV % predicted 118 (±40)

RV/TLC % predicted 109 (±25)

Notes: Data reported as mean (±SD) or median [IQR], where appropriate. 
Abbreviations: COPD, chronic obstructive pulmonary disease; LABA, long acting beta2 agonist; LAMA, long acting 
muscarinic antagonist; ICS, inhaled corticosteroid; CAT, COPD assessment test; mMRC, modified medical research council; 
GOLD, global initiative for chronic obstructive lung disease; FEV1, forced expiratory volume in 1 second; FVC, forced vital 
capacity; FEF25%-75% - forced expiratory flow between 25% and 75% of FVC; TLC, total lung capacity; FRC, functional residual 
capacity; RV, residual volume.
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No significant differences existed between the tidal protocol 1 and the panting protocol for lung volumes (see 
Supplement and Table S1). There was no difference in SRaw values between the two tidal breathing protocols (see 
Supplement and Table S2), so only data from spontaneous tidal breathing (tidal protocol 1) and panting (protocol 3) are 
presented. Figure 2 shows example SRaw loops for two COPD patients during tidal breathing and panting. Clubbing at 
the bottom of the loop, during expiration, was common during panting, but slightly less so during tidal breathing 
(Figure 2A). Visual inspection showed that 11 subjects had some evidence of clubbing during both tidal breathing and 
panting, and 4 subjects only during panting, although no objective definition exists for clubbing. In some but not all 
COPD patients, flattening at the top of the panting loop was noticed, indicating upper airway obstruction during 
inspiration (Figure 2B).

Comparisons between tidal breathing and panting are shown in Figure 3. Panting resulted in higher SReff and SRtot 

(p = 0.0002 and p < 0.0001 respectively), but not SR0.5 or SRmid (p = 0.15 and p = 0.76 respectively). Breathing 
frequency (ie tidal or panting) did not affect intra-test variance.

Comparisons between the methods of plotting SRaw tangents are shown in Figure 4. SReff and SRtot measurements 
were similar, and both produced higher values than SR0.5, during tidal breathing (p = 0.0014 and p < 0.0001 respectively) 
and panting (p = 0.0179 and p < 0.0001 respectively). SRtot was also higher than SRmid during tidal breathing (p < 
0.0001) and panting (p < 0.0001). There were no differences between SR0.5 and SRmid.

Comparison of the variance of the different SRaw tangents is shown in Figure 4. SReff and SRtot variance was similar 
and showed the lowest CoV. SR0.5 and SRmid were similar with significantly higher CoV compared to SReff and SRtot, 
during both tidal breathing and panting.

Figure 2 Tidal breathing and panting SRaw loops in: (A) a COPD patient with clubbing during panting only; (B) a COPD patient with clubbing during panting and tidal 
breathing. Tangent shown is SRtot. Arrows represent clubbing of the loop common in COPD (black solid arrow), and flattening at the top of the loop indicating possible 
upper airway obstruction (black outline arrow).
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Figure 3 (A) SRaw values; (B) SRaw intra-test variance (CoV). SRaw values are plotted as median (line), interquartile range (box), and range (whiskers). CoV values are 
plotted as mean (95% CI). ***p<0.001. ****p<0.0001.

Figure 4 (A) Tidal SRaw values; (B) Tidal SRaw CoV; (C) Panting SRaw values; (D) Panting SRaw CoV. SRaw values are plotted as median (IQR) and CoV as mean (95% CI). 
*p<0.05; **p<0.01; ****p<0.0001.
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Discussion
A major finding was that panting in COPD patients resulted in higher SRaw values compared to tidal breathing when using 
SReff and SRtot. It was also observed that SReff and SRtot values were higher than SR0.5 and SRmid during both tidal breathing 
and panting. SR0.5 and SRmid provided the lowest median values but also displayed the highest intra-test variance. Clubbing of 
SRaw loops is common in COPD; this study provides new information quantifying the differences in values obtained when 
different tangent plotting methods are applied to COPD SRaw loops. The results highlight significant differences that can exist 
for SRaw values in COPD patients due to either breathing frequency or the method of tangent plotting.

Tidal breathing SRaw values are known to be higher than panting values in healthy children9 and adults,5 which is likely 
due to a dilation effect of panting on structures in the extrathoracic airways.10 Panting therefore has a methodological benefit in 
reducing upper airway resistance. However, we observed higher SRaw values during panting in COPD compared to tidal 
breathing, which suggests that upper airway resistance does not constitute a significant component of total resistance in COPD. 
Upper airway resistance has been reported to represent half of the resistance in healthy volunteers, but only approximately 
20% of airway resistance in emphysema.11 Although panting is expected to reduce upper airway resistance, it appears that 
panting caused increased intrathoracic airway resistance in COPD, resulting in greater total airway resistance compared to 
tidal breathing. This can be seen by the widening of the expiratory part of the loop during panting, in addition to flattening of 
the whole loop (Figure 2). The mechanism by which panting increases SRaw values in COPD was not assessed here, but it is 
likely to result from a greater contribution of turbulent flow to airway resistance.12 Additionally, panting is likely to expose the 
distensible airways to increased pressure fluctuations, which combined with airway collapsibility in COPD patients can cause 
dynamic compression13 and increased expiratory resistance.2 Although tidal breathing may result in greater extrathoracic 
airway resistance compared to panting, it is unlikely to do so in all COPD patients,14 and will be outweighed by the increased 
airway resistance from intrathoracic airway narrowing.15 We found evidence that panting induced a degree of upper airway 
obstruction in some COPD patients, as shown by flattening of the top of the SRaw loop12 (Figure 2B). This is the opposite of 
what is expected when panting (ie dilation of upper airway structures) and may be explained by increased upper airway 
obstruction16 and collapsibility17 in COPD patients.

Visually, the effect of panting in COPD patients can be seen as the characteristic clubbing at the bottom of the SRaw loop 
(Figure 2). SReff and SRtot include the extremities of the SRaw loop, which during panting was found to create more “clubbing” 
and a flatter tangent gradient. SR0.5 and SRmid represent the middle portion of the loop, where the gradient may be comparable 
between panting and tidal breathing. It is likely that SR0.5 and SRmid are less sensitive to the changes in the loop caused by 
panting in COPD patients. The extremities of the loop may represent elastance in the peripheral airways, whereas the middle 
portion of the loop may be sensitive to resistance of central airways,18 meaning that the different SRaw plotting measurements 
may evaluate different parts of the airways. The various patterns of looping, and its dependency on breathing frequency, may 
indicate that the relative contributions of distal and proximal airway disease to the SRaw value are not always fixed.

We found that SReff and SRtot were also higher than SR0.5 and SRmid at tidal breathing frequencies, due to the 
extremities of the SRaw loop. This likely represents an important disease abnormality, indicating increased shift volume 
during expiration. Shift volume refers to the deviation during inspiration or expiration from the corresponding volume in 
the breath cycle if alveolar and box pressure were equal (ie volume if the patient were to hold their breath).12 

Physiologically this means that as a COPD patient exhales, expiratory flow lags behind the pressure generated to create 
it, more so than would be expected compared to a healthy individual, indicating a greater work of breathing.

The abnormality seen in the SRaw loop of a COPD patient may result from expiratory flow limitation (EFL), which is 
a phenomenon where choke points form in the intrathoracic airways during tidal exhalation.1,19–21 Diminished elastic 
recoil and airway remodelling in these patients contribute to airway narrowing that occurs earlier during exhalation, and 
results in gas trapping and ventilation inhomogeneity. This can be seen as an asymmetry between the inspiratory and 
expiratory parts of the SRaw loop. During exhalation, EFL develops flow irregularities as the airways become narrower, 
which is likely to contribute to the phase shift between flow and shift volume, and the open “clubbing” seen during the 
expiratory part of the SRaw loop. A close relationship has been reported between clubbing of flow-alveolar pressure loops 
(derived from tidal SRaw loop data) and EFL in COPD patients during resting breathing.22 Panting worsened the clubbing 
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in some of our COPD patients, and additional work is required to investigate the relationship between resistance loop 
clubbing and markers of EFL in COPD.

SReff and SRtot values are more dependent on breathing frequency than SR0.5 and SRmid, as shown by higher panting 
values in the former when compared to tidal breathing. During panting, both flow and breathing frequency increase, 
similar to exercise but without the increase in tidal volume. This may suggest panting simulates some of the ventilatory 
changes that occur during exercise, while tidal breathing reflects resting ventilatory mechanics in COPD patients, 
although this speculation remains to be proven. During exercise, ventilation is firstly increased by increasing tidal 
volume, followed by increasing breathing frequency.23 In health, increases in lung volume above functional residual 
capacity (FRC) lead to a reduction in airway resistance,24 suggesting volume increases are unlikely to account for our 
results. However, increases in breathing frequency result in greater resistance during expiration in COPD patients, which 
may be linked to breathlessness.25 It is likely that EFL is not present during rest in some patients, but develops when 
panting, causing expiratory clubbing of the SRaw loop and greater SReff and SRtot values. As it is only possible to 
quantify SRaw before and after exercise, we speculate that panting manoeuvres may be alternative method to identify 
COPD patients who are at risk of developing EFL upon increased ventilation.

The intra-test variability of each measurement was not affected by breathing frequency, but was influenced by the 
method of SRaw tangent plotting. SReff and SRtot had considerably lower variance than SR0.5 and SRmid, so may be more 
sensitive to small changes in lung function, and therefore have greater clinical utility in monitoring disease progression or 
therapeutic intervention. No significant difference in variability was found between SReff and SRtot. SReff uses more data 
points which will theoretically reduce the impact of changes in maximum shift volume between loops, caused by either 
artifact, changes in breathing frequency, or changes in flow. Conversely it could be argued that SRtot is more likely to be 
affected by clubbing of the loop than SReff, and therefore is a more physiologically representative measure of SRaw. 
These differences are likely to be minor in most settings.

It has been suggested that a tidal breathing manoeuvre will increase the likelihood of a successful test in children.26 

We found that COPD patients were able to perform acceptable SRaw measurements, and volume of thoracic gas (VTG) 
measurements during occlusion, both in panting and tidal breathing manoeuvres. Although SRaw values were frequency 
dependent, lung volumes were not, as FRC was reported as the volume at the end of baseline tidal breathing, and not the 
volume during occlusion (ie VTG). Our study was limited to 15 patients, only one of which was classified as very severe 
(GOLD stage 4). It is possible that patients with more severe airflow obstruction would not tolerate panting manoeuvres 
and would prefer tidal breathing.

This study investigated the variability due to SRaw methodology in COPD patients. The sample size was too small to 
robustly investigate associations with other lung function characteristics, such as hyperinflation and EFL, or clinical 
characteristics, as such analysis require larger sample sizes to evaluate differences between individuals. The current 
analysis focused on within subject comparisons, enabling clear differences due to methodology to be demonstrated even 
with a limited sample size.

It is useful to consider the role of SRaw in the management of COPD patients, and the potential clinical implications of our 
results. FEV1 is used for COPD diagnosis and severity assessment (GOLD stage 1–4), and is a prognostic marker.27,28 

However, FEV1 reflects the physiology of the proximal airways rather than the distal lung where significant small airway 
dysfunction exists in COPD.29 SRaw measurements require more complex equipment, but can provide unique information on 
airway mechanics which also includes the distal lung.3 Body plethysmography measurements of airway resistance and 
conductance are more sensitive than FEV1 for measuring the effects of pharmacological interventions in COPD patients,1,30,31 

and so can have utility for longitudinal monitoring to assess inhaled treatments. Additionally, the differences identified here 
between tidal breathing and panting could potentially be used to identify individuals with breathing frequency dependent 
changes in airway mechanics. Further work is needed in a larger cohort to understand the relationship of SRaw to symptoms, 
exercise performance, and clinical outcomes. The contribution of airflow obstruction and hyperinflation to SRaw changes also 
needs to be better understood.

In conclusion, panting and tidal breathing manoeuvres are not interchangeable in COPD patients. Panting widens the 
“clubbing” seen in the SRaw loop, and therefore may increase the magnitude of abnormal physiology measured in COPD 
patients. Tidal breathing is a suitable method to assess COPD patients in a rested state, and perhaps both methods can be 
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applied in COPD patients but require different interpretation. COPD patients with breathing frequency dependent airway 
resistance may be identified by comparing panting and tidal SRaw values. SReff and SRtot have higher median values and 
lower variability. Considering that clubbing in the SRaw loop is physiologically relevant in COPD patients, SR0.5 and 
SRmid may underestimate abnormal physiology in COPD.

Abbreviations
SRaw, specific airway resistance; COPD, chronic obstructive pulmonary disease; SReff, effective specific resistance; SRtot, 
total specific resistance; SR0.5, specific airway resistance at a flow of ±0.5 L/s; SRmid, specific airway resistance at a flow of 
±0.5 L/s through the middle of the loop; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; Hz, hertz; 
ATS, American thoracic society; ERS, European respiratory society; CAT, COPD Assessment Test; mMRC, Modified 
Medical Research Council dyspnoea scale; CoV, percent coefficient of variation; GOLD, Global Initiative for Chronic 
Obstructive Lung Disease; EFL, expiratory flow limitation; FRC, functional residual capacity; IOS, Impulse Oscillometry; 
VTG, volume of thoracic gas; Vol, Volume; LABA, long acting beta2 agonist; LAMA, long acting muscarinic antagonist; ICS, 
Inhaled Corticosteroid; FEF25%-75%, forced expiratory flow between 25% and 75% of FVC; SD, standard deviation; IQR, 
Interquartile range; TLC, total lung capacity; RV, residual volume; CI, confidence interval.
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