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Abstract
Background—Patients with diYcult
asthma suVer chronic moderate to severe
persistent asthma symptoms despite high
doses of inhaled and oral corticosteroid
therapy. These patients suVer a high level
of treatment and disease related morbid-
ity but little is known about the degree of
airway inflammation in these patients.
Methods—Fifty two patients were exam-
ined to assess levels of exhaled nitric oxide
(NO) as a surrogate marker of inflamma-
tory activity in this condition. From this
group, 26 patients were defined with
severe symptoms and current physiologi-
cal evidence of reversible airway obstruc-
tion requiring high dose inhaled
(>2000 µg beclomethasone dipropionate
(BDP) equivalent) or oral steroid therapy
to maintain disease control.
Results—Exhaled NO levels were higher
in subjects with diYcult asthma (mean
13.9 ppb, 95% CI 9.3 to 18.5) than in
normal controls (7.4 ppb, 95% CI 6.9 to
7.8; p<0.002), but lower than levels in ster-
oid naive mild asthmatics (36.9 ppb, 95%
CI 34.6 to 39.3; p<0.001). Prednisolone
treated patients had higher exhaled NO
levels than patients only requiring inhaled
corticosteroids (17.5 ppb, 95% CI 11.1 to
24.0 versus 7.2 ppb, 95% CI 4.6 to 9.8; p =
0.016), suggesting greater disease severity
in this group. Non-compliance with pred-
nisolone treatment was observed in 20% of
patients but this did not explain the diVer-
ence between the treatment groups. Ex-
haled NO levels were closely correlated
with symptom frequency (p = 0.03) and
with rescue â agonist use (p<0.002), but
they did not correlate with lung function.
Conclusions—Exhaled NO may serve as a
useful complement to lung function and
symptomatology in the assessment of
patients with chronic severe asthma, and
in the control and rationalisation of
steroid therapy in these patients.
(Thorax 1998;53:1030–1034)
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DiYcult asthma is characterised by uncon-
trolled symptoms and a failure to respond to
usual “adequate treatment”.1 Patients fre-

quently require maintenance oral cortico-
steroids and have inhaled corticosteroid re-
quirements of more than 2 mg per day. Disease
impact in these patients is increased by uncon-
trolled symptoms, a higher exacerbation rate,
high dose therapy, and the adverse eVects of
this therapy. Although patient numbers are
relatively small, the significance of this group
results from their disproportionate morbidity
and consumption of resources.

Monitoring asthma activity has the potential
to reduce morbidity and, indeed, forms the
basis for current management guidelines.2 3

Peak expiratory flow (PEF) is currently used to
monitor disease control but may not reflect the
degree of inflammation in the airways. Since
bronchial biopsy (the gold standard for assess-
ment of airway inflammation) is not generally
feasible in severe disease, much eVort is
focused on less invasive measures of airway
inflammation as these may provide guidance
relating to both treatment and prognosis.

Biopsy specimens of the bronchial wall show
increased numbers of eosinophils in patients
with asthma4 5 and this is reflected in the airway
lumen where eosinophils and eosinophil cati-
onic protein (ECP) in induced sputum are
increased during asthma exacerbations.6 7

Other indices of inflammation include hydro-
gen peroxide (H2O2) in exhaled breath
condensate,8 9 serum levels of ECP,10 11 and
urinary leukotriene E4 levels.12 13 Each of these
techniques is beset by technical and handling
diYculties which make them relatively imprac-
tical as routine tests for serial disease monitor-
ing.

Measurement of exhaled nitric oxide (NO)
levels provides a rapid, reproducible, and
reliable test which may reflect airway inflam-
mation in asthma.14 15 The increase in exhaled
NO levels in asthma exacerbations is thought
to be due chiefly to activation of airway iNOS
induced by inflammatory cytokines.16 In sup-
port of this notion, NO is increased in acute
exacerbations of asthma17 and is suppressed by
corticosteroids.18 Persistent elevation of NO in
treated patients may then suggest either more
severe inflammation or inadequately treated
inflammation.

The correlation between symptomatology,
lung function, and exhaled NO levels was
therefore assessed in 26 patients with diYcult
asthma to determine its role in this condition.
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Methods
PATIENTS

We reviewed 52 consecutive patients from a
tertiary asthma referral centre with the clinical
problem of “diYcult asthma” of which 26 met
the following inclusion criteria: (1) current
physiological evidence of reversible airways
obstruction; (2) maintenance oral pred-
nisolone requirement, or (3) inhaled cortico-
steroid (>2 mg/day BDP or equivalent); (4)
moderate to severe persistent asthma
symptoms3; and (5) stable disease with no evi-
dence of exacerbation or infection within the
preceding two weeks.

Physiological criteria for reversible airways
obstruction included a bronchodilator re-
sponse to inhaled salbutamol 200 µg in base-
line forced expiratory volume in one second
(FEV1) of >15% predicted (n = 17), diurnal
variation in peak expiratory flow (PEF) of
>20% (n = 9), and concentration of metha-
choline required to provoke a fall in FEV1 of
more than 20% (PC20) of < 8 mg/ml (n = 1).
Seventeen patients were dependent on oral
steroids although not all were challenged by
dose reduction. The characteristics of the
patients are shown in table 1. A comparison
was made with 46 normal subjects aged 32 (4)
years (six atopic, FEV1 95.5 (5)% predicted,
PC20 methacholine >16 mg/ml) and 30 steroid
naive mild asthmatic subjects aged 28 (5) years
(30 atopic, FEV1 91 (4)% predicted, PC20

<3.3 mg/ml) and these patients have been
described elsewhere.19

Chronic bronchitis was detected in a single
subject (airflow obstruction with normal gas
transfer, chronic cough, and no evidence of
bronchiectasis on computed tomographic
(CT) scan), but no other pulmonary comor-
bidity was detected after clinical review, lung
function testing, chest radiography, and CT
scanning.

SYMPTOM SCORES AND DIARY CARDS

Subjects were provided with two week diary
cards to record daily symptoms, morning (pre-
bronchodilator) and afternoon (post-
bronchodilator) PEF, and rescue â agonist use
(puVs per day). Subjects were asked to score

daily each symptom of cough, chest tightness,
wheeze, sputum, breathlessness, and night time
symptoms on a scale of 0–3 (0 = no symptoms,
1 = mild, 2 = moderate, and 3 = severe). Daily
symptoms were averaged over a two week
period. On enrolment subjects estimated
symptom frequency on a scale of 0–5 where 0
= no symptoms for three months; 1 =
symptoms less than weekly or on exercise; 2 =
symptoms more than weekly but less than
daily; 3 = daily but not at night; 4 = daily and
night-time symptoms less than twice a week;
and 5 = daily with night-time symptoms more
than twice a week.

PULMONARY FUNCTION TESTS

Home PEF measurements were made using
the Wright peak flow meter. Spirometric lung
function was measured by a standard tech-
nique (Jaeger, Market Harborough, Leics,
UK).20 Maximum bronchodilator reversibility
(% change from baseline % predicted FEV1)
was established by spirometric testing before
and after staged inhalation of salbutamol
200 µg from a metered dose inhaler without
spacer followed by 2.5 mg salbutamol deliv-
ered by nebuliser. Diary card PEF variability
(PEFV) was calculated as maximum PEF—
minimum PEF/mean PEF × 100%.

EXHALED NITRIC OXIDE MEASUREMENTS

Exhaled NO was measured using a chemilumi-
nescence analyser (Model LR 2000; Logan
Research, Rochester, Kent, UK) sensitive to
1–5000 ppb NO with a resolution of 0.3 ppb
and response time of <0.5 seconds. Measure-
ments were made following inhalation to total
lung capacity with slow exhalation through a
wide bore Teflon tube to residual volume. An
expiratory pressure of 3 (0.4) mm Hg was
maintained by a visual display of expiratory
flow, thus excluding nasal NO contamination.21

NO sampling by the analyser was via a side arm
with a constant flow rate of 250 ml/min. NO
measurement was made at the end of exhala-
tion when both NO and CO2 levels had
achieved a stable plateau phase, representing
alveolar sampling.

Measurements were made at least twice and
the highest of two concordant readings (±5%)
was recorded. Rescue â agonist use prior to
testing was unrestricted. Subjects who smoked
refrained from doing so for 24 hours prior to
testing. There were five smokers (2–10 ciga-
rettes/day), of whom three took prednisolone
and had NO values of 20.5, 30.0 and 9.3 ppb,
respectively, while the two on inhaled cortico-
steroids alone had values of 57.6 and 3.2 ppb.

PREDNISOLONE ASSAYS

Serum prednisolone levels were measured
using an HPLC technique.

STATISTICAL ANALYSIS

Comparison between groups was made using
Spearman rank correlation and Mann-Whitney
non-parametric analysis, a p value of less than
0.05 being considered significant.

Table 1 Characteristics of patients with diYcult asthma

No. 26
Sex (F/M) 19/7
Mean (SD) age (range) 38.8 (15.0) years (15–71)

Women 37.9 (15.6)
Men 41.0 (12.4)

Years symptomatic 19.2 (15.1)
Atopic status Atopic/non-atopic 20/6
No. of smokers 5
Treatment:

Prednisolone n = 17 (12F/5M)
ICS Fluticasone (n = 20) 2025 (1197) µg/day
ICS Budesonide (n = 6) 3967 (2271) µg/day

Rescue â agonist MDI 8.1 (9.9) puVs/day
Lung function:

PEF (% predicted) 64.2 (20.5)
FEV1 (% predicted) 66.2 (21.6)
FEV1/FVC 63.0 (16.4)
PEFV (% mean) 67.1 (29.5)
â agonist response 19.7 (median), 0–36 (range)

ICS = inhaled corticosteroid; MDI = multidose inhaler; PEF =
peak expiratory flow; FEV1 = forced expiratory volume in one
second; FVC = forced vital capacity; PEFV = diary card peak
expiratory flow variability values are mean (SD) or median
(range) where indicated.
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Results
SYMPTOM FREQUENCY

Seventeen of 26 subjects experienced daily
symptoms with night-time symptoms at least
once a week and eight experienced symptoms
more than twice a week. One patient had had
no symptoms for three months.

LUNG FUNCTION

Lung function results varied with a mean FEV1

of 65.70 (21)% predicted, closely matching the
average PEF % predicted and FEV1/FVC for
the group (table 1). Diary peak flow variability
(amplitude % mean) was 69.8%.

EXHALED NITRIC OXIDE

Exhaled NO levels were significantly higher in
patients with diYcult asthma (mean 13.9 ppb,
95% CI 9.3 to 18.5) than in normal subjects
(7.4 ppb, 95% CI 6.9 to 7.8; p<0.002), and
were significantly lower than levels in steroid
naïve mild asthmatics (36.9 ppb, 95% CI 34.6
to 39.3; p<0.001). NO levels were higher in
subjects taking oral prednisolone (17.5 ppb,
95% CI 11.1 to 24.0) than in those not taking
prednisolone (7.2 ppb, 95% CI 4.6 to 9.8; p =
0.016; fig 1).

Exhaled NO levels did not correlate with
inhaled corticosteroid dose (p = 0.43). There
was also no diVerence in NO levels between
those on very high dose inhaled corticosteroids
(n = 7, >2 mg/day) and those on lower dose
inhaled corticosteroids (n = 19, <2 mg/day),
although two patients on very high dose
inhaled corticosteroids were also taking oral
prednisolone.

CORRELATION OF EXHALED NO WITH SYMPTOMS

AND TREATMENT

Exhaled NO levels correlated with symptom
frequency (r = 0.46, p = 0.03) and with rescue
â agonist use (r = 0.58, p<0.002) (fig 2B).
Furthermore, NO levels were significantly
higher in those with the highest symptom
frequency (symptom frequency 0–4 versus 5, p
= 0.03). The average symptom score closely
correlated with rescue â agonist use (p<0.002;
fig 2A) and NO levels were significantly higher
in those requiring >10 puVs per day than in
those using <10 puVs of rescue â agonist per

day (p = 0.008). Neither symptom frequency
nor average symptom score correlated with
inhaled corticosteroid dose.

Subjects treated with prednisolone had
higher symptom frequency (p<0.04) and
rescue â agonist use approached a significant
diVerence (p<0.07), but average symptom
scores were not significantly diVerent (p =
0.17).

CORRELATION OF EXHALED NO WITH LUNG

FUNCTION

Exhaled NO levels for the group did not corre-
late with degree of airway obstruction (FEV1 %
predicted, p = 0.73; FEV1/FVC, p = 0.94),
peak flow variability (p = 0.85), nor with â
agonist reversibility (bronchodilator response
in FEV1, p = 0.95). Airway obstruction (FEV1/
FVC) was significantly greater in those on high
dose inhaled corticosteroids than in those on
low dose inhaled corticosteroids (p = 0.004).
Lung function was not significantly diVerent
between those treated with oral steroids and
those not on oral treatment.

COMPLIANCE AND PREDNISOLONE ASSAYS

Prednisolone assays were obtained two hours
after scheduled dose administration in 15
patients on oral prednisolone. In three assays
(20%) prednisolone levels were below detect-
able limits. Mean (SD) serum prednisolone
levels were 344 (285) nmol/l. Prednisolone
levels did not correlate with prednisolone dose
(p = 0.6) nor with exhaled NO levels (p =
0.37). Patients with undetectable prednisolone
levels were considered non-compliant but,
when these three patients were excluded, NO

Figure 1 Exhaled NO levels in patients with diYcult
asthma treated and not treated with prednisolone.
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Figure 2 Correlation of daily rescue â agonist use with
(A) average daily symptom score (r = 0.65, p = 0.002)
and (B) exhaled NO levels (r = 0.58, p<0.002).
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levels were still significantly higher in pred-
nisolone treated patients than in non-
prednisolone treated patients (p = 0.03).

Discussion
Patients with diYcult asthma have moderate to
severe persistent symptoms despite high dose
anti-inflammatory treatment. This group had
increased NO levels as a whole in spite of treat-
ment. Furthermore, prednisolone treated pa-
tients had significantly higher NO levels than
those not requiring oral corticosteroid treat-
ment. A likely explanation for this finding is
that this group has more severe disease and
consequently attracts higher intensity treat-
ment. A further explanation, however, is that
these patients have NO levels that are unaf-
fected or only minimally influenced by steroid
therapy, thus possibly identifying subjects with
relative steroid insensitivity. We believe that
compliance as a confounding factor is eVec-
tively excluded by the high level of compliance
as detected by serum prednisolone assays.

Symptom scores and symptom frequency in
this group did not correlate with PEF variabil-
ity or airway obstruction. Symptom scores were
significantly increased in those with the highest
symptom frequency. NO levels were closely
correlated with rescue â agonist use (p<0.002),
but not significantly with average symptom
score (p = 0.11). â agonist use has not
previously been associated with raised NO lev-
els and, when taken in high doses, has no effect
on exhaled NO22 and is thus unlikely to be
causal in this relationship.

These findings suggest that, in patients with
diYcult asthma, there may be persistent airway
inflammation despite treatment with oral
corticosteroids. How these results relate to
bronchial mucosal biopsy findings and other
measures of airway inflammation, however,
requires further study. Since NO concentra-
tions correlated with symptom scores, symp-
toms in severe asthma may therefore be a
marker of airway inflammation and this
relationship also remains unclear.

A consideration of inflammatory markers in
mild to moderate asthma is valuable. Laitinen
et al5 have shown an increase in airway mucosal
eosinophil count associated with increased
symptoms and bronchial hyperreactivity dur-
ing exacerbations of asthma, all of which fall
with inhaled corticosteroid treatment. Both
oral and inhaled corticosteroids reduce asthma
symptoms, rescue â agonist use, and improve
FEV1 while leading to significant reductions in
epithelial and submucosal eosinophil
counts.4 23 Similar correlations in changes are
seen when serum ECP,24 T cell activation
markers (CD4, CD25) in bronchoalveolar lav-
age fluid,25 and urinary leukotriene E4 levels12

are considered as surrogate markers of inflam-
mation.

In mild to moderate disease there would thus
appear to be a concordant change in symp-
toms, lung function, and inflammatory mark-
ers during exacerbations; however, in chronic
severe disease a tendency to fixed airflow limi-
tation due to changes in extracellular matrix
and basement membrane thickening26–28 may

cause symptoms, lung function, and inflamma-
tory markers to vary discordantly.29 Small
studies have shown that apparent control of
airway inflammation does not necessarily con-
trol airway hyperresponsiveness or vice
versa.30–32 We were unable to show a correlation
between FEV1/FVC, PEF variation, and symp-
tom scores in this study and, indeed, a number
of studies have reported a tendency to fixed
airflow limitation in patients with chronic
asthma.29 33 34

The relationship of symptoms to inflamma-
tory activity in severe and diYcult asthma is
unclear,35 but its importance lies in the choice
of treatment response to symptoms.36 Exhaled
NO combined with symptom score may be a
useful tool for monitoring asthma control in
patients with diYcult/severe asthma where
changes in lung function may have limited sen-
sitivity. Furthermore, the identification of sub-
jects in whom exhaled NO levels remain mark-
edly increased in spite of high dose
corticosteroid therapy may prompt considera-
tion of relative steroid insensitivity or resist-
ance, which may influence steroid therapy.

The identification of a surrogate marker of
airway inflammation that may be conveniently
used in the outpatient setting has the potential
to serve as an indicator of the adequacy of anti-
inflammatory treatment. Such markers may
help to rationalise steroid therapy in those
already treated with high dose oral and inhaled
corticosteroids, and complement symptoma-
tology and lung function as measures of control
in chronic severe or diYcult asthma.
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