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Abstract 
Idiopathic Pulmonary Fibrosis (IPF) is a chronic, progressive and life-limiting 
condition of unknown cause with no curative treatment. The impact of IPF 
on a patient’s quality of life is devastating and palliative treatment such as 
pulmonary rehabilitation programmes are used to improve quality of life 
among these individuals, yet relatively little attention has been made to access 
the effectiveness of rehabilitation programs aimed designed for these patients. 
There are large gaps in our knowledge on the cardiorespiratory response to 
exercise and rehabilitation among IPF patients and this study aims to fill this 
gap in a physiological prospective. We quantified the effects of an eight-week 
pulmonary rehabilitation program for IPF patients, conducted at Morriston 
Hospital, Swansea. Fifteen individuals (13 with Idiopathic Pulmonary Fibrosis 
and two with Pulmonary Fibrosis associated with Rheumatoid Disease) under-
went physical and physiological assessments during a three-day testing proto-
col: 1) On Day 1, physical function (six-minute walk test) and ventilatory func-
tion (spirometry) were measured; 2) On Day 2, patients’ cardio-respiratory re-
sponses to slowly-increasing, wide-ranging metabolic challenge (using a pro-
tocol consisting of periods of rest, incremental bicycle exercise to maximal 
effort, and post-exercise recovery) were assessed via respiratory gas analysis 
and ECG recording; 3) On Day 3, patients’ cardio-respiratory responses to 
rapid-onset, high-workload metabolic challenge were assessed (using a pro-
tocol including a rapid-onset, constant workload bicycle exercise) by model-
ling dynamic respiratory oxygen and heart rate responses. Respiratory gas 
analysis was used to measure the rate of oxygen uptake ( 2VO ) and oxygen 
uptake efficiency (OUES). All assessments were performed before and after 
participants completed the pulmonary rehabilitation programme. A Holter 
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ECG recorder (Pathfinder/Lifecard Digital CF system; Spacelabs Medical 
Ltd., UK) provided continuous ECG data throughout each exercise test, 
from which heart rate was derived. Following the rehabilitation programme, 
heart rate was elevated by 11% - 18% during exercise and recovery states. 
Post-rehabilitation 2VO  was significantly increased (p = 0.01 - 0.03) dur-
ing the first two minutes of heavy-intensity exercise, whilst HR was reduced 
(p = 0.04) during this period. OUES and standard measures of respiratory 
performance (minute ventilation, peak 2VO ) were unchanged following re-
habilitation, whilst peak HR and work rates were significantly reduced during 
incremental exercise only (p < 10−3). Pulmonary rehabilitation improved the 
rate of oxygen uptake during heavy-intensity exercise, despite substantially 
lower heart rates. This suggests that the rehabilitation programme increased 
systemic arterial-tissue oxygen exchange and/or influenced cardiovascular 
function to improve systemic oxygen delivery. We might therefore expect 
that individuals with IPF would find it easier to perform the activities of daily 
life, including those requiring substantial metabolic demands, following re-
habilitation. 
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1. Introduction 

Idiopathic Pulmonary Fibrosis (IPF) is the commonest of the idiopathic interstitial 
pneumonias. Its cause is unknown, but it causes progressive fibrosis of the alveolar 
walls and severe impairment of lung function [1] (Raghu et al., 2011). The median 
survival for patients diagnosed with IPF is 2.5 to 3.5 years but the range is wide [2] 
(Ley, Collard, & King, 2011), with some individuals following a slowly declining 
trajectory over many years and others experiencing a rapid disease progression. 
The histological characteristics of IPF include excess extracellular matrix within 
the alveolar interstitium and fibroblastic foci in a sub-pleural distribution are de-
scribed as usual interstitial pneumonia (UIP), although similar pathological 
changes are sometimes observed in patients with collagen vascular disease such as 
rheumatoid arthritis. Patients with UIP present with symptoms of increasing 
breathlessness and fatigue which results in difficulty conducting day-to-day activi-
ties and a reduced quality of life [3] (Gross & Hunninghake, 2001). 

Whilst new anti-fibrotic therapies that slow the decline in lung function have 
recently been recommended for people with IPF [1] (Raghu et al., 2011) national 
guidelines recommend pulmonary rehabilitation (PR) to improve functional 
performance. However, whilst pulmonary rehabilitation is known to improve 
exercise performance and lung function in other forms of lung disease such as 
chronic obstructive pulmonary disease (COPD) [4] (Spruit, 2013), evidence of 
its benefit in IPF is limited [5] (Bolton, 2013) but growing. For example, two re-
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cent studies reported improved six-minute walk distance (6 MWD) and im-
provement in both health-related quality of life (HRQoL) and symptom severity 
following eight weeks PR [6] (Dowman, 2014) [7] (Tonelli et al., 2017). In both 
studies, patients with the most severe functional impairment at baseline ap-
peared to benefit most although the reasons for this are unclear. Further re-
search is therefore needed to investigate the possible physiological mechanisms 
by which PR achieves functional improvements in IPF. We previously observed 
that values for peak rate of oxygen uptake ( 2VO ) in people with IPF are half 
those of similarly aged healthy individuals, whilst their peak heart rate (HR) is 
20% lower and their kinetic HR responses to heavy intensity exercise 2.5 times 
slower [8] (McNarry et al., 2017). These results imply reduced tissue oxygen 
utilization following the onset of exercise, which in large part results from im-
peded central (cardiovascular) oxygen delivery. However, whether PR can im-
prove systemic oxygen delivery and utilization in people with IPF and other 
causes of UIP is not known. 

The single best measure of aerobic fitness (capacity for oxygen utilisation) is 
considered to be maximal oxygen uptake ( 2maxVO ) but in practice, its measure-
ment can be difficult for example, in older people with impaired mobility or 
those with cardiorespiratory disease who have limited functional capacity [9] 
(Jones et al., 2017). Other traditional measures of aerobic exercise fitness such as 

2VO  at the ventilatory anaerobic threshold (VAT) can be similarly problematic 
in such populations and alternative techniques have been developed to help 
overcome these difficulties (Hollenberg & Tagger, 2000 [10], Baba et al., 1999 
[11]). For example, the “oxygen uptake efficiency slope” (OUES) quantifies the 
body’s oxygen uptake and extraction efficiency (the rate of increase in oxygen 
uptake ( 2VO ) in response to increases in minute ventilation (VE) during incre-
mental exercise. The relationship between VE and 2VO  is determined by the 
pulmonary dead-space/tidal volume ratio (Vd/Vt), the arterial partial pressure of 
carbon dioxide (pCO2), and the respiratory exchange ratio (RER). Consequently, 
OUES facilitates a mechanistic assessment of two fundamental cardiovascular 
processes during exercise. Firstly, pulmonary perfusion (related to Vd/Vt) and 
secondly, perfusion of working muscles (related to pCO2 and RER) in response 
to underlying metabolic demand. The OUES has several advantages over other 
measures of aerobic exercise performance: it can be determined accurately from 
submaximal exercise protocols (below 60% - 75% functional reserve) [12] (R. 
Baba et al., 1996) [13] (R. Baba, 2000) [10] (M. Hollenberg & I. B. Tager, 2000) yet 
is strongly correlated with VO2 max; it is completely objective (tester-independent) 
and it has better inter-protocol agreement [12] (R. Baba et al., 1996) [13] (R. 
Baba, 2000). However, whilst OUES has been quantified in various populations 
including children, adults with heart disease and elite athletes [10] [14] [15] [16] 
(Davies et al., 2006; M. Hollenberg & I. B. Tager, 2000; Marinov, Mandadzhieva, 
& Kostianev, 2007; Rowland & Cunningham, 1992), it has not been used to 
study patients with chronic lung disease. 
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An alternative to OUES is the analysis of so-called “pulmonary oxygen uptake 
kinetics” which involves mathematical modelling of the rate of change of oxygen 
utilisation in response to a sudden change in exercise workload. This provides 
insight into an individual’s ability to absorb and utilize oxygen to fuel a change 
in metabolic activity [17] (Whipp & Ward, 1990). The procedure involves fitting 
either a mono-exponential or bi-exponential model to the empirical temporal 
data, with the time-constant of the best-fit model reflecting an individual’s oxy-
gen utilisation response rate. Several studies have explored the influence of PR 
on oxygen uptake kinetics in Chronic Obstructive Pulmonary disease (COPD) 
[4] [18] (Spruit, 2013) (Puente-Maestu et al., 2000) examined the effects of su-
pervised and unsupervised eight-week PR programmes on a mono-exponential 
oxygen uptake model and observed an increase in the mean endurance time at a 
work rate equivalent to 70% of VO2 Max among two groups and CO2 output, 
minute ventilation and heart rate were also observed to have increased post 
training. Similar studies in IPF patients have been limited [5] (Bolton, 2013). 
McNarry et al., [8] (McNarry et al., 2017) compared the oxygen uptake response 
in patients with emphysema and IPF and found both displayed VO2 kinetics that 
were similarly slow in comparison to controls. A study of 11 patients with IPF 
observed improvement in treadmill exercise time and maintained oxygen con-
sumption (VO2) following a three-month PR program, whereas controls suffered 
a decline in VO2 kinetics. Other studies have reported improvement in exercise 
tolerance, dyspnoea and quality of life in people with IPF who undergo PR [1] 
[19] [20] [21] (Vainshelboim et al., 2015; Vainshelboim et al., 2014) (Society, 
2000) (Raghu et al., 2011), but the physiological mechanisms by which such im-
provements occur are not understood. In this context, the aim of the present 
study was to quantify dynamic pulmonary function (oxygen uptake kinetics) and 
cardiac function (heart rate kinetics) in response to metabolic challenge from two 
different modes of exercise, before and after a bespoke, eight-week PR programme 
specifically designed to meet the needs of people with interstitial lung disease. 

2. Methods 
2.1. Participants 

The study was performed in accordance with the Declaration of Helsinki. Ethi-
cal approval to conduct the study was obtained from Wales Research Ethics 
Committee 6, on 03rd November 2016, which is a part of the UK Health De-
partments’ Research Ethics Service. Approval and permission to execute the 
study was obtained from the local health board (Abertawe Bro Morgannwg 
University Health Board). Recruitment was led by a consultant chest physician, 
who informed eligible patients about the study (including its purpose, protocol, 
expected commitment and the possible risks of involvement). Patients attending 
the Interstitial Lung Disease Clinic at Moriston Hospital, Swansea, who had been 
diagnosed with UIP (either IPF or UIP associated with rheumatoid disease) by a 
Multi-Disciplinary Team, according to the American Thoracic Society (ATS) 
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and European Respiratory Society (ERS) guidelines [1] (Raghu et al., 2011) were 
eligible to participate. All recruited individuals provided their written informed 
consent to participate in the study. Eighteen individuals (13 males, 5 female) 
agreed to participate in the study but three males later withdrew from the reha-
bilitation programme for personal reasons. Patients continued with their usual 
medication regimes whilst participating in the study. The patients’ demograph-
ics are shown in Table 1. The majority (14 of 15) of our patients had IPF whilst 
1 had rheumatoid arthritis and a UIP pattern on CT scan. 

Exclusion criteria: 
• Respiratory infection within the previous two months; 
• Known coronary or valvular heart disease; 
• Any other serious co-morbid condition (e.g. emphysema, uncontrolled dia-

betes, renal disease) Significant hypoxia (oxygen saturation below 85%) when 
breathing air and undergoing conventional screening for a pulmonary reha-
bilitation programme; 

• Musculoskeletal problems that would make it impossible to exercise; 
• Current smokers. 

2.2. Experimental Protocol 

Participants were asked to visit the lung function laboratory at Morriston Hos-
pital, Swansea, for baseline physiological assessment. They were also asked to re-
frain from consuming alcohol 24 hours before each test, to not consume caffeine 
six hours prior to the tests, but otherwise to have eaten and consumed fluids as 
normal. All tests were conducted on the same time of the day ± 1 hour. 

On the first day of testing the participants undertook six-minute walk test to 
determine their functional (walking) capacity (six-minute walk distance, 6 
MWD), in line with the ATS guidelines [22] (Torrey, 2002). Forced expiratory 
volume in one second (FEV1) and forced vital capacity (FVC) were measured 
using the spirometry test function of the online respiratory gas analyser. On a 
separate day they were asked to complete an incremental bicycle exercise test on 
a stationary bicycle (ergometer) (VIAsprint™ 150P Ergometer, Vyaire Medical, 
IL, USA) in accordance with methods described by McNarry et al. [8] (McNarry 
et al., 2017) and Arena et al. [23] (Arena, 2011). Participants first completed 
three minutes of cycling with zero resistance, after which the work rate was in-
creased at a rate of 10 - 15 W∙min−1, depending on the individual’s age-predicted 
maximum workload. They were always asked to maintain a cadence of 55 - 60 
rpm and to continue cycling until they reached their limit of exercise tolerance; 
the test was stopped by the researchers if a patient desaturated to an oxygen level 
below 85%. Throughout the test patients were asked to breathe through a face-
mask which continuously sampled the inspired and expired air using a bidirec-
tional pilot tube flow sensor (MCD Medgraphics Ultima CardiO2; MGC Diag-
nostics, MN, USA). Breath-by-breath data were analysed using the Breeze soft-
ware package (Version 6.4.1, Medical Graphics, MN, USA). The maximum rate 
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of oxygen uptake ( 2maxVO ) was determined by averaging the 2VO  values from 
the final 10 seconds before the limit of exercise was reached. Aerobic threshold 
(AT) was identified by two physiologists using a combination of the two meth-
ods used by Castro et al. [24] (Castro, Pedrosa, Chabalgoity, Sousa, & Nobrega, 
2010): Firstly, using the point of upward inflection of the 2VCO  vs VO2 curve 
and secondly, using the onset of a consistent increase in ventilatory equivalent 
for oxygen (Ve/ 2VO ) occurred with no increase in the ventilatory equivalent for 
carbon dioxide (Ve/ 2VCO ). Blood oxygen saturation was continuously moni-
tored (Nonin Model 7500, Plymouth, MN, USA). 

Participants were asked to perform a repeat bicycle exercise test on a separate 
day. This consisted of a six-minute warmup with no external resistance, followed 
by an immediate transition to a fixed uniform workload. The uniform workload 
was calculated as 40% of the difference between the AT and the VO2Max (Δ40%) 
[8] (McNarry et al., 2017), using data obtained from the incremental exercise 
test. This workload was maintained for six minutes or until the participant 
reached their limit of tolerance, after which there was an immediate transition 
back to cycling with no external resistance for a further three minutes. Partici-
pants were asked to maintain a pedalling cadence of 55 - 60 rpm throughout 
each stage of the test. 

A Holter ECG recorder (Pathfinder/Lifecard Digital CF system; Spacelabs 
Medical Ltd., UK) provided continuous ECG data throughout each exercise test, 
from which heart rate was derived. 

2.3. Pulmonary Rehabilitation Program 

Following baseline measurements participants began a six-week PR programme 
(two sessions per week, two hours per session) under the direction of the 
Physiotherapy Department at Moriston Hospital, Swansea. This programme 
consisted of ten minutes of “warming up” (20 sets of “marching on the spot”, 
“heal digs”, “knee lifts”, “shoulder rolls”, “knee bends” and “high knees”) followed 
by a range of strength training exercises (“bicep curls”, “triceps extension”, 
“dumbbell press”, “dumbbell fly”, “leg extension” and “dumbbell squats”) and 
cardiovascular exercises (choice of treadmill, bicycle ergometer or cross-trainer 
exercise). Each patient was asked to choose a weight that they could safely han-
dle at the beginning of the rehabilitation for use in each exercise, and they were 
encouraged to increase their weights on each day of rehabilitation as the pro-
gramme progressed. For the cardiovascular exercise patients were asked to select 
a mode of exercise with which they were comfortable, and this was maintained 
with increasing workload (resistance) as rehabilitation progressed. Each strength 
exercises lasted five minutes. The cardiovascular exercise lasted ten minutes, 
followed by a ten-minute cool-down period which included sets of “hip flexor 
stretches”, “thigh stretch”, “calf stretch” and “lower back stretch”. Upon comple-
tion of the PR programme, patients were asked to return to the hospital for re-
peat physiological and functional assessments as described above. 
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3. Data Analysis 
3.1. Oxygen Uptake Kinetics Analysis 

Each participant’s 2VO  response was first plotted to check its structure and to 
identify any artefacts in the data (which could arise, for example, owing to swal-
lowing or coughing). Individual responses were then normalized to the 
end-exercise value (by dividing all 2VO  values by the maximum 2VO  value 
within the last 30 seconds of exercise). In accord with previous studies [8] 
(McNarry et al., 2017) we modelled the individual temporal 2VO  responses 
using a single exponential model (Equation (1)): 

( )( )2VO 1 e tA δ τ− −= ⋅ −                      (1) 

where “t” is time, “A” is the amplitude of the response (maximum value of 

2VO , with baseline 2VO  immediately prior to exercise set to zero), “δ” is a 
time delay and “τ” is the time constant. We did not observe evidence of so-called 
Phase I type behaviour (an exponential rise in 2VO  attributed to an increase in 
pulmonary blood flow at the onset of exercise [25] [26] (Cummin, Iyawe, Mehta, 
& Saunders, 1986) (Bell, Paterson, Kowalchuk, Padilla, & Cunningham, 2001) in 
any of our data so we chose to remove the time-delay (δ = 0). Neither did we 
observe Phase III ( 2VO  slow component) behaviour, in common with previous 
work [8] (McNarry et al., 2017). We therefore chose to perform our analysis 
solely in terms of the mean response time (MRT), which reflects the time course 
of the entire 2VO  response (MRT is thus equivalent to τ in Equation (1)). The 
individually normalised 2VO  responses were modelled using Matlab’s Curve 
Fitting Tool (non-linear least squares method) to determine variables A and τ 
and their associated 95% confidence bounds, as well as the goodness of fit of the 
model. To facilitate group averaging of the individual responses all data were in-
terpolated so that 2VO  were defined uniformly at 0.5-second intervals. The 
group-averaged 2VO  response was then separately modelled (using the model 
and criteria described above) for pre- and post-rehabilitation responses. Finally, 
group-averaged responses were re-sampled at 30-second intervals to facilitate 
statistical comparison at 12 time-points (over six minutes) during exercise. 

3.2. Oxygen Uptake Efficiency Slope (OUES) 

OUES was calculated using the linear relationship between 2VO  and the loga-
rithm of Ve measured during the incremental exercise tests. This relationship 
can be expressed as: 

2 10VO = loga Ve b⋅ +                       (2) 

where OUES is equal to the slope “a” [10] [27] (Akkerman et al., 2010; R. Baba, 
2000) (M. Hollenberg & I. B. Tager, 2000). Signed Rank Wilcoxon tests were con-
ducted to assess the influence of the pulmonary rehabilitation program in OUES. 

3.3. Statistical Analysis 

Matlab (version 2017b, The Mathworks, Cambridge, UK) was used to perform 
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descriptive statistical analysis. The One-Sample Kolomogorov-Smirnov Test was 
used to test the null hypothesis that data obeyed a Normal distribution. If this 
assumption was violated, then the influence of the rehabilitation intervention on 
each variable was assessed using Wilcoxon Signed Rank tests. One-sample Kol-
mogorov-Smirnov tests showed that none of the quantified variables were Nor-
mally-distributed. Consequently, the Wilcoxon Signed-rank test was used to as-
sess the influence of pulmonary rehabilitation for each variable. Statistical sig-
nificance was assumed at the p < 0.05 level. 

4. Results 

Table 1 summarises the respiratory variables measured before and after pulmo-
nary rehabilitation. Table 2 and Table 3 summarise the physiological responses  

 
Table 1. Participants’ anthropometric characteristics and resting lung function values. 

 Mean (SD); Range 

Age (years) 69.8 (7.1); 55 - 83 

Gender 10 Male, 5 Female 

BMI (kg·m−2) 30.3 (6.5); 20.8 - 47.7 

FEV1 (L) 2.1 (0.5); 1.1 - 2.9 

FEV1 (% predicted) 78 (19); 55 - 130 

FVC (L) 2.6 (0.8); 1.5 - 4.0 

FVC (% predicted) 76 (22); 52 - 131 

FEV1/FVC 0.81 (0.17); 0.62 - 1.36 

DLCO (% predicted) 46.7 (7.3); 35 - 57 

KCO (% predicted) 78.2 (11.4); 62 - 95 

 
Table 2. Physiological responses to incremental exercise tests pre- and post-rehabilitation. 

 Pre: Mean (SD); Range Post: Mean (SD); Range p 

Ve (mL·min−1·kg−1) 56.0 (20.78); 22.4 - 92.3 58.1 (18.0), 30.7 - 90.5 0.53 

Peak 2VO  (L·min−1) 1.30 (0.28); 0.86 - 1.81 1.28 (0.30); 0.83 - 1.91 0.96 

Peak 2VO  (mL·min−1·kg−1) 15.7 (4.4); 10.0 - 28.4 15.2 (4.4); 8.4 - 26.2 0.93 

Peak HR (bpm) 120 (24); 73 - 159 90 (30); 46 - 136 0.0002* 

Peak Work Rate (Watts) 105 (35); 29 - 158 78 (25); 35 - 128 0.0005* 

Time to Peak Work Rate (minutes) 11.8 (2.2); 7.3 - 16.4 11.4 (3.0), 6.1 - 16.4 0.73 

OUES (ml·min−1·L−1) 1569 (206); 1275 - 1943 1509 (250); 1121 - 1929 0.14 

 
Table 3. Physiological responses to constant work load tests pre- and post-rehabilitation. 

 Pre Post p 

Ve (mL·min−1·kg−1) 54.0 (15.8); 30.3 - 87.1 48.1 (18.5); 21.6 - 78.8 0.25 

Peak 2VO  (L·min−1) 1.27 (0.29); (0.85 - 1.81) 1.17 (0.35); (0.63 - 1.90) 0.21 

Peak 2VO  (mL·min−1·kg−1) 15.0 (4.6); 9.1 - 28.1 13.8 (4.9); 6.4 - 25.6 0.35 

Peak HR (bpm) 117 (22); (90 - 151) 120 (26); 70 - 148 0.70 
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to incremental and constant work rate exercise tests pre- and post-rehabilitation. 
Ve, peak 2VO , time to peak work rate and OUES were all similar during the 
incremental tests pre- and post-rehabilitation, but peak HR and peak work rate 
were both significantly reduced following rehabilitation. Ve, peak 2VO  and 
peak HR were all similar during the pre- and post-rehabilitation constant work 
rate tests. 

Visual inspection of the group-averaged 2VO  responses during the constant 
work rate tests (Figure 1(a)) suggested an increase in 2VO  post-rehabilitation  

 

 
Figure 1. (a) Group-averaged normalised temporal 2VO  response to constant work rate exercise: re-rehabilitation (red, 
dashed line) and post-rehabilitation (blue, solid thick line) and corresponding SEM values (pre: red, dotted: post: blue, solid 
thin); (b) 2VO  responses from (a) resampled at 30 second intervals; arrows = significant difference pre vs post (p < 0.05). 
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during the first two minutes of exercise. Statistical comparison (Wilcoxon signed 
rank test of 2VO  at each of the 12 time-points in the re-sampled time-series; 
Figure 1(b)) confirmed that 2VO  was significantly larger post-rehabilitation at 
times t = 60, 90 and 120 seconds (p = 0.028, 0.008 and 0.034 respectively). 

Visual inspection of the group-averaged HR responses during the constant 
work rate tests (Figure 2(a)) suggested a reduction in HR post-rehabilitation 
during the first four minutes of exercise. Statistical comparison (Wilcoxon signed  

 

 
Figure 2. (a) Group-averaged normalised temporal HR response to constant work rate exercise: re-rehabilitation (red, dashed 
line) and post-rehabilitation (blue, solid thick line) and corresponding SEM values (pre: red, dotted: post: blue, solid thin); (b) 
HR responses from (a) resampled at 30 second intervals; sold arrows = significant difference pre vs post (p < 0.05); dashed ar-
rows = difference pre vs post (p < 0.10). 
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Table 4. Results of group-averaged, normalised 2VO  and HR modelling. 

 2VO  HR 

 Pre (95% CI) Post (95% CI) Pre (95% CI) Post (95% CI) 

A 0.994 (0.990, 0.998) 0.956 (0.954, 0.959) 0.97 (0.964, 0.976) 1.022 (1.014, 1.029) 

MRT (seconds) 107.9 (106.6, 109.1) 85.2 (84.4, 86.0) 60.5 (58.9, 62.0) 115.5 (113.2, 117.8) 

SSE 0.287 0.226 1.862 0.822 

R-squared 0.994 0.995 0.940 0.983 

RMSE 0.020 0.018 0.051 0.034 

SSE = Summed square of residuals (sum of squares due to error); R-squared = squared correlation (coeffi-
cient of multiple determination); RMSE = root mean squared error (standard error of the fit). 

 
rank test of HR at each of the 12 time-points in the re-sampled time-series; Figure 
2(b)) confirmed that HR was significantly reduced post-rehabilitation at times t 
= 30, 120 and 210 seconds (p values = 0.043) and approached a significant dif-
ference at times t = 90, 180 and 240 seconds (p values = 0.079). 

Table 4 shows the values of the model variables and goodness of fit for the 
modelled group-averaged, normalised 2VO  and HR. Goodness of fit measures 
showed strong adherence of the fitted data to the chosen models, especially for 

2VO . The improved post-rehabilitation rate of oxygen uptake (noted above) was 
further reflected by the 21% reduction in τ (MRT) in the modelled 2VO  curve. 
Similarly, the slower post-rehabilitation HR response was reflected by a 48% in-
crease in τ (MRT) in the modelled HR curve. 

5. Discussion 

This study was designed to determine whether a bespoke PR programme had 
any effect on dynamic pulmonary and cardiac responses to metabolic challenge 
during two modes of exercise, in people with UIP. Following exercise-based PR, 
rates of oxygen uptake improved significantly during, but not beyond the first 
two minutes following the onset of heavy-intensity exercise, whilst heart rates 
were similarly reduced during and beyond this time period. Traditional meas-
ures of pulmonary function (minute ventilation and peak rate of respiratory 
oxygen uptake) were not influenced by PR. We had postulated that the oxygen 
uptake efficiency slope (OUES) might be a more sensitive measure of aerobic 
performance plasticity in UIP [12] [27] (Akkerman et al., 2010) (R. Baba et al., 
1996) as has been demonstrated in patients with COPD [28] (Ramponi et al., 
2018). Interestingly, we found that OUES was unchanged following PR (1569 
(pre) vs 1508 (post) ml·min−1·L−1) in our patients with UIP. Using the prediction 
Equation (2) in methods [10] (M. Hollenberg & I. B. Tager, 2000), we estimated 
OUES for healthy individuals with mean values of age (69.8 years), mass (86.8 
kg), height (1.7 m) and body surface area (1.8 m2) equivalent to our patients; the 
estimated healthy OUES value was 2010 ml·min−1·L−1, suggesting an approximate 
reduction of 25% in our patients. 
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We modelled the temporal oxygen uptake ( 2VO ) response to heavy intensity 
exercise, characterising the response dynamics in terms of the mean response 
time (MRT). The MRT for 2VO  in our participants was 108 seconds prior to 
rehabilitation, similar to the findings of McNarry et al [8] (McNarry et al., 2017) 
This is substantially slower than that observed for similarly aged healthy indi-
viduals [17] [29] (Whipp & Ward, 1990) (Breese, Barker, Armstrong, Jones, & 
Williams, 2012). We also observed a 21% reduction in MRT to 85 seconds in pa-
tients who completed the PR programme. This demonstrates a substantially 
faster oxygen uptake response to metabolic challenge which was most notewor-
thy during the initial 2 minutes of exercise. 

Although the peak heart rates we observed during heavy-intensity exercise 
were similar before and after PR, the time to attain this peak value was almost 
twice as slow following PR (MRT = 60.5 vs. 115.5 seconds). These times are 
similar to those in three patients with IPF reported by McNarry et al and sub-
stantially greater than those of 12s - 60s (2SD) reported for healthy individuals 
[8] (McNarry et al., 2017). Furthermore, we noted sustained post-PR reductions 
in heart rate within the first four minutes of exercise. 

It is interesting to speculate on the mechanisms by which PR might improve 
oxygen uptake responses in UIP. Given the usually severe and progressive nature 
of the pathological abnormalities in UIP, it would seem that improvements in 
pulmonary mechanical function or alveolar-capillary gas-exchange are unlikely. 
More plausible is the notion that PR may increase systemic arterial-tissue oxygen 
exchange and/or influence cardiovascular function to improve systemic oxygen 
delivery and usage. Exercise-induced adaptations of any of these might be con-
tributing factors to the improved oxygen uptake dynamics we observed during 
exercise. Previous studies of patients with COPD suggest that oxygen delivery to 
muscles (and hence impaired HR kinetics—a proxy for cardiac output and blood 
flow) might be the limiting factor in 2VO  kinetics. Similarly, McNarry et al., 
[8] (McNarry et al., 2017) interpreted slower HR and 2VO  kinetics as reflect-
ing a limitation of central oxygen delivery in both COPD and IPF. In the present 
study, we observed a combination of improved (faster) oxygen uptake and di-
minished (slower) heart rate in response to exercise in patients after completion 
of the PR programme. One likely explanation for our findings is that PR im-
proves cardiac efficiency either through a myocardial training effect or by nor-
malisation of intrathoracic pressures by learning more efficient breathing tech-
niques during PR. Notably, OUES (the ratio of oxygen uptake to minute ventila-
tion) was unchanged by rehabilitation. Since OUES is a function of blood perfu-
sion to both working muscles and to the lungs [12] [16] [30] (R. Baba et al., 
1996) (Rowland & Cunningham, 1992) (Weber, Kinasewitz, Janicki, & Fishman, 
1982) it seems unlikely that changes in pulmonary or systemic blood flow (nor 
central cardiac function) caused the improved oxygen uptake in our study. Rather 
an improvement of gas exchange, probably at the systemic arterial-capillary inter-
face, best explains enhancement of oxygen utilisation following PR. 
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This study extends our knowledge of the physiological responses to a bespoke 
PR programme in people with UIP. We consider our sample of 15 patients to be 
representative of people with UIP. Nonetheless, the statistical power of our 
analyses is limited by this relatively small number of participants. In part, our 
sample size was restricted by the exclusion of patients with co-morbid condi-
tions that might influence respiratory, cardiac or autonomic nervous system 
function. We were however mindful of the potential influence of too strict a set 
of exclusion criteria on both recruitment and the applicability of our results to a 
wider population or people with UIP. With this in mind, we took the decision to 
include patients with IPF and those with rheumatoid arthritis who had evidence 
of definite UIP on CT scan of the thorax all of whom are offered the opportunity 
to undertake the bespoke PR programme if they so wish. Certainly, there was no 
obvious difference in the physiological data of those with IPF and those with 
rheumatoid disease. We also did not exclude individuals with controlled diabetes 
from the study: five (27%) of our patient cohort were taking medication to treat 
Type II diabetes. Care was taken to ensure that the only change between the 
monitoring days was the intervening intervention with PR. 

6. Conclusion 

As far as we are aware, this is the first study to assess the physiological changes in 
cardiorespiratory function across maximal exercise ranges, before and after a be-
spoke programme of PR, in people with UIP. We applied novel approaches to 
evaluate these changes and provide a comprehensive profile of cardiorespiratory 
performance in UIP and the improvements PR can deliver. Specifically, PR im-
proved the rate of oxygen uptake during heavy-intensity exercise, despite heart 
rates being substantially lower during this time implying improvement in cardiac 
pumping efficiency. This suggests that PR may increase systemic arterial-tissue 
oxygen exchange and/or influence cardiovascular function to improve systemic 
oxygen delivery. Our findings suggest that individuals with UIP should find it eas-
ier to perform the activities of daily life including those requiring substantial 
metabolic demands, after undertaking an appropriately designed PR programme. 
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