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Physiological effects of roflumilast at rest
and during exercise in COPD

Denis E. O’Donnell*, Dirk Bredenbréker”, Manja Brose” and Katherine A. Webb*

ABSTRACT: The purpose of this study was to investigate the effects of 500 pg roflumilast, taken
once daily for 12 weeks, on airway physiology during rest and exercise in patients with moderate-
to-severe chronic obstructive pulmonary disease.

This randomised, double-blind, placebo-controlled, parallel-group study was conducted in 250
patients with a post-bronchodilator forced expiratory volume in 1 s (FEV1) of 30-80% predicted
and a functional residual capacity of >120% pred. Pre- and post-bronchodilator spirometry and
body plethysmography, and pre-bronchodilator constant work rate cycle exercise at 75% of peak
work rate were evaluated. Exercise measurements included ventilation, breathing pattern,
inspiratory capacity (IC) and arterial oxygen saturation measured by pulse oximetry (Sp,0,).

Compared with placebo, 12 weeks of treatment with roflumilast was associated with: small but
progressive increases in pre- and post-bronchodilator FEV1 and FEV1/forced vital capacity; small
decreases in specific airway resistance; and no significant changes in resting vital capacity, IC or
measurements of lung hyperinflation. There was no treatment effect on exercise endurance time. At a
standardised exercise time after roflumilast, compared with placebo, IC increased by 0.12 L (p=0.008)

and Sp,0. increased by 0.7% (p=0.020); peak ventilation increased by 1.9 L-min™ (p=0.014).

Roflumilast treatment was associated with progressive improvement of airway function but not
lung hyperinflation. Newly described non-bronchodilator effects of roflumilast included small but
consistent improvements in air trapping and Sp,0, during exercise.
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oflumilast, a phosphodiesterase (PDE)4

inhibitor, is a novel oral anti-inflammatory

agent that, in clinical studies, has been
shown to reduce exacerbations in patients with
chronic obstructive pulmonary disease (COPD)
who have symptoms of chronic bronchitis and a
history of exacerbations [1-3]. Studies have also
confirmed that roflumilast treatment is associated
with small improvements in pre- and post-broncho-
dilator forced expiratory volume in 1s (FEV1)
[1, 2, 4, 5]. At present, the nature and precise
physiological mechanisms of improved airway
function are unknown, and are the main focus of
the current study.

The relatively slow time course of the increase in
FEV1 following the onset of roflumilast therapy is
consistent with an anti-inflammatory action at the
airway mucosa level. Indeed, similar small and
delayed improvements in spirometry have been
reported following treatment with inhaled corti-
costeroid monotherapy in COPD [6, 7]. PDE4
inhibitors, such as roflumilast, have no direct
bronchodilatory effects on airway smooth muscle
[8]. Therefore, it is reasonable to postulate that the
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gradual improvement in airway conductance is
related to reduced mucosal oedema or muco-
inflammatory exudates, but this requires experi-
mental verification.

No consensus currently exists as to the optimal
methodology to assess the effect of anti-inflamma-
tory therapies on airway function in COPD. In
moderate-to-severe COPD, bronchodilator therapy
is associated with consistent reductions in lung
hyperinflation with concurrent increases in inspira-
tory capacity (IC), during both rest and exercise [9,
10]. However, the impact of roflumilast on lung
volume components during rest and exercise has
not been previously studied and is likely to be dif-
ferent from the effects of bronchodilators. Moreover,
based on a previous study in asthma, it is possible
that additional physiological effects, such as impro-
ved arterial oxygenation, may be present following
anti-inflammatory treatment in COPD, independent
of improved respiratory mechanics [11].

The objective of the current study was to examine
the effect of roflumilast on spirometry, plethys-
mographic measurements of airway resistance
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and lung volume, and physiological and perceptual responses
to constant work rate (CWR) cycle exercise in patients with
moderate-to-severe COPD. Therefore, we conducted a 12-
week, multicentre, randomised, double-blind, parallel-group
study in patients with COPD who had resting lung hyperin-
flation. By examining the effects of roflumilast on operating
lung volumes, breathing pattern and indices of pulmonary gas
exchange during exercise, we hoped to gain new insights into
the direct physiological consequences of suppression of airway
inflammation in COPD.

METHODS

Subjects

Subjects were clinically stable patients >40 yrs of age with a
smoking history of >10 pack-yrs and a >12-month history of
COPD [12]. Other inclusion criteria included: post-bronchodilator
FEV1 30-80% predicted, FEV1/forced vital capacity (FVC) <0.7
and plethysmographic functional residual capacity (FRC) >120%
pred; and peak oxygen uptake (V'0,) <80% pred during
incremental cycle exercise. Exclusion criteria included: a diag-
nosis of asthma or a lung disease other than COPD; a-antitrypsin
deficiency; participation in a pulmonary rehabilitation pro-
gramme within 2 months; supplemental oxygen therapy; a
COPD exacerbation or respiratory tract infection within 4 weeks;
a concomitant disease that might interfere with the ability to
exercise; or stopping incremental cycle exercise testing due to leg
discomfort alone.

Study design

This was a randomised, double-blind, placebo-controlled,
parallel-group study conducted between 2003 and 2005. A
parallel-group design was used to avoid the potential carry over
and sequence effects that may exist with the use of anti-
inflammatory medications. The 12-week treatment arms con-
sisted of 500 pg roflumilast (ROF) or placebo (PBO). The target
enrolment was 230 subjects at 22 centres in Canada, France,
Germany and Hungary. All centres received research ethics
approval prior to participation.

After patient consent was obtained, subjects completed an initial
screening visit (B0), which included a medical history and
physical examination followed by pulmonary function tests
(pre- and post-bronchodilator), and a symptom-limited incre-
mental cycle exercise test. Eligible subjects then began a 2-3-week
baseline period consisting of two familiarisation visits during
which a symptom-limited CWR cycle exercise test was per-
formed at 75% of the maximum incremental work rate (Wmax). If
CWR endurance time was not reproducible within 2 min or 10%
at these visits, then a third visit was performed. If reproducibility
was not achieved at this visit, the patient was not randomised.
During the baseline period, patients received single-blind PBO
medication. If randomisation criteria were met, subjects were
randomised to blinded study medication and completed pre-
treatment testing (T0): pre-bronchodilator pulmonary function
and CWR exercise tests were performed, 400 pg salbutamol was
administered after a 30-min rest period and post-bronchodilator
pulmonary function tests were performed 30 min later. An
identical visit was conducted after 12 weeks of treatment (T12).
Visits conducted after 4 weeks (T4) and 8 weeks (T8) of treatment
included pre-bronchodilator testing only. If a randomised subject
discontinued the study prematurely, then the T12 assessments
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were completed. The end-point visit (Tlast) was defined as visit
T12 or the last visit conducted in the case of early termination. All
pre-bronchodilator testing began between 08:00 and 11:00 h.

Treatments

Study medication (ROF or PBO) was taken once daily in tablet
form after breakfast and with >200 mL of fluid. A 1:1
randomisation ratio was used, with stratification according to
smoking status (i.e. current smokers or ex-smokers). Inhaled long-
acting Pr-agonists, theophyllines and systemic corticosteroids
were not allowed throughout the study and were withdrawn at
visit Bo; long-acting anticholinergics were not permitted within
the 4 weeks before visit Bo, but prior tiotropium bromide could
be switched to a regular dose of ipratropium bromide at that
time. Inhaled corticosteroids (ICS) were permitted throughout
the study if taken at a constant dosage (<2,000 pg beclometha-
sone dipropionate or equivalent) for >3 months prior to the
study. Inhaled salbutamol as needed and ipratropium bromide in
stable regular dosages were permitted throughout the study but
were withheld >4 and >6 h prior to study visits, respectively.

Procedures

Use of medications and safety variables were evaluated at each
visit. Activity-related dyspnoea was assessed using the Baseline
Dyspnoea Index or Transition Dyspnoea Index (TDI) [13].
Spirometry and body plethysmography were conducted accord-
ing to recommendations [14, 15], and measurements were
expressed relative to predicted normal values [16, 17]. Single-
breath diffusing capacity of the lung for carbon monoxide (DL,CO)
[18] was measured at visits Bo and T12 only.

Symptom-limited exercise tests were conducted on electronically
braked cycle ergometers using approved cardiopulmonary
exercise testing systems with integrated IC measurements. The
incremental test consisted of a steady-state resting period
>3 min, 1 min of unloaded pedalling and subsequent stepwise
increases in work rate of 10 W-min™'; Wmax was defined as the
highest work rate that the subject could maintain for >30 s. CWR
exercise tests were performed in a similar manner, but the work
rate was adjusted to 75% of Wmax; exercise endurance time was
defined as the duration of loaded pedalling. Measurements were
collected while subjects breathed through a rubber mouthpiece
with a nose clip and included: breath-by-breath cardiopulmonary
and breathing pattern parameters; arterial oxygen saturation
measured by pulse oximetry (Sp,0,); ECG; blood pressure;
intensity of dyspnoea (breathing discomfort) and leg discomfort
assessed using the modified 10-point Borg scale [19] at rest, at 1-
min intervals during exercise and at end-exercise; IC manoeuvres
performed at rest (three acceptable measurements), singly at 2-
min intervals during exercise and again immediately upon
signalling the need to stop exercise; and the reason(s) for stopping
exercise. Measurements were averaged in 30-s intervals through-
out exercise: isotime was defined as the highest equivalent
exercise time achieved during all CWR tests performed by a
given subject, rounded down to the nearest whole minute; and
peak was the last 30-s of loaded pedalling. Peak V'O, was
expressed as a percentage of the predicted normal value [20].

Statistical analysis
A sample size of 115 subjects per treatment arm ensured a power
of 90% to detect a significant treatment difference in the primary
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variable pre-bronchodilator exercise endurance time under the
following assumptions: two-sided o=0.05; normal distribution;
improvement in ROF compared with PBO in group means of
100 s; and common standard deviation of 230 s (effect size
0.435). With a common standard deviation of 269 s (effect size
0.372), a power of 80% results when evaluating 115 subjects per
treatment arm.

The primary analysis was conducted on the intent-to-treat
population. Treatment differences were analysed as changes from
To to Tlast and presented as least square mean +SE; two-sided

1y-\:{8 S5 B Baseline characteristics of the study population
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p-values are reported. An ANCOVA was performed to test
the hypothesis for the treatment difference in the primary
variable. In addition to the treatment, the following factors
and covariables (all fixed) were included in the model: value
at visit To, age, sex, smoking status, country, and ICS pre-
treatment. No interaction term was included in the primary
model. Similarly, the ANCOVA was used to analyse key
secondary variables, i.e. pre- and post-bronchodilator spiro-
metry, plethysmographic lung volume and airway resistance
measurements, pre-bronchodilator dyspnoea intensity at iso-
time during exercise, pre-bronchodilator dynamic IC at isotime

ROF PBO

Subjects n 127 123
Males % 73.2 83.7
Age yrs 60+9 59+10
Height cm 170+9 17148
Body mass index kg-m 26.4+5.0 26.3+4.6
Cigarette smoking history pack-yrs* 41420 41422
Current smokers % 52.0 53.7
Prior LABA"* % 315 28.5
Prior tiotropium® % 3.1 2.4
Prior theophyllines* % 29.1 20.3
Concomitant ICS treatment % 40.2 333
Concomitant ipratropium treatment % 40.9 39.0
BDI focal score 6.6+2.0 6.8+2.1
Peak incremental V'0, % pred 63+13 61+13
Wmax W 80+25 82+27
GOLD stage %

[, mild 0.8 1.6

I, moderate 54.3 47.2

Ill, severe 441 46.3

IV, very severe 0.8 4.9

Pulmonary function

Pre-bronchodilator

FEV1 L (% pred)

FEV1/FVC %

FEF25-75% L-s™ (% pred)

ICL

SVC L (% pred)

TLC L (% pred)

RV L (% pred)

FRC L (% pred)

sRaw kPa-s

Dt.co mL-min'-mmHg™
Post-bronchodilator

FEV1 % pred

FEV1/FVC %

AFEV1 %

1.4940.50 (50+ 14)

1.51+0.53 (49+14)

49411 48+ 11
0.7240.51 (21+14) 0.74+0.51 (21+13)
2.31+0.63 2.44+0.66

3.14+0.74 (83+15)
7.374+1.26 (119+16)
4.28+0.96 (191 +40)
5.04+0.98 (154 +27)

3.19+0.83 (81+16)
7.73+1.26 (120+19)
4.5341.16 (199 +54)
5.3141.11 (159+34)

230+1.14 2.55+1.36
18.3+7.8 19.2+8.4
56+12 54+13
51+11 50+ 11
13+17 13+ 16

Data are presented as mean +sb, unless otherwise stated. Measurements were taken at the beginning of the baseline period (Bo). ROF: roflumilast; PBO: placebo; LABA:

long-acting Bo-agonist; ICS: inhaled corticosteroid; BDI: Baseline Dyspnoea Index; V'0,: oxygen uptake; % pred: % predicted; Wmax: maximal incremental work rate;

GOLD: Global Initiative for Chronic Obstructive Lung Disease; FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity; FEF25-75%: forced expiratory flow at 25—

75% of FVC; IC: inspiratory capacity; SVC: slow vital capacity; TLC: total lung capacity; RV: residual volume; FRC: functional residual capacity; sRaw: specific airway

resistance; DL,CO: diffusing capacity of the lung for carbon monoxide; A: change. *: 1 pack-yr represents 20 cigarettes per day for 1 yr; *: LABA alone or in combination

with an ICS; *: withdrawn at Bo; ®: withdrawn 4 weeks before Bo.
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during exercise, pre-bronchodilator metabolic and cardiopul-
monary variables at isotime, and peak exercise.

RESULTS

Subjects

Characteristics of the study population are shown in table 1. Age,
height, body mass index, sex, race (99% Caucasian), smoking
history, and use of prior and concomitant respiratory medications
were balanced across treatment groups. Frequency of comorbid-
ities and reported previous diseases was also similar across
groups (data not shown). Subjects in both groups had moderate-
to-severe airflow obstruction, a similar distribution across Global
Initiative for Chronic Obstructive Lung Disease (GOLD) stages,
significant lung hyperinflation, a preserved mean DL,CO and a
reduced peak incremental V'0,.

Of the 250 randomised subjects, 16 from the ROF group and 12
from the PBO group discontinued prematurely: the main reasons
were adverse events in 12 and nine subjects, with COPD
exacerbations in four and four subjects from the ROF and PBO
groups, respectively. Of those with adverse events leading to
discontinuation, five subjects from the ROF group were assessed
as likely or definitely related to study medication and were listed
as follows: gastrointestinal disorder (n=1); diarrhoea (n=2);
dizziness, diarrhoea, dry mouth, decreased appetite and weight
loss (n=1); and nausea, decreased appetite, fatigue and headache
(n=1). The most common treatment-emergent adverse events
were (ROF and PBO, respectively): diarrhoea (n=13 and n=2),
nasopharyngitis (n=9 and n=8), COPD exacerbation (n=8 and
n=>5), dizziness (n=8 and n=2), headache (n=7 and n=2), nausea
(n=5 and 3), anxiety (n=5 and n=0) and weight loss (n=5 and
n=0). Compliance to study medication was excellent, at >97% in
the baseline and treatment periods for both groups.

Pulmonary function

Pulmonary function responses to treatment are summarised in
table 2. There were no significant treatment differences in pre- or
post-bronchodilator static lung volumes, or in pre-bronchodilator
DL,co. After treatment with ROF, there were small within-group
improvements in pre-bronchodilator FEV1, FEV1/FVC and
specific airway resistance (sRaw) (fig. 1), and in post-bronchodi-
lator FEV1/FVC and sRaw. At Tlast, the treatment difference
with ROF was superior to that with PBO for pre-bronchodilator
FEV1 (84431 mL; p=0.007), FEV1/FVC (1.8+0.7%; p=0.009)
and forced expiratory flow at 25-75% of FVC (FEF25-75%)
(0.062 +0.029 L-s p=0.036), and for post-bronchodilator FEV1
(75434 mL; p=0.030), FEV1/FVC (1.4 +0.6%; p=0.029), FEF25-75%
(0.07540.030 L's"; p=0.014) and sRaw (-0.1940.093 kPa's™;
p=0.043).

CWR exercise

Data at isotime (ROF: 6.0 +0.3 min; PBO: 7.0+ 0.3 min) and peak
exercise are provided in table 3. There were no significant
treatment differences in symptom-limited exercise endurance
time or in peak V'O, (table 3). Intensity ratings of dyspnoea and
leg discomfort measured at rest and throughout exercise were
also unchanged with treatment (fig. 2). The reasons for stopping
exercise were similar across groups at To. The proportion of
patients stopping due to dyspnoea decreased significantly after
ROF (57.5% at To versus 42.1% at Tlast; p<<0.001) but not after PBO
(57.7% versus 57.6%; p=1.0): the difference between groups was
significant at Tlast (p=0.020).
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y-\:18=F 8 Pulmonary function measurements at the
beginning (To) and end (Tlast) of study treatment

in the intention-to-treat analysis

To Tiast
ROF PBO
Pre-bronchodilator
FEV1 L 150 1.56+0.03*7% 1.4840.03
FEV1/FVC % 487  50.0+057*% 48.2+0.63
FEF25-75% L-s™ 073  0.75+0.03* 0.68+0.03
PEFR L-s' 3.91 3.88+0.07 3.74+0.08*
FVC L 3.08 3.07+0.04 3.02+0.05
SVC L 3.24 3.1840.05 3.20+0.05
ICL 2.39 2.34+0.04 2.3840.04
TLC L 7.46 7.40+0.05 7.41+0.06
FRC L 5.09 5.08+0.05 5.0340.05
RV L 424  418+0.07 4.19+40.08
sRaw kPa-s 236  217+0.09% 2.3440.10
DL.co mL-min”-mmHg” 18.8 18.5+0.44 18.7+0.47
DLco/Va mL-min”"-mmHg"-L"  3.18 3.16+0.07 3.24+0.07
Post-bronchodilator
FEV1 L 1.65  1.68 +0.03* 1.61+0.03
FEV1/FVC % 495 5074053 49.3+0.60
FEF25-75% L-s™" 081  0.81+0.03* 0.7440.03*
PEFR L-s' 4.30 4.2840.07 4.13£0.08*
FVC L 3.35 3.3340.04 3.29+0.04
SVC L 3.51 3.50+0.04 3.50+0.04
ICL 260  255+0.04 2.5740.05
TLC L 7.44 7.45+0.06 7.42+0.06
FRC L 4.82 4.88+0.05 4.8140.05
RV L 3.89 3.93+0.06 3.92+0.07
sRaw kPa-s 1.81  1.65+0.08*7% 1.8440.08

Data are presented as least square mean+se. ROF: roflumilast; PBO: placebo;
FEV1: forced expiratory volumein 1 s; FVC: forced vital capacity; FEF25-75%: forced
expiratory flow at 25-75% of FVC; PEFR: peak expiratory flow rate; SVC: slow vital
capacity; IC: inspiratory capacity; TLC: total lung capacity; FRC: functional residual
capacity; RV: residual volume; sRaw: specific airway resistance; DL,co: diffusing
capacity of the lung for carbon monoxide; VA: alveolar volume. *: p<<0.05 for Tiast
versus To; *: p<0.05 for ROF versus PBO treatment effect (Tiast minus To).

After ROF, compared with PBO, there were small increases in
ventilation during exercise (1.9+0.7 L-min™ at peak; p=0.014),
which appeared to result from increases in respiratory frequency
(fR), with no change in tidal volume (V1) (fig. 3). Although there
were no significant between-group treatment differences in fR
throughout exercise, significant increases were found at all paired
exercise time-points within the ROF group at Tlast compared with
To (j.e. 1.6+0.4 breaths-min™! at peak; p<<0.001).

There were no significant between-treatment differences for
dynamic IC measured pre-exercise or at peak exercise, but the
treatment difference reached statistical significance at 2 min
(0.124+0.04 L; p=0.007) and at isotime (0.12+0.05 L; p=0.008)
during exercise. There were no significant within-group differ-
ences in exercise IC measurements from To0 to Tlast in the ROF
group; however, dynamic IC at rest (-0.11+0.04 L; p=0.008) and
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FIGURE 1. Change in (A) a) forced expiratory volume in 1 s (FEV1), b) FEV1/forced vital capacity (FVC), c) specific airway resistance (sRaw) and d) functional residual
capacity (FRC) are shown during treatment with roflumilast (ROF) and placebo (PBO). Data are presented as least square mean +st. Tlast: end-point visit. *: p<<0.05 for
within-treatment difference from pre-treatment testing visit; #: p<0.05 for between-group treatment difference.

throughout exercise (-0.16 +0.05 mL at peak; p=0.001) decreased
significantly over the course of treatment within the PBO group.

Although there was no significant treatment difference in resting
Sp,0, (0.4+0.2%; p=0.067), there were small significant (p<<0.05)
treatment differences throughout exercise in favour of ROF, i.c.
less desaturation during exercise after ROF compared with PBO
(table 3 and fig. 4). Based on isotime exercise data, this difference
appeared to be progressive over the 12-week treatment period

(fig. 4).

Activity-related dyspnoea

The TDI focal score improved more with ROF than PBO after
8 weeks (treatment difference 0.81+0.35 units; p=0.021) and
12 weeks (0.84+0.38 units; p=0.029) of treatment; at Tlast, the
treatment difference was 0.68 +0.38 (p=0.078). Significant within-
treatment improvements for ROF at Tlast were found for the TDI
focal score (0.89+£0.31 units; p=0.004) and each of its compo-
nents, whereas no significant differences were found within the
PBO group.

Pre-specified subgroup analyses

There were no significant treatment-by-country, treatment-
by-smoking status or treatment-by-ICS pre-treatment interac-
tions found for the primary or key secondary outcome variables.

1108 VOLUME 39 NUMBER 5

The exploratory subgroup analyses performed based on smoking
status (smokers versus ex-smokers) and concomitant ICS therapy
(ICS wversus no ICS) showed that there were no significant
differences between subgroups in the main treatment effects for
pulmonary function or exercise parameters.

DISCUSSION

ROF was associated with: 1) no significant changes in static
lung hyperinflation or exercise endurance time; 2) progressive
improvements in airway function over 12 weeks; 3) small but
consistent improvements in ventilation and Sp,0, during exercise;
and 4) prevention of worsening dynamic lung hyperinflation
during exercise that occurred in those randomised to PBO.

Subjects in this study had moderate-to-severe expiratory flow
limitation and lung hyperinflation, clinically significant chronic
activity-related dyspnoea and a reduced symptom-limited peak
V'0, that was ~60% pred. Both groups were well matched for
age, body size, sex, GOLD stage, pulmonary function abnorm-
alities, peak exercise capacity and chronic dyspnoea. In contrast
to recent clinical trials on efficacy of ROF, a history of chronic
bronchitis, exacerbations and foundational bronchodilator ther-
apy were not specified entry criteria for the current study [1-4].
However, approximately half of our sample had severe COPD by
GOLD criteria.

EUROPEAN RESPIRATORY JOURNAL
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TABLE 3

Pre-bronchodilator measurements during
symptom-limited continuous work rate exercise
at 75% of the maximum incremental work rate at
the beginning (To) and end (Tlast) of study
treatment in the intention-to-treat analysis

To Tiast
ROF PBO

Exercise time s 477 492424 528426
Peak exercise

Dyspnoea Borg score 6.6 6.5+0.1 6.84+0.2

Leg discomfort Borg 4.9 5.34+0.2 5140.2

score

V'O, L-min™ 1.19 1.1940.02 1.1840.02

V'co, L-min™ 1.16 1.16+0.02 1.156+0.02

V'E L-min”! 416 43.8+0.60** 41.9+0.68

fR breaths-min™' 30.1 31.7+0.43* 30.8+0.48

VT L 1.44 1.43+0.02 1.41+0.02

ICL 2.20 2.11+0.04* 2.04+0.05*

Sp.0, % 93.9 94.4+0.23*% 93.6+0.26
Isotime exercise

Dyspnoea Borg score 5.0

Leg discomfort Borg 3.8 + *

score

V'0, L-min’’ 1.16 1.13+0.02 1.13+0.02

V'co, L-min” 1.10 1.08+0.02 1.09+0.02

V'E L'min”! 396 40.6+0.627" 39.140.70

fR breaths:min™' 28.4 29.5+0.43* 28.5+0.48

VT L 1.44 1.43+0.02 1.43+0.02

IC L 2.20 217+0.04% 2.0540.04*

Sp.0; % 94.3 94.6+0.22% 93.940.25

Data are presented as least square mean +se. ROF: roflumilast; PBO: placebo;
V'0,: oxygen uptake; V'C0O,: carbon dioxide production; V'E: minute ventilation;
fR: respiratory frequency; VT: tidal volume; IC: inspiratory capacity; Sp,0,: arterial
oxygen saturation measured by pulse oximetry. *: p<<0.05 for within-group Tiast
versus To; *: p<0.05 for ROF versus PBO treatment effect (Tiast minus To);
¥: p=0.08 within-group (Tlast versus To).

Our results confirm those of previous reports of progressive
improvements in the pre-bronchodilator FEV1 (by an average of
84 mL) over the first 8 weeks of anti-inflammatory therapy,
which was sustained at 12 weeks. There were concurrent small
but consistent improvements in the FEV1/FVC ratio and sRaw.
The changes in resting airway function were distinctly different
from those that occur following bronchodilator therapy [9, 10].
For example, in this group, FVC improved by an average of 0.3 L
during bronchodilator responsiveness testing, whereas there was
no change in pre-bronchodilator FVC following 12 weeks of ROF
treatment. In patients with more advanced COPD, the increase in
FEV1 after bronchodilator therapy mainly reflects volume (FVC)
recruitment secondary to lung deflation (reduced RV) [21, 22]. In
contrast, there were no consistent changes in RV, FRC, FVC and
IC in those randomised to ROF. In the absence of evidence of lung
volume recruitment, the increase in FEV1 associated with ROF
points to improvement in airflow rates in the larger central
airways and in alveolar units with faster mechanical time
constants for emptying.
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We found no evidence of enhanced responsiveness to broncho-
dilatory agents: acute reversibility to short-acting Pr-agonist
therapy was unchanged after 12 weeks of treatment with ROF.
This is consistent with the results of previous studies that have
shown that the addition of ROF treatment to patients receiving
foundational long-acting bronchodilator medication results in
added (but not synergistic) improvements in FEV1 [2]. In this
study, it is noteworthy that the improvements in airway function
were similar in those receiving ICS maintenance treatment (i.e.
~40% of the sample) compared to those who were not.

It is conceivable that in patients with advanced COPD, small
improvements in airway function of this magnitude are linked to
subjective benefits. It is also possible that reduced airway
mucosal inflammation per se favourably affects respiratory
sensation (via altered sensory afferent inputs from this site)
independent of change in respiratory mechanics, as has
previously been proposed [23-25]. Dyspnoea intensity ratings
at a standardised time during exercise were not decreased in
those randomised to ROF versus PBO. However, dyspnoea was
selected 15% less frequently as the primary exercise-limiting
symptom in those receiving active medication. Progressive
improvements in TDI were seen in those randomised to ROF
when compared with baseline, but between-group comparisons
were not significant. Other studies have similarly reported small
or inconsistent changes in dyspnoea after ROF [1, 2].

The resting IC represents the operating limits for VT expansion
during exercise in flow-limited patients with COPD and predicts
peak ventilation and cycle endurance time [26, 27]. Given the lack
of recruitment of resting IC (or decreased lung hyperinflation)
with ROF, it is not surprising that endurance time was not
increased compared with PBO. During exercise, IC decreased
further by an average of ~0.3 L in each group, reflecting dynamic
pulmonary hyperinflation. Dynamic hyperinflation is known to
be associated with VT restriction, excessive loading and
functional weakness of the inspiratory muscles, which collec-
tively contribute to respiratory discomfort and exercise intoler-
ance [26, 27]. Bronchodilator therapy is associated with increased
resting and exercise IC (by 0.2-0.3 L) with a consequent delay in
the onset of critical mechanical constraints and intolerable
dyspnoea. Although resting IC was unchanged with ROF,
dynamic IC was consistently greater during exercise compared
with PBO by an average of 0.12 L, but was not accompanied by
any increase in exercise VT. In this study, treatment with ROF
appears to have prevented the worsening of air trapping that
occurred after 12 weeks of PBO. Small concurrent increases in
exercise minute ventilation (V'E) (of <2 L-min™') were also noted
with ROF treatment, mainly reflecting the increased fR (of <2
breaths per min).

Arterial oxygen saturation during exercise progressively
improved from week 4 to week 12 in those randomised to ROF:
at week 12, isotime Sp,0, increased by 0.7% compared with PBO.
The mechanism(s) of this novel finding are uncertain but point to
improvements in ventilation—perfusion relationships during
exercise. Improvement in Sp,O, was not explained by the
increased V'E with ROF, as differences in Sp,0, persisted after
accounting for these small differences in V'E. There was no
evidence for improved efficiency of carbon dioxide production
(V'C0O,) as assessed by V'E/V'CO, slopes during exercise. It is
noteworthy that similar improvements in Sp,0, have previously
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FIGURE 2. Intensity ratings of dyspnoea and leg discomfort during constant work rate exercise at the end-point visit (Tlast) are shown for the roflumilast (ROF) and
placebo (PBO) treatment groups. There were no significant treatment differences. Data are presented as least square mean + sk for all subjects with paired pre-treatment and
Tiast test results and for time-points (i.e. rest, each minute, isotime and peak) with >90% of the sample contributing to the mean.

been reported during exercise following ICS therapy in asthma
and were independent of change in pulmonary function [11]. It is
therefore possible, but unproven, that anti-inflammatory effects
in peripheral airways and the adjacent pulmonary vascular bed

may occur in COPD following systemic ROF therapy [28].
Treatment effects on Sp,0, may be better uncovered using
treadmill exercise, which, in COPD, results in greater arterial
oxygen desaturation than weight-supported cycling [29].
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FIGURE 3. Physiological responses to constant work rate exercise at the end-point visit (Tiast) are shown for the roflumilast (ROF) and placebo (PBO) treatment groups.
a) Oxygen uptake (V'0,) versus exercise time; b) minute ventilation (V'E) versus exercise time; c) V'E versus carbon dioxide production (V'C0,); d) tidal volume (VT) versus
exercise time; e) respiratory frequency (fR) versus exercise time; f) inspiratory capacity (IC) versus exercise time. Data are presented as least square mean + St for all subjects
with paired pre-treatment (To) and Tiast test results and for time-points (i.e. rest, each minute, isotime and peak) with >90% of the sample contributing to the mean. *: p<0.05

for between-group difference (Tiast minus To) at a selected time-point (i.e. 2-min, isotime or peak); *: p=0.09 for between-group difference (Tiast minus To) at a selected time-
point (i.e. 2-min, isotime or peak); ': p=0.05 for between-group difference (Tlast minus To) at a selected time-point (i.e. 2-min, isotime or peak).
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Study limitations

Inclusion criteria for this study included the presence of lung
hyperinflation (FRC >120% pred); therefore, the results may not
be generalisable to the broader COPD population. However,
recent population studies indicate that the majority of patients
with moderate-to-severe COPD have resting lung hyperinflation
[22]. The physiological effects of ROF described here may be
different in the subpopulation of COPD patients for whom the
licensing indication exists, i.e. those with chronic bronchitis and a
history of exacerbations who receive maintenance bronchodilator
therapy.

Conclusion

This study is the first to examine the physiological effects of ROF
during rest and exercise in COPD. The response pattern to this
oral anti-inflammatory agent is distinctly different to that of
inhaled bronchodilator agents. Thus, small but progressive
improvements in airway function were seen in the absence of
any improvement in resting lung hyperinflation or in exercise
endurance. Newly described non-bronchodilator effects of this
medication included small but consistent improvements in air
trapping, ventilation and arterial oxyhaemoglobin saturation
during exercise. The clinical significance of these short-term
physiological improvements in those randomised to ROF
remains to be established.
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