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Rationale: Pulmonary rehabilitation for chronic obstructive pulmonary disease (COPD)

reduces dyspnoea and improves exercise capacity and quality of life. The improvement in

exercise capacity is variable and unpredictable, however. Respiratory system impedance

obtained by forced oscillation technique (FOT) as a measure of ventilatory impairment in

COPD may relate to improvement in exercise capacity with pulmonary rehabilitation. We

aimed to determine if baseline FOT parameters relate to changes in exercise capacity

following pulmonary rehabilitation.

Methods: At the start of rehabilitation, 15 COPD subjects (mean(SD) 75.2(6.1) years, FEV1

z-score −2.61(0.84)) had measurements by FOT, spirometry, plethysmographic lung volumes

and 6-minute walk distance (6MWD). Respiratory system resistance (Rrs) and reactance

(Xrs) parameters as the mean over all breaths (Rmean, Xmean), during inspiration only (Rinsp,

Xinsp), and expiratory flow limitation (DeltaXrs = Xinsp−Xexp), were calculated. FOT and

6MWD measurements were repeated at completion of rehabilitation and 3 months after

completion.

Results: At baseline, Xrs measures were unrelated to 6MWD. Xinsp improved significantly

with rehabilitation (from mean(SD) −2.35(1.02) to −2.04(0.85) cmH2O.s.L
−1, p=0.008),

while other FOT parameters did not. No FOT parameters related to the change in 6MWD

at program completion. Baseline Xmean, DeltaXrs, and FVC z-score correlated with the

change in 6MWD between completion and 3 months after completion of rehabilitation (rs
=0.62, p=0.03; rs=−0.65, p=0.02; and rs=0.62, p=0.03, respectively); with worse ventilatory

impairment predicting loss of 6MWD. There were no relationships between Rrs parameters,

FEV1 or FEV1/FVC z-scores and changes in 6MWD.

Conclusion: Baseline reactance parameters may be helpful in predicting those patients with

COPD at most risk of loss of exercise capacity following completion of pulmonary

rehabilitation.

Keywords: COPD, forced oscillation technique, reactance, pulmonary rehabilitation, six-

minute walk test, quality of life

Introduction
Pulmonary rehabilitation for chronic obstructive pulmonary disease (COPD)

reduces dyspnoea and improves exercise capacity and quality of life.1,2 The

improvement in exercise capacity can be variable and patients often struggle to

maintain regular exercise after completing the rehabilitation program.

Improvements in 6-minute walk distance (6MWD) and health-related quality of
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life tend to be greater when their respective baseline

impairments are worse and when spirometry is more

impaired.3–5 However, there is still a need to find addi-

tional predictors of response to pulmonary rehabilitation,

which may add mechanistic understanding of the response

to rehabilitation and thereby be potentially useful for tai-

loring programs in COPD patients.

COPD is characterised by airway narrowing and

expiratory airway collapse resulting in expiratory flow

limitation (EFL), gas trapping and hyperinflation. These

functional abnormalities cause exertional dyspnoea,

reduced exercise capacity and poor quality of life.6–8

Spirometry relates to morbidity and mortality in COPD

patients but other functional measurements that reflect the

aforementioned mechanical derangements will be clini-

cally relevant, if they relate to exercise capacity and qual-

ity of life. In this regard, the forced oscillation technique

(FOT) as an effort-independent measurement of respira-

tory system impedance, may provide clinically useful

information in relation to pulmonary rehabilitation for

COPD patients because FOT impedance is related to

lung hyperinflation9 and is sensitive to EFL.10

Respiratory system impedance has components of

resistance (Rrs) and reactance (Xrs), which reflect airway

calibre and elastic properties of the respiratory system

under oscillatory conditions, respectively. Both Rrs and

Xrs are sensitive to airway narrowing and closure, and

also relate to hyperinflation in COPD; with their responses

to bronchodilator also being sensitive to decreases in

hyperinflation and gas trapping.9 Dynamic airway collapse

during the expiratory phase of tidal breathing may cause

expiratory flow limitation. The expiratory decrease in Xrs

(indicating increased oscillatory lung stiffness) is a highly

sensitive and specific marker of EFL in COPD10 and is

clinically important because it is associated with greater

symptoms, worse quality of life, and greater gas trapping

and hyperinflation.11

In addition to pharmacological treatment, pulmonary

rehabilitation also leads to a decrease in resting

hyperinflation12 and a reduction in breathing rate at

a given exercise intensity.12,13 Because Xrs parameters

correlate with airway calibre, hyperinflation, dynamic air-

way collapse and EFL (all of which cause ventilatory

limitation that impairs exercise capacity), they may also

relate to exercise capacity, and to the change in exercise

capacity as a result of pulmonary rehabilitation.

We therefore conducted an exploratory pilot study to

assess the relationships between baseline FOT indices and

6MWD at baseline and its change following a pulmonary

rehabilitation program. We hypothesised that in COPD, the

severity of baseline ventilatory impairment measured by

FOT parameters relates to 6MWD and to the change in

6MWD after pulmonary rehabilitation. Our secondary aims

were to examine those same relationships with spirometry

and hyperinflation.

Methods
Study Design
This was an exploratory, prospective observational study of

COPD patients attending the pulmonary rehabilitation ser-

vice at the Royal North Shore Hospital in Sydney, Australia.

Participants underwent measurements of FOT, spirometry,

lung volumes, quality of life (assessed by St. George’s

Respiratory Questionnaire, SGRQ) and a six-minute walk

test (6MWT) at their initial assessment for the rehabilitation

program. FOT, SGRQ and 6MWT were repeated at the

conclusion of the program and 3 months following the com-

pletion of rehabilitation. Approval was obtained from the

Human Research Ethics Committee of the Northern Sydney

Local Health District (LNR/16/HAWKE/11). The study was

conducted in accordance with the Declaration of Helsinki.

Subjects
Twenty-one subjects who were about to start pulmonary reha-

bilitation and had a physician diagnosis of COPD according to

Australian guidelines,14 were enrolled in this study. However,

15 of those subjects completed the pulmonary rehabilitation

program and completed at least 14 of the 16 scheduled ses-

sions; and were included in this analysis. All subjects had at

least 10 pack-years history of cigarette smoking and had air-

flow obstruction on post-bronchodilator spirometry. Exclusion

criteria were the presence of any chronic respiratory condition

other than COPD, exacerbation within the last 4 weeks, any

condition that limited exercise other than COPD such as

orthopaedic comorbidity, or any significant cardiac disease

such as angina or heart failure. All participants provided

written informed consent.

Lung Function Tests
Spirometry and lung volumes were measured at enrolment in

a body plethysmograph (Sensormedics, California) according

to ATS/ERS guidelines. Spirometry was repeated after inhala-

tion of 400 µg salbutamol administered by puffer and holding

chamber, without withholding any long-acting bronchodila-

tors. Reference values used for spirometry and lung volumes
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were those of Quanjer et al.15,16 and expressed as z-scores.

Airflow obstruction was defined as FEV1/FVC

z-score < lower limit of normal, i.e. −1.64.

Six-Minute Walk Test
The 6MWT was conducted using a 25 m straight line

walking path, and in accordance with ATS/ERS

guidelines,17 at enrolment, at the first session of the 16-

session program of rehabilitation (which was used as the

baseline six-minute walk distance, 6MWD), at completion

and again at 3 months after completion of rehabilitation.

Forced Oscillation Technique (FOT)
FOT measurements of respiratory impedance were

obtained using an in-house developed device as previously

described18,19 (see Appendix for further details).

Participants were tested sitting upright with their head in

a neutral position, wearing a nose clip and supporting their

own cheeks and chin to minimise upper airway shunting,

breathing through an anti-bacterial/-viral filter (Suregard,

Bird Healthcare, Port Melbourne, Australia). After estab-

lishing stable tidal breathing; a multiple frequency signal

(5, 11, 19 Hz) was superimposed onto tidal breathing

during a single continuous acquisition of 60 s, which

ended with three maximal deep inspirations from which

inspiratory capacity (IC) was calculated.

The FOT signals were processed to derive impedance

parameters as previously described;20 for this analysis, we

focussed on impedance at 5 Hz, which better reflects small

airway function and EFL. Respiratory system resistance and

reactance, respectively, were calculated as the mean of all

artefact-free tidal breaths (Rmean, Xmean) and also for inspira-

tion only (Rinsp, Xinsp). DeltaXrs, an index of EFL, was

calculated as the mean inspiratory reactances of all breaths,

minus themean expiratory reactances from all breaths. A cut-

off value of ≥2.8 cmH2O.s.L
−1 indicates the presence of

EFL.10 Reference equations used for FOT parameters were

those of Brown et al.21 The higher of the two closest IC

measurements was used for analysis.

See Appendix for a description of quality control mea-

sures. Briefly, the volume-time and resistance–time curves

were monitored during acquisition for possible glottic clo-

sures, leaks or unusually large or rapid breaths, which, if

detected, the acquisition was terminated and repeated. An

automated, computerised algorithm was then applied post-

acquisition to further identify artefacts.22 The relevant breath

was then removed from the acquisition and a minimum of 5

complete breaths were required for analysis.

Pulmonary Rehabilitation Program
The pulmonary rehabilitation program comprised 16 ses-

sions of two 1-hr supervised exercise rehabilitation classes

per week with a focus on lower limb endurance training,

aiming to achieve 30 mins total lower limb endurance

training per session either through ground walking, tread-

mill or exercise bike. Classes also included upper and

lower limb functional strength training and upper limb

endurance exercises, as well as balance and flexibility

training as indicated. There was some program individua-

lisation based on the initial assessment at enrolment.

Statistical Analyses
Differences in 6MWD, SGRQ and FOT parameters from

baseline to completion of rehabilitation and from baseline

to the follow-up visit 3 months after rehab completion,

were examined by paired t-tests for normally distributed

data or Wilcoxon signed-rank tests for non-normally dis-

tributed data. The relationships between baseline Rrs and

Xrs and; 6MWD and SGRQ were examined by Spearman

correlation (because of study cohort size). The relation-

ships between baseline Rrs and Xrs and; changes in

6MWD were similarly examined by linear correlation.

A p-value < 0.05 was considered statistically significant.

An expected Spearman correlation coefficient of 0.65 or

greater, would be detected in 15 subjects with 80% power

and 5% type I error rate.

Results
Subject Characteristics
The anthropometrics and baseline lung function data of the

15 subjects are provided in Table 1. Participants had moder-

ate airflow obstruction according to spirometry,15 Rmean and

Xmean
21 (Tables 1 and 2). The cohort had mild hyperinflation

and no gas trapping according to the mean FRC/TLC and

RV/TLC z-scores16 (Table 1), respectively. Eight subjects

exhibited EFL according to their DeltaXrs being ≥ 2.8

cmH2O.s.L
−1. The mean baseline 6MWD was normal but

there was a wide range of values (Figure 1A). Quality of life

of the cohort as a whole, as measured by mean total SGRQ

score, was moderately impaired23 (Table 2).

Similar to our previous findings,9 forced oscillation impe-

dance parameters at baseline related to hyperinflation. Rmean,

Rinsp, Xmean and Xinsp correlated with IC and IC/TLC (see

Figure 2A and B and Table A1 in the Appendix). Baseline

DeltaXrs also correlated with IC/TLC.
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Baseline FOT and spirometry parameters were signifi-

cantly correlated with SGRQ. Xmean and DeltaXrs correlated

with SGRQ (see Figure 3A and B) (n=12, rs=−0.75, p<0.01;
r=s0.80, p<0.01, respectively). FVC z-score also correlated

with SGRQ (see Figure 3C) (rs=−0.73, p<0.01). Rrs para-

meters were not related to SGRQ (Rmean, rs = 0.43, p = 0.17,

see Figure 3D). At baseline, FOT and spirometry parameters

were unrelated to 6MWD.

Findings at Completion of the Pulmonary

Rehabilitation Program
The 6MWD improved at completion of the pulmonary

rehabilitation program (p=0.005; see Figure 1A and

Table 2). Xinsp also significantly improved at program

completion compared with baseline (p=0.008; see

Figure 1B and Table 2), although there were no changes

in any other FOT parameters, IC or SGRQ (see Table 2).

There were no predictors of change in 6MWD at pro-

gram completion (see Table 3). 6MWD at baseline did not

predict its improvement (rs=0.18, p=0.53); even those sub-

jects whose 6MWD was in the normal range showed

increases in exercise capacity. Baseline FOT and spirome-

try parameters, and their changes at program completion,

were unrelated to the changes in 6MWD at program com-

pletion (see Figure 4A and C). There was a wide range of

time taken to complete the program (range 56–196 days),

however, this did not predict changes to 6MWD

(p = 0.39).

Findings at 3 Months Post-Completion of

Pulmonary Rehabilitation
At 3 months after program completion, 12 of the 15 sub-

jects returned for follow-up assessment. In those 12 sub-

jects, the FOT parameters, IC and 6MWD at follow up

were not different from values at either program comple-

tion (p=0.11 for 6MWD) or baseline (p=0.27 for 6MWD;

see Table 2 and Figure 4A).

Although there was no change in mean 6MWD

between the time of program completion and 3 months

later, there was considerable heterogeneity in the changes

(see Figure 1A) with continued improvement in some but

deterioration in others. This change in 6MWD subsequent

to program completion was predicted by the severity of

ventilatory impairment at baseline. Greater ventilatory

impairment measured by Xrs parameters predicted

Table 1 Study Demographics

N = 15 (8 Males) Mean(SD)

Age (years) 75.2(6.1)

BMI (kg/m2) 24.8(4.1)

Pack years 43.5(24.1)

FEV1 (L) 1.24(0.48)

FEV1 z-score −2.61(0.84)

FVC (L) 2.99(0.79)

FVC z-score −0.37(1.11)

FEV1/FVC (%) 42(0.12)

FEV1/FVC z-score −3.58(0.96)

IC (L) 1.72(0.43)

FRC/TLC z-score 1.93(1.74)

RV/TLC z-score 1.57(1.62)

Abbreviations: BMI, body mass index; FEV1, forced expiratory volume in 1 s;

FVC, forced vital capacity; IC, inspiratory capacity measured by forced oscillation

technique; FRC/TLC, functional residual capacity to total lung capacity ratio; RV/

TLC, residual volume to total lung capacity ratio.

Table 2 FOT Impedance Parameters, 6MWD and SGRQ at Baseline, at Completion and 3 Months Post-Completion of Pulmonary

Rehabilitation

Baseline Rehab Finish P 3 Months Post-Rehaba Pa

Rmean (cmH2O.s.L−1) 5.58(1.54) 5.46(1.72) 0.57b 5.57(1.23) 0.70

Rinsp (cmH2O.s.L−1) 4.40(0.92) 4.30(0.81) 0.49 4.38(1.07) 0.81

Xmean (cmH2O.s.L−1) −4.46(2.47) −4.22(3.03) 0.53 −3.91(2.61) 0.52

Xinsp (cmH2O.s.L−1) −2.35(1.02) −2.04(0.85) 0.008 −2.38(1.08) 0.84

DeltaXrs (cmH2O.s.L−1) 3.31(2.76) 3.02(3.48) 0.36b 2.41(2.66) 0.18b

IC (L) 1.70(0.43) 1.79(0.48) 0.21 1.85(0.58) 0.43b

6MWD (m) 398.7(102.8) 450.7(127.8) 0.005 406.3(150.9) 0.27

SGRQc 41.36(18.05) 34.16(14.24) 0.10 38.18(18.99) 0.59

Notes: All values presented as mean(SD) and comparisons are against baseline. an = 12 for comparisons between start of pulmonary rehabilitation with follow-up visit at 3

months after completion of pulmonary rehabilitation (3 subjects failed to attend follow-up); bWilcoxon signed-rank test; cn = 12 due to incomplete SGRQ data; Rehab

finish = at completion of pulmonary rehabilitation.

Abbreviations: P, p value; 3 months post-rehab, 3 months after completion of rehabilitation program; Rmean, mean resistance; Rinsp, inspiratory resistance; Xmean, mean

reactance; Xinsp, inspiratory reactance; DeltaXrs, expiratory flow limitation measured by forced oscillation technique; IC, inspiratory capacity measured by forced oscillation

technique; 6MWD, six-minute walk distance; SGRQ, St. George’s Respiratory Questionnaire total score.
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a greater decrease in 6MWD over this time (see Table 3).

A greater loss in 6MWD at 3 months, was associated with

a lower Xmean (rs=0.62, p=0.03), a higher DeltaXrs (see

Figure 4B, rs=−0.65, p=0.02), and a lower FVC z-score

(see Figure 4D, rs=0.62, p=0.03). Baseline Rrs parameters

were unrelated to the change in 6MWD.

There was no significant change in Xinsp between com-

pletion of pulmonary rehabilitation and 3 months post-

completion (p=0.07, see Figure 1B).

Discussion
In this prospective, observational study of 15 COPD sub-

jects attending pulmonary rehabilitation, we found that

although baseline Xrs parameters (Xmean, DeltaXrs) did

not correlate with the improvement in 6MWD at the end

of the rehabilitation program, they predicted the decrease

in 6MWD between program completion and 3 months

after completion. This worsening of 6MWD occurred pre-

dominantly in those with greater ventilatory impairment as

determined by Xmean, DeltaXrs and FVC. Hence, those

who had less ventilatory impairment were more likely to

maintain their 6MWD. Measures of Xrs (Xmean, DeltaXrs)

but not Rrs correlated with quality of life. Therefore,

greater ventilatory impairment in COPD patients as mea-

sured by forced oscillatory Xrs parameters, may affect

their ability to maintain the improvements in exercise

capacity afforded by pulmonary rehabilitation.

It is difficult to predict the improvement in exercise capacity

in COPDpatients undergoing pulmonary rehabilitation. Several

studies have examined potential baseline predictors of response

to pulmonary rehabilitation, with variable findings.3–5,24–29

Lower FEV1/FVC predicted a greater improvement in

6MWD in one study,3 while a higher FEV1/FVC ratio pre-

dicted a better response in another study.5 In both of those

A B

Figure 1 Changes in (A) six-minute walk distance and (B) inspiratory reactance at 3 time points: baseline, completion of pulmonary rehabilitation and; 3 months after

completion of pulmonary rehabilitation. *p<0.05.

Abbreviations: 6MWD, six-minute walk distance; Xinsp, inspiratory reactance; Rehab start, at the start of the pulmonary rehabilitation program; Rehab finish, at the

completion of the pulmonary rehabilitation program; 3 months, 3 months after completion of the pulmonary rehabilitation program.

A B

Figure 2 Relationships at baseline between hyperinflation as measured by inspiratory capacity corrected for total lung capacity (IC/TLC) with (A) inspiratory resistance and

(B) inspiratory reactance. ° subject failed to attend follow up at 3 months post-rehabilitation completion (n = 14; 1 subject unable to perform plethysmographic lung

volumes).

Abbreviations: IC/TLC ratio, inspiratory capacity corrected by total lung capacity; Rinsp, inspiratory resistance; Xinsp, inspiratory reactance; rs, Spearman correlation

coefficient; p, p-value.
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studies, a lower baseline 6MWD predicted its greater improve-

ment with rehabilitation.3,5 Less breathlessness predicted

a better response in one study,4 but more breathlessness was

predictive in another.28 Higher BMI and worse hypoxaemia29

have also predicted better response. In the present study, we did

not find FOT parameters or spirometry to be predictors of

response at program completion, likely due to the small subject

numbers. Therefore, at present, it is not possible to predict

which COPD patients will show benefit at the end of the

pulmonary rehabilitation program.

This is the first study to examine predictors of the changes

that occur after the completion of pulmonary rehabilitation.

The loss of benefit after program completion is a well-

recognised problem in COPD management and this was

observed in some subjects of the present study. There are

likely many different factors involved that affect either

A B

C D

Figure 3 Relationships at baseline between FOT parameters with SGRQ for (A) mean reactance (expressed as absolute values), (B) index of expiratory flow limitation

(expressed as absolute values), (C) forced vital capacity (expressed as z-scores) and (D) mean resistance (expressed as absolute values). (n = 12; missing SGRQ data in 3

subjects).

Abbreviations: Xmean, mean reactance; FVC, forced vital capacity; DeltaXrs, index of expiratory flow limitation as measured by FOT; Rmean, mean resistance; SGRQ,

St. George’s Respiratory Questionnaire total score.

Table 3 Correlations Between Baseline FOT Parameters and 6-minute Walk Distance

Baseline 6MWD Δcomp 6MWD Δ3M 6MWD Δcomp-Δ3M 6MWD

Rmean −0.05 (0.86) −0.30 (0.27) −0.62 (0.03) −0.48 (0.11)

Rinsp 0.21 (0.44) −0.17 (0.55) −0.32 (0.32) −0.41 (0.18)

Xmean 0.18 (0.52) 0.28 (0.31) 0.71 (0.009) 0.62 (0.03)

Xinsp 0.16 (0.57) 0.37 (0.18) 0.64 (0.02) 0.43 (0.16)

DeltaXrs −0.21 (0.45) 0.30 (0.30) −0.73 (0.007) −0.65 (0.02)

Notes: All values presented as Spearman correlation coefficient rs (p-value).

Abbreviations: 6MWD, 6-minute walk distance; Δcomp, change between baseline and completion of pulmonary rehabilitation; Δ3M, change between baseline and 3 months

post-program completion; Δcomp-Δ3M, change between program completion and 3 months post-completion; Rmean, mean resistance; Rinsp, inspiratory resistance; Xmean,

mean reactance; Xinsp, inspiratory reactance; DeltaXrs = expiratory flow limitation index.
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ongoing improvement or deterioration after leaving super-

vised exercise. The improvements in 6MWD achieved by the

end of the program may be attributed to the motivation and

regular sessions provided by the program, hence the severity

of ventilatory impairment (measured by Xrs and FVC) may

have little influence on those benefits. Indeed, baseline lung

function was unrelated to the change in 6MWD at program

completion (see Table 3). In contrast, after leaving the super-

vised environment of the rehabilitation program, the under-

lying ventilatory impairment may then affect the ability to

continue the improvement, or indeed to maintain the benefits

gained during training. This may explain the relationships

between baseline ventilatory impairment (Xmean and

DeltaXrs) and change in 6MWD after leaving the program

(see Table 3). As well as having a direct effect on an indivi-

dual’s ability to maintain fitness, ventilatory impairment as

measured by FOT could also be a marker of morphological

changes and extra-pulmonary manifestations in COPD that

could affect exercise capacity, e.g. emphysema severity30 or

reduced muscle function.31

Baseline Xmean, DeltaXrs and FVC, which correlated with

the change in 6MWD that occurred between finishing rehabi-

litation and 3 months later, are lung function measures of

ventilatory impairment in COPD. Xrs (and Rrs) correlates

strongly with percentage of emphysematous lung,30 which is

known to be poorly ventilated. Furthermore, Xrs correlates

strongly with airway closure (as measured by FVC) in asth-

matics during induced bronchoconstriction,32 with closing

volume in healthy subjects33,34 and with the difference

between plethysmographic TLC and single breath alveolar

volume difference in COPD subjects.35 Thus, Xrs is indicative

of severe airway narrowing and closure, which increases ven-

tilation heterogeneity. These experimental findings are also

consistent with computational modelling studies of FOT36,37

examining the effects of airway narrowing and closure on lung

impedance. These models predicted that widespread and het-

erogeneous small airway narrowing and closure would have

a large effect on reactance. This is further supported by

murine38 and porcine39 models of lung de-recruitment (clo-

sure). It is mechanistically plausible that airway closure during

tidal breathing in COPD, that is measured by Xrs, results in

sufficient ventilatory impairment that could make it harder to

exercise, perhaps by increasing breathlessness. Impairment of

Xrs has been correlated with breathlessness in COPD;11,40 this

then might explain the loss of 6MWD after leaving the pul-

monary rehabilitation program, that we observed in the present

A B

C D

Figure 4 Relationships between changes in exercise capacity (Δ6MWD) (A) at completion of rehabilitation and baseline DeltaXrs (expressed as absolute values), (B) between
completion and 3 months after completion and baseline DeltaXrs (expressed as absolute values); (C) at completion of rehabilitation and baseline FVC z-score, and (D) between

completion and 3 months after completion and baseline FVC z-score. °subject failed to attend follow-up at 3 months post-rehabilitation completion.

Abbreviations: Δ6MWD, change in six-minute walk distance; DeltaXrs, index of expiratory flow limitation as measured by FOT; FVC, forced vital capacity; rs, Spearman

correlation coefficient; p, p-value.
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study. Thismechanism, however, requires further investigation

in future studies.

In the present study, we found that Xinsp significantly

improved following pulmonary rehabilitation, whereas

Xmean, DeltaXrs and Rrs measures did not. This change

needs to be interpreted cautiously in the absence of

a control group. Dynamic expiratory airway collapse

may occur in some COPD subjects, which causes severe

airway narrowing and formation of choke points, which

decreases Xexp. The difference between Xinsp and Xexp

has been shown to be an index of this phenomenon

(EFL),10 and by inference, dynamic collapse does not

affect Xinsp. Interestingly, DeltaXrs improved by

a similar amount (0.31 cmH2O.L.s
−1, Table 2) but was

not statistically significant, presumably due to greater

variation than Xinsp. The less negative Xinsp may indicate

that heterogeneous airway narrowing and closure were

reduced with pulmonary rehabilitation, i.e. representing

improvements in communicating lung volume,41 rather

than changes to lung elastance. There are no published

reports on changes in Rrs or Xrs with pulmonary rehabi-

litation. In the present study, the changes in Xinsp were

not associated with any changes in SGRQ or in 6MWD,

and were not explained by changes in tidal volume or

breathing frequency. Speculatively, the improvement in

Xinsp might be due to increased medication adherence or

better mucus clearance with exercise during the rehabili-

tation program.

Although we found no changes in DeltaXrs with pulmon-

ary rehabilitation, EFL measured by the negative expiratory

pressure method improved with rehabilitation in two COPD

studies12,42 but not in a third.43 The negative expiratory pres-

sure technique involves the application of negative pressure

during the expiratory phase of tidal breathing, where a lack of

increase in flow indicates flow limitation. There was good

agreement in detecting expiratory flow limitation between

the FOT and negative expiratory pressure methods,44 but

a suggestion that DeltaXrs was more sensitive in detecting

bronchodilator-induced change. Both measurements of EFL

are clinically important, however; EFL measured by the nega-

tive pressure technique predicts a greater reduction in hyper-

inflation following bronchodilator.45 EFLmeasured by FOT is

associated with worse gas trapping,11 worse breathlessness

and SGRQ,11,46 and recovers in COPD exacerbations with

treatment.47,48 A relationship between SGRQ and EFL

(DeltaXrs) was also found in the present study (see

Figure 3B). This relationship is likely due to exercise limita-

tion and worse breathlessness induced by expiratory flow

limitation, since exercise leads to increased flow and breathing

rate, which in the presence of EFL leads to greater

hyperinflation.49

Being a small pilot study, the limitations of size mean the

results must be interpreted with some caution and need to be

replicated. Since we were primarily interested in the potential

relationships and predictive value of baseline FOT para-

meters with changes in 6MWD, rather than in changes with

rehabilitation per se, we did not enrol a control group. Any

improvements in FOT parameters with pulmonary rehabili-

tation, i.e. Xinsp, should therefore be viewed cautiously.

Participants were highly selected by the exclusion of subjects

with comorbidities that could have affected 6MWD, e.g.

orthopaedic and cardiovascular disease. The loss of 3 patients

to follow-up at 3 months post-completion could potentially

affect our results, although the Xrs of those 3 subjects were

spread over the range of Xrs values of the cohort (see

Figures 1A and 4A). Inhaled bronchodilators were not with-

held prior to lung function testing, and are known to affect

inspiratory capacity and exercise tolerance in COPD.50,51

Although all 15 participants were taking a long-acting beta-

agonist and 12/15 subjects were also taking a long-acting

anti-muscarinic, it is possible that long-acting bronchodila-

tors could affect the relationship between Xrs parameters

with changes in 6MWD and SGRQ.

In conclusion, we found that in COPD patients without

significant cardiovascular or orthopaedic comorbidities, Xrs

parameters related to respiratory quality of life and to hyper-

inflation at the start of a pulmonary rehabilitation program.

Greater ventilatory impairment indicated by Xmean and

DeltaXrs, related to the change in 6MWD between program

completion and 3 months after completion. Therefore, Xrs

indices may be clinically useful as a measure of ventilatory

impairment in COPD patients attending pulmonary rehabi-

litation and our results provide a basis for further studies of

FOT in the setting of pulmonary rehabilitation for COPD.

Summary at a Glance
Baseline reactance measures may predict the loss of exercise

capacity after completion of pulmonary rehabilitation, in

COPD.
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