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Airway remodeling in subjects with severe asthma with
or without chronic persistent airflow obstruction

Marta Kaminska, MD,a Susan Foley, MD,a Karim Maghni, DSc, PhD,b Claudine Storness-Bliss, BSc,c Harvey Coxson,

PhD,c Heberto Ghezzo, PhD,a Catherine Lemière, MD, MSc,b Ronald Olivenstein, MD,a Pierre Ernst, MD,a Qutayba Hamid,

MD, PhD,a and James Martin, MD, DSca Montreal, Quebec, and Vancouver, British Columbia, Canada
Background: The patterns of airway remodeling and the
biomarkers that distinguish different subtypes of severe asthma
are unknown.
Objectives: We sought to characterize subjects with severe
asthma with and without chronic persistent airflow obstruction
with respect to airway wall remodeling (histopathologic and
radiologic) and specific sputum biomarkers.
Methods: Subjects with severe asthma with chronic persistent
(n 5 16) or intermittent (n 5 18) obstruction were studied.
Endobronchial biopsy specimens were analyzed for airway
smooth muscle area, epithelial detachment, basement
membrane thickness, and submucosal fibrosis. Levels of
eosinophil cationic protein, myeloperoxidase, matrix
metalloproteinase 9, tissue inhibitor of matrix metalloproteinase
1 (ELISA), and 27 cytokines (multiplex assay) and differential
cell counts were measured in induced sputum. Airway thickness
was measured by means of high-resolution computed
tomographic scanning.
Results: Chronic persistent obstruction was associated with
earlier age of onset, longer disease duration, more inflammatory
cells in the sputum, and greater smooth muscle area (15.65% 6
2.69% [n 5 10] vs 8.96% 6 1.99% [n 5 14], P 5 .0325). No
differences between groups were found for any of the biomarker
molecules measured in sputum individually. However, principal
component analysis revealed that the dominant variables in the
chronic persistent obstruction group were IL-12, IL-13, and
IFN-g, whereas IL-9, IL-17, monocyte chemotactic protein 1,
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and RANTES were dominant in the other group. Airway
imaging revealed no differences between groups.
Conclusion: Subjects with severe asthma with chronic persistent
obstruction have increased airway smooth muscle with ongoing
TH1 and TH2 inflammatory responses. Neither airway
measurements on high-resolution computed tomographic scans
nor sputum analysis seem able to identify such patients.
(J Allergy Clin Immunol nnnn;nnn:nnn-nnn.)
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Severe asthma, although it accounts for only 5% to 10% of
asthma cases, leads to a disproportionate amount of health care
resource use.1 Treatment is challenging, requiring continual oral
or high-dose inhaled corticosteroids, with variable treatment suc-
cess.2 Severe asthma is heterogeneous, with lung function that is
seemingly irreversibly reduced in some but intermittently normal
in others. It has been suggested that progressive remodeling might
lead to irreversibility of airway dysfunction.3 Some features of re-
modeling, particularly increased airway smooth muscle (ASM),
have been associated with asthma severity.4-6 However, the basis
for irreversible airway obstruction is currently not known, and
whether it is associated with any distinct pattern of remodeling
has not been elucidated.

Our hypothesis was that chronic persistent airflow obstruction
is associated with a greater degree of airway remodeling com-
pared with that seen in subjects with severe asthma without this
pattern of obstruction. Specifically, primary outcomes were
differences in airway wall fibrosis and ASM between groups.
Reticular basement membrane (RBM) thickness and epithelial
detachment were also examined. Clinical and radiographic char-
acteristics that might be predictive of chronic persistent obstruc-
tion were assessed. In addition, an exploratory characterization of
sputum biomarkers was done based on the reasoning that the
pattern of airway remodeling might be related to a distinct pattern
of inflammation that is measurable in a noninvasive manner
through the analysis of induced sputum.7 Subjects were followed
over a 13-month period and underwent bronchoscopic biopsy of
the proximal airways for assessment of remodeling and high-
resolution computed tomographic (HRCT) scanning.
METHODS

Asthmatic subjects
Subjects were recruited at the McGill University Health Centre and at the

Hôpital du Sacré-Cœur of the Université de Montréal, Montreal, Canada. The
1
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Abbreviations used

ASM: A
irway smooth muscle
ATS: A
merican Thoracic Society
CT: C
omputed tomography
ECP: E
osinophil cationic protein
FeNO: F
raction of exhaled nitric oxide
HRCT: H
igh-resolution computed tomography
MCP: M
onocyte chemotactic protein
MIP: M
acrophage inflammatory protein
MMP: M
atrix metalloproteinase
MPO: M
yeloperoxidase
RBM: R
eticular basement membrane
SMA: S
mooth muscle area
TIMP: T
issue inhibitor of matrix metalloproteinase
WA%: W
all area percentage
protocols were reviewed and approved by the ethics review board of each

institution. Written informed consent was obtained. All subjects were adult

nonsmokers or exsmokers for at least 2 years and with a smoking history of

less than 15 pack-years. Severe asthma was defined in accordance with the

American Thoracic Society (ATS) workshop on refractory asthma.8 Because

we were interested in studying only asthmatic subjects with truly severe dis-

ease despite the best available treatment and not undertreated subjects, only

those found to be compliant with the prescribed combination inhaler of fluti-

casone and salmeterol during a 1-month trial period were included. All contin-

ued to use this combination metered-dose inhaler treatment throughout the

study (Table I). See the Methods section in this article’s Online Repository

at www.jacionline.org for details and exclusion criteria. Subjects were seen

monthly for 13 months. Chronic persistent airflow obstruction was defined

as an FEV1 of less than 70% of predicted value at each visit. One value above

this cutoff point but less than 75% of predicted value was accepted. All other

subjects were considered to be able to achieve a normal or near-normal FEV1

and were assigned to the group with intermittent obstruction.

Procedures
Study procedures were described previously (see the Methods section in this

article’s Online Repository for details).9 In brief, sputum was induced by using

inhalation of increasing concentrations (3%, 4%, and 5%) of hypertonic saline

and processed as previously described.10 The fraction of exhaled nitric oxide

(FeNO) was measured with an offline chemiluminescence technique from sam-

ple bags in accordance with ATS recommendations.11 Sputum and FeNO values

from the visit immediately preceding the bronchoscopy were used in this anal-

ysis. During bronchoscopy, 6 endobronchial biopsies were done at various seg-

mental and subsegmental carinae of the right lung. Tissues were fixed in

formaldehyde and embedded in paraffin in random orientation before cutting.

All slides were screened for adequacy of the section before staining in a blinded

fashion as to the source subject. Staining was performed by using a peroxidase-

based method. ASM was detected with the monoclonal anti-a smooth muscle

actin antibody clone 1A4 (Sigma, St Louis, Mo) by using the DAB method (Da-

koCytomation, Inc, Glostrup, Denmark). Van Giesen stain was used to detect

collagen fibers (fibrosis). RBM thickness and epithelial detachment were mea-

sured on hematoxylin and eosin–stained slides. Sections without mucosa and

those containing predominantly cartilage were rejected. Because tissue from

some subjects had been processed previously for other published studies,4,9,12

not all subjects had sufficient tissue available for all analyses.

Morphometry
Image analysis was performed with the Image Pro-Plus 4.0 system (Media

Cybernetics, Silver Springs, Md). Images were recorded on a CCD color video

camera (Sony, Montvale, NJ) mounted on a conventional light microscope

(Olympus Optical Co, Tokyo, Japan). Smooth muscle area (SMA) was

measured from images taken at a magnification of 340 on the microscope. A

percentage of total biopsy area was calculated (SMA%). RBM thickness was
measured at a magnification of 3400X, as proposed by Sullivan et al.13 Sub-

mucosal fibrosis was quantified on a scale of 1 to 4 according to the method of

Minshall et al.14 The length of epithelial detachment was measured as a per-

centage of total epithelial length. Measurements were done in duplicate by

1 blinded observer.

Sputum supernatants
Sputum supernatants were kept frozen at 2808C until processing. After

thawing, they were concentrated by means of centrifugation with Centricon

centrifugal filters (YM-3; Millipore, Montreal, Quebec, Canada) with a 3,000-d

molecular weight cutoff, as previously described.15 Eosinophil cationic protein

(ECP; MBL Co, Ltd, Nagoya, Japan), myeloperoxidase (MPO; Immunology

Consultants Laboratory, Inc, Newberg, Ore), matrix metalloproteinase (MMP)

9 (Raybiotech, Inc, Norcross, Ga), and tissue inhibitor of matrix metalloprotei-

nase (TIMP) 1 (EMD-Calbiochem, San Diego, Calif) levels in concentrated spu-

tum samples were measured by means of ELISA. Optical densities were

determined with the ELISA reader Elx 808iu (Bio-Tek Instruments, Inc, Rich-

mond, Va), and calculations were performed with KC4 software (Bio-Tek

Instruments, Inc). Data were adjusted for the factor of concentration and

expressed in picograms per milliliter.15 IL-1b, IL-1RA, IL-2, IL-4, IL-5, IL-6,

IL-7, IL-8, IL-9, IL-10, IL-12, IL-13, IL-15, IL-17, eotaxin, fibroblast growth

factor, granulocyte colony-stimulating factor, GM-CSF, IFN-g, IFN-g–induced

protein 10, monocyte chemotactic protein (MCP) 1, macrophage inflammatory

protein (MIP) a, MIP-b, platelet-derived growth factor bb, RANTES, TNF-a,

and vascular endothelial growth factor were quantified in concentrated sputum

samples by using a 27-plex assay (Bio-Rad, Missisauga, Ontario, Canada) and

the Bio-Plex workstation based on the Luminex technology.

HRCT scans
All HRCT scans were acquired at suspended full inspiration. Airway wall

analysis was done with the full-width-at-half-maximum principle (see the

Methods section in this article’s Online Repository for further details).

Analysis
Data were analyzed with the Wilcoxon rank sum test. Clinical data are

shown as means 6 SDs, and remodeling and biomarker data are shown as

means 6 SEMs. Raw principal component analysis was done for sputum

supernatant cytokines by using a singular value decomposition (centered and

scaled) data matrix with the software ‘‘R.’’16 Pearson correlation coefficients

were calculated with SPSS for Windows, version 15.0 (SPSS, Inc, Chicago,

Ill). A P value of less than .05 was considered statistically significant.
RESULTS

Clinical data
Subject characteristics are shown in Table I. There was no differ-

ence between the subjects with and without chronic persistent ob-
struction in age, smoking history, Asthma Control Questionnaire
score, or sputum differential cell count. However, the group with
chronic persistent obstruction had a greater proportion of sputum
neutrophils and eosinophils combined. This group also had an ear-
lier age of onset and longer disease duration, as well as higher daily
doses of long-acting bronchodilator and inhaled corticosteroid.

Airway remodeling
Features of airway remodeling were assessed on endobronchial

biopsy specimens: ASM (area as a percentage of total biopsy
area), submucosal fibrosis (score, 0-4), RBM thickness, and
epithelial detachment. There was no difference in the mean total
biopsy area between the 2 groups (chronic persistent obstruction,
1.161 6 0.552 mm2 [SD]; intermittent obstruction, 1.002 6

0.301 mm2 [SD]; P 5 .90). The SMA% was significantly greater
in the group with chronic persistent obstruction than in the group

http://www.jacionline.org


TABLE I. Clinical data

Chronic persistent obstruction (FEV1 <70%) Intermittent obstruction (FEV1 $70%) P value

No. 16 18

Age (y) 49.7 6 10.6 45.0 6 10.8 .39

Sex (F/M) 6/10 12/6

Exsmokers, no. (pack-years) 4 (4.2 6 7.5) 9 (4.9 6 8.0) .80

Atopy, no. 13 13 .63

Age of onset (y) 19.1 6 18.1 32.9 6 16.6 .007*

Disease duration (y) 30.4 6 16.3 12.1 6 10.2 .0009*

Asthma Control Questionnaire score 2.23 6 1.00 2.12 6 1.24 .83

Best FEV1 (% predicted) 56.1 6 12.6 90.2 6 14.3 <.00001*

FEV1/FVC (%) 55.8 6 11.5 70.9 6 14.3 .005*

FeNO (ppb) 27.8 6 23.0 18.5 6 13.1 .27

Sputum eosinophils (%) 8.3 6 17.9 7.9 6 14.0 .11

Sputum neutrophils (%) 65.3 6 30.1 48.9 6 29.6 .07

Sputum eosinophils and neutrophils combined (%) 74.6 6 22.9 52.6 6 30.7 .03*

Daily ICS (mg) 1,331.4 6 366.0 1,061.1 6 314.7 .04*

Daily LABA (mg) 150.0 6 50.0 108.3 6 25.0 .006*

Daily oral corticosteroid, no. (mg/d) 4 (18.0 6 9.08) 8 (12.1 6 6.36) .42

Values are presented as means 6 SDs unless otherwise stated.

F, Female; M, male; FVC, forced vital capacity; ICS, inhaled corticosteroid; LABA, long-acting b-agonist.

*Statistically significant difference (Wilcoxon rank sum test).
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with intermittent obstruction (15.65% 6 2.69% [n 5 10] vs
8.96% 6 1.99% [n 5 14], P 5 .033; Fig 1). SMA% negatively
correlated with FEV1 (percent predicted) in all subjects (Fig 2),
with a trend in the chronic persistent obstruction group (r 5

20.594, P 5 .07) but not in the intermittent obstruction group
(r 5 20.215, P 5 not significant), possibly because of the ceiling
effect in FEV1 values. SMA% was assessed in relation to smoking
history to address potential confounding by prior smoking history.
No difference was found between exsmokers and never smokers,
nor was there any significant correlation between number of pack-
years smoked and SMA% (data not shown). Submucosal fibrosis
showed a trend toward an increase in subjects with chronic persis-
tent obstruction (chronic persistent obstruction, 2.87 6 0.245
[n 5 8]; intermittent obstruction, 2.27 6 0.237 [n 5 11]; P 5

.07), although this was not statistically significant. There was
no difference between the 2 groups in RBM thickness (chronic
persistent obstruction, 4.57 6 0.465 mm [n 5 9]; intermittent ob-
struction, 4.67 6 0.374 mm [n 5 14]; P 5 .43) or epithelial de-
tachment (chronic persistent obstruction, 27.7% 6 9.48% [n 5

9]; intermittent obstruction, 21.1% 6 3.23% [n 5 11]; P 5 .44).

Markers of granulocyte activation
Levels of ECP and MPO, markers of eosinophil and neutrophil

activation respectively, were measured in sputum supernatants.
There was no correlation between these markers and the
corresponding differential cell counts. There was no significant
difference between the groups with chronic persistent obstruction
(n 5 14) and intermittent obstruction (n 5 17) in either sputum
ECP (23.8 6 30.7 vs 40.5 6 93.0 ng/mL, respectively; P 5 .95)
or MPO (99.4 6 107.4 vs 196.7 6 30.2.0 ng/mL, respectively;
P 5 1.0) levels. There was, however, a positive correlation be-
tween ECP and SMA% on biopsy in the 2 groups combined
(r 5 0.534, P 5 .05 [n 5 20]).
MMP-9 and TIMP-1
MMP-9 and TIMP-1 levels were measured in concentrated

sputum samples. No correlations were found with sputum
differential cell counts. No significant differences between the
groups with chronic obstruction (n 5 14) and intermittent obstruc-
tion (n 5 17) were noted in either MMP-9 (790.8 6 1026.9 vs
1582.29 6 2090.0 ng/mL, respectively; P 5 .58) or TIMP-1 (55.4
6 100.5 vs 33.16 52.8 ng/mL, respectively; P 5 .68) levels or their
molar ratio (MMP-9/TIMP-1; 17.4 6 20.7 vs 23.7 6 35.1, respec-
tively; P 5 .15). MMP-9 gelatinase activity in sputum samples was
confirmed by means of zymography (data not shown).
Cytokine and chemokine profile
A multiplex assay was used to quantify the following cytokines

and chemokines in concentrated sputum samples from 9 subjects
with and 14 subjects without chronic persistent obstruction:
IL-1b, IL-1RA, IL-2, IL-4 to IL-10, IL-12, IL-13, IL-15, IL-17,
eotaxin, fibroblast growth factor, granulocyte colony-stimulating
factor, GM-CSF, IFN-g, IFN-g–induced protein 10, MCP-1,
MIP-a, MIP-b, platelet-derived growth factor bb, RANTES,
TNF-a, and vascular endothelial growth factor (see Table E1 in
this article’s Online Repository at www.jacionline.org for further
details). No differences were found between the groups. However,
correlations were found for all subjects between SMA% and the
following cytokines: IL-5 (r 5 0.623, P 5 .01), IL-12 (r 5

0.462, P 5 .05), IFN-g (r 5 0.507, P 5 .05), and IL-13 (r 5

0.551, P 5 .01; see Fig E1 in this article’s Online Repository at
www.jacionline.org). When analyses were restricted to values
above detection limits, the following correlations emerged: IL-5
(r 5 0.94, P 5 .006, n 5 6); IL-12 (r 5 0.82, P 5 .001, n 5

12); rIFN-g (r 5 0.71, P 5 .021, n 5 10); and IL-13 (r 5 0.74,
P 5 .058, n 5 13). Principal component analysis revealed that
the dominant variables were IL-12, IL-13, and IFN-g in the group
with chronic obstruction and IL-9, IL-17, MCP-1, and RANTES
in the group with intermittent obstruction.
Assessment of remodeling by means of HRCT
We assessed whether airway imaging by means of HRCT

scanning could detect remodeling associated with chronic

http://www.jacionline.org
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FIG 1. ASM in endobronchial biopsy specimens. Smooth muscle bundles

(shown in brown) are larger in a subject with chronic persistent obstruction

(B) than in a subject with intermittent obstruction (A). C, Isotype control

(a-smooth muscle actin immunoperoxidase staining).
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persistent obstruction. Computed tomographic (CT) scans were
available for 7 and 14 asthmatic subjects with and without chronic
persistent obstruction, respectively. The average number of
airways with an internal perimeter of greater than 0.6 cm sampled
was 25.1 per subject. The parameters of interest were the lumen
area, the wall area percentage, which is defined as the percentage
of the airway area as seen in cross-section on a CT slice that is
occupied by the airway wall; and Pi10, which is the square root of
the wall area for arbitrary hypothetic airway with an internal
perimeter of 10 mm, as obtained from a regression equation based
on data for each subject. No statistically significant differences
between the groups were found (see Table E2 in this article’s On-
line Repository at www.jacionline.org). There was also no signif-
icant correlation between the above HRCT-derived parameters
and any of the histopathologic features of remodeling (Fig 3).
DISCUSSION
In this study we demonstrate that chronic persistent airflow

obstruction in subjects with severe asthma is associated with an
earlier age of onset and longer disease duration. There is ongoing
inflammation with sputum eosinophilia and neutrophilia despite
high doses of inhaled, and in some cases oral, corticosteroids.
Most notably, we find evidence of greater degrees of airway
remodeling in this patient group, particularly in the form of
increased ASM and a trend toward increased subepithelial
fibrosis. However, sputum cytokine and MMP analyses, bio-
markers of inflammation and remodeling, respectively, do not
distinguish this population from other subjects with severe asthma
and neither do airway thickness parameters on HRCT.

Severe asthma is a heterogeneous disease17 and includes a sub-
set of patients with fixed airflow limitation. In the current study
we identified such patients based on the a priori defined cutoff
point of an FEV1 of 70% of predicted value, which is in accor-
dance with ATS criteria for severity.8 We recognize that this arbi-
trary division might misclassify some subjects with mild degrees
of chronic persistent airflow obstruction. Nonetheless, the selec-
tion process led to strikingly different degrees of airflow obstruc-
tion in the 2 groups and revealed significant differences in
outcomes.

ASM mass is known to be increased in asthmatic subjects with
longer disease duration,18 in subjects with fatal asthma,5 and in sub-
jects with persistent severe asthma6 and has the potential to have
important functional consequences. The basis for more extreme
forms of airway remodeling is unknown but in some cases might
reflect the additive effects of a slowly progressive and time-depen-
dent process. In others it might be a manifestation of a distinct
asthma subtype. Specific genetic variants have recently been asso-
ciated with childhood-onset asthma and poor asthma control.19,20

The present findings raise the question of whether these variants
could also be associated with specific patterns of airway

http://www.jacionline.org
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remodeling. Indeed, in children with severe asthma, those with per-
sistent obstruction had increased ASM compared with those with-
out, despite similar age of onset and asthma duration,21 suggesting
that the remodeling can occur in a relatively short time and remain
in those in whom fixed obstruction is an associated feature.

The association between fixed airway obstruction and in-
creased ASM was not expected. Even though modeling experi-
ments predict that greater muscle thickness allows the
development of greater airway wall tension, overcoming intrinsic
impedances to airway narrowing and causing more airway
constriction,22 adequate bronchodilator and anti-inflammatory
therapy might be expected to reverse the obstruction. There was
evidence of persistent inflammation, as reflected in sputum differ-
ential cell counts and increased FeNO levels, supporting the idea
of persistence of stimuli for ASM shortening. However, both our
subject groups had substantial inflammation. Another potential
mechanism for the pattern of obstruction might lie in the ASMs
capacity to adapt to various lengths by rearranging the length-ten-
sion relationship so as to optimize force generation, a phenome-
non known as plasticity23 or adaptation.24 The muscle might
then become more difficult to stretch25 and perhaps relatively
fixed at short lengths.

Alternatively, ASM remodeling might be a marker for remod-
eling of other tissues and perhaps in more distal airways than
those sampled. We had anticipated differences in the degree of
airway wall fibrosis that might be expected to cause contracture of
the airways or to prevent airway dilation induced by tidal
breathing or deep breaths.26 Submucosal fibrosis did show a trend
toward an increase in the chronically obstructed group, although
not a significantly one. The assessment of fibrosis by using histo-
logic scoring techniques is intrinsically less quantitative than the
assessment of ASM area by means of morphometry, and this
might account for the uncertainty of the outcome, as could the
smaller sample size. Furthermore, if fibrosis is of a greater degree
in the peripheral airways, it could account for fixed airflow ob-
struction. Although epithelial damage is another frequently re-
ported marker of remodeling, we observed no difference in the
degree of epithelial detachment between groups and no associa-
tion with extent of remodeling. The RBM thickness was also sim-
ilar in the 2 groups. It is possible that the substantial steroid use in
our study subjects, especially in those with chronic persistent ob-
struction, might have reduced epithelial damage and RBM thick-
ening.27,28 However, our results are consistent with those of
Tillie-Leblond21 in a pediatric population.

The noninvasive assessment of airway remodeling remains
problematic. We attempted to measure airway thickness on
HRCT as a marker of remodeling. However, no differences
between groups were found, and there was no correlation between
wall thickness and FEV1, RBM thickness, or SMA (Fig 3). Al-
though the power to detect a difference was low in this study,
our findings are consistent with the findings of Little et al.29 A cor-
relation between RBM thickness and airway wall thickness has
been reported in a group of adult subjects with mild-to-moderate
asthma30 but not in children.31 Of note, treatment with inhaled
steroids decreases wall thickness,32,33 an effect that might be re-
flected in our findings. The apparent contradiction in the literature
regarding HRCT in subjects with asthma29,34-36 might be due to
different patient populations sampled, disease duration, treatment
history, and different measurement techniques.

A limitation of our HRCT data is that 2 different scanners were
used. Scanning all subjects by using the same protocol or by using
a phantom was not feasible. However, the most important feature
of the HRCT scan is the reconstruction algorithm,37 and for this
study, comparable high-resolution algorithms were used (Siemens 5

B60f, GE 5 Bone; see the Methods section in this article’s
Online Repository). Only medium-sized airways were analyzed
because there is too much error in airways with an internal perim-
eter of less than 6 mm.37 Although some investigators have
focused on only 1 airway, Kasahara et al30 demonstrated that
thickening in subjects with asthma occurred to the same extent
across different cross-sectional levels of the lung. Therefore we
think that the measurements that we report here are appropriate
and true reflections of the airway anatomy in our subjects, and
in consequence, HRCT cannot be used as a noninvasive surrogate
for ASM remodeling. Remodeling of ASM might alter airway me-
chanical properties without changes in wall thickness by reducing
airway distensibility, which has been linked to airway remodel-
ing,38 but was not found to correlate with airway measurements
on HRCT.39 Only 1 study examined the relationship between dis-
tensibility and remodeling,40 looking at RBM thickness in sub-
jects using only salbutamol, a population quite different from ours.
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We have found that the subjects with chronic persistent
obstruction had higher levels of neutrophils and eosinophils
combined. The ongoing inflammation, rather than ‘‘burned-out’’
disease, suggests that if remodeling is a detrimental result of
inflammation, it might be a dynamic process and therefore
reversible with appropriate control of inflammation. This remains
to be proved for the changes in ASM but has already been shown
for the RBM and the vascular component.27,33

We measured several mediators in sputum supernatants to
explore, in a preliminary manner, molecular determinants of
active remodeling. ECP and IL-5 levels correlated with SMA,
suggesting that eosinophilic (TH2) inflammation might favor
SMA remodeling, as it might favor other aspects of remodeling.41

IL-13, another TH2 cytokine known for its proremodeling effects
on ASM,42 also correlated with SMA. Interestingly, we also found
an association between SMA and the TH1 cytokines IL-12 and
IFN-g. The overall pattern of cytokine expression in the group
with chronic persistent obstruction was confirmed by means of
principal component analysis. However, this part of the study
was exploratory and should be regarded as hypothesis generating.
Although the role of the TH1 response and of IFN-g in particular
in remodeling is not clear, IFN-g expression is increased in sub-
jects with severe asthma,12 it inhibits ASM proliferation,43 and
it seems to have other effects that are opposite to IL-1344 and
possibly protective against excessive airway constriction. The
relative balance of TH1 and TH2 cytokines might be the determi-
nant of the ASM responsiveness and its propensity for
remodeling.

We examined MMP-9 and TIMP-1 because they are believed to
be involved in remodeling and both are expressed by ASM,45,46

but we found no difference between the groups. It is possible
that the addition of the mucolytic dithiothreitol during sputum
processing decreased recovery of MMP-9 and TIMP-1.7

In summary, we show that subjects with severe asthma with
chronic persistent obstruction have earlier disease onset and
longer disease duration. They have more remodeling of ASM and
possibly submucosal fibrosis. ASM remodeling does not correlate
with airway thickness on HRCT but is associated with ongoing
inflammation. Although subjects with severe asthma with chronic
persistent airflow obstruction appear clinically distinct from those
without, it remains unclear whether these are 2 pathophysiolog-
ically and genetically distinct asthma subtypes or whether they
belong to a continuum of disease severity and progression. Recent
reports regarding bronchial thermoplasty, a treatment directed at
reducing ASM mass in subjects with asthma,47 are very interest-
ing in view of our findings. Asthmatic subjects with chronic per-
sistent obstruction with increased ASM might benefit most from
the procedure.

We thank Mrs Lucero Castellanos for the quantification of inflammatory

markers in sputum samples.

Clinical implications: New treatment strategies are needed for
severe asthma with persistent airflow limitation and should be
aimed at both inflammation and airway wall remodeling.
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Asthma severity
For inclusion in the study, patients had to fulfill at least 1 major and at least

2 minor criteria as follows.E1 Major criteria were (1) treatment with daily oral

steroids for more than 50% of the previous 12 months and (2) treatment with

high-dose inhaled steroid (>1,000 mg of fluticasone or equivalent per day) and

at least 1 other add-on therapy (long-acting b-agonist, leukotriene receptor an-

tagonist, or theophylline) continuously over the previous 12 months. Minor

criteria were (1) need for daily short-acting b-agonist, (2) persistent airflow

obstruction (prebronchodilator FEV1 <70% of predicted value and FEV1/

forced vital capacity ratio <80% of predicted value), (3) 1 or more emergency

care visits in the last 12 months, (4) 3 or more steroid bursts in the last 12

months, (5) prompt deterioration with 25% or lower dose reduction of oral

corticosteroids, and (6) near-fatal asthma event in the last 3 years.

Compliance
All subjects took an inhaler of fluticasone and salmeterol (250/50 mg;

Advair; GlaxoSmithKline, London, United Kingdom). During a 1-month run-in

period, an electronic device, the MDILog (Medtrac Technologies, Lakewood,

Colo), was attached to the inhaler and registered its use. We included only

subjects who took the prescribed 4 inhalations per day on at least 70% of days

during the run-in period and were thus considered to be sufficiently compliant to

be considered to have refractory asthma in the face of adequate treatment.

Exclusion criteria
Subjects were excluded if they had any other known pulmonary disease,

including chronic obstructive pulmonary disease, or any major comorbid

disease that might affect asthma disease activity, such as HIV, metastatic

cancer, and congestive heart failure.

Procedures
Symptom severity was graded according to the Juniper Asthma Control

Questionnaire.E2 Spirometry was performed according to ATS standards.E3

Allergy skin prick tests with commercial extracts from common allergens

were performed with the modified prick method; results were regarded as pos-

itive if the wheal was greater than 3 mm. Sputum was induced by using inha-

lations of increasing concentrations (3%, 4%, and 5%) of hypertonic saline

and processed as previously described.E4 Exhaled NO levels were measured

from sample bags by using the chemiluminescence technique with a Nitric
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Oxide Analyzer (Sievers 280i; Sievers Instruments, Inc, Boulder, Colo) inter-

faced through an analog-to-digital converter board to a personal computer.

Histologic image analysis was performed with the Image Pro-Plus 4.0 system

(Media Cybernetics, Silver Spring, Md). Images were recorded on a CCD

color video camera (Sony) mounted on a conventional light microscope

(Olympus Optical Co). The program was used to analyze the percentage of in-

tact epithelium and SMA and RBM thickness.

HRCT
All CT scans were acquired in the volume scan mode at suspended full

inspiration without the use of intravenous contrast media while the subject was

in the supine position with a Siemens Somaton 14 (Siemens AG Medical

Solutions, Erlangen, Germany) or GE CTI (General Electric Medical Systems,

Milwaukee, Wis). The airway analysis was performed with the 1-mm-thick or

1.25-mm-thick CT images and the high spatial frequency reconstruction

algorithm (GE 5 Bone, Siemens 5 B60f). All airways cut in a reasonable

cross-section (long/short internal diameter �2.2) were analyzed. Every fifth

CT slice was used to avoid the possibility of airway overlap. Airway

dimensions were measured with EmphylxJ. A region of interest is selected

by clicking in the general area where the airway is located; this causes the

program to magnify that region. A seed point is placed in the airway lumen,

and 64 rays are projected 3608 around the airway. The x-ray attenuation values

are measured along each ray, and the airway wall area is defined by using the

full-width-at-half-maximum principle. The airway lumen and outer airway

wall perimeter are measured by connecting the end points of each of the rays

through the airway wall, and manual editing of projection rays is used to

remove rays that project beyond the airway wall into neighboring dense

structures, such as pulmonary arteries. The lumen area (Ai) is defined as the

area inside the internal perimeter. The total area of the airway (Ao) is defined

as the area inside the outer perimeter. The airway wall area is defined as the

area between these 2 perimeters, and the wall area percentage (WA%) is

determined as follows: Ao2Ai=Ao3100. Because WA% is dependant on air-

way size, smaller airways have a larger WA% than larger airways. A size-

independent measure of airway wall thickness was created by plotting the

internal perimeter of an airway against the square root of the wall area for

each subject. Then the wall area of an arbitrary airway with an airway lumen

of 10 mm (Pi10) is obtained for each individual by using the regression line.E5

Only airways with an internal perimeter of at least 6 mm were used for this

analysis because previous data suggest that the error in the airway wall mea-

surements in smaller airways is too large to be considered reliable.E6
E4. Pizzichini E, Pizzichini M, Efthimiadis A, Evans S, Morris M, Squillace D, et al.

Indices of airway inflammation in induced sputum: reproducibility and validity

of cell and fluid-phase measurements. Am J Respir Crit Care Med 1996;154:

308-17.

E5. Bosken CH. Small airway dimensions in smokers with obstruction to airflow. Am

Rev Respir Dis 1990;142:563-70.

E6. Nakano Y, Whittall KP, Kalloger SE, Coxson HO, Pare PD. Development and

validation of human airway analysis algorithm using multidetector row CT. Pro-

ceedings of SPIE 2002;4683:460-9.



FIG E1. Correlation between SMA% on bronchial biopsy and concentrated sputum supernatant cytokines

measured with the Bio-Plex assay.
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TABLE E1. Values for cytokines and chemokines in concentrated sputum samples as measured with the Bio-Plex system: mean,

minimal, and maximal values for the 2 groups of subjects with severe asthma

Chronic persistent obstruction (n 5 9) Intermittent obstruction (n 5 14)

Mean Minimal Maximal Mean Minimal Maximal

Hu IL-1b 18.38 1.84* 86.74 39.235 1.84* 143.23

Hu IL-1RA 4,760.23 268.51 24,752.76 6,093.941 33.92 25,158.23

Hu IL-2 0.88 0.10* 3.70 0.10* 0.10* 0.10*

Hu IL-4 0.88 0.33* 2.17 0.55 0.33* 2.41

Hu IL-5 2.39 1.11* 8.36 1.45 1.11* 5.47

Hu IL-6 3.68 0.10* 16.00 4.38 1.60 26.35

Hu IL-7 9.6 1.37* 35.81 4.62 1.37* 24.13

Hu IL-8 917.72 2.00* 4,253.49 2,587.32 2.00* 26,823.23

Hu IL-9 2.74 1.99* 5.19 4.05 1.99* 17.79

Hu IL-10 1.02 1.00* 1.12 1.26 1.00* 3.04

Hu IL-12 (p70) 3.04 0.10* 11.92 1.45 0.10* 10.12

Hu IL-13 1.07 0.28* 3.68 0.37 0.28* 1.15

Hu IL-15 0.99 0.56* 1.99 1.09 0.56* 4.77

Hu IL-17 2.34 1.82* 5.97 7.46 1.82* 39.64

Hu eotaxin 9.24 0.20* 21.6 6.35 0.20* 44.23

Hu FGF basic 2.20* 2.20* 2.20* 3.10 2.20* 14.73

Hu G-CSF 16.04 0.61* 52.02 36.68 0.61* 304.40

Hu GM-CSF 3.66 1.48* 7.05 5.94 1.48* 30.16

Hu IFN-g 26.14 1.84* 109.36 9.37 1.84* 42.07

Hu IP-10 1,177.61 4.58* 4,838.21 1,390.92 4.58* 9,014.59

Hu MCP-1 7.71 0.01* 30.61 74.03 0.01* 938.63

Hu MIP-a 3.42 1.20* 14.78 5.69 1.20* 31.01

Hu MIP-b 81.16 0.40* 436.80 162.76 0.40* 1,198.85

Hu PDGFbb 17.08 2.90* 56.88 23.59 2.90* 199.64

Hu RANTES 1.07 0.76* 3.52 19.97 0.76* 259.75

TNF-a 2.00 1.72* 3.23 2.04 1.72* 4.16

VEGF 116.90 9.20 254.40 260.55 3.36 1,664.28

All values are presented in picograms per milliliter.

Hu, Human; FGF, fibroblast growth factor; G-CSF, granulocyte colony-stimulating factor; IO-10, IFN-g–induced protein 10; PDGFbb, platelet-derived growth factor bb; VEGF,

vascular endothelial growth factor.

*Levels less than the detection limit of the assay.
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TABLE E2. HRCT airway data (all airways with lumen perimeter >0.60 cm)

Chronic persistent obstruction (n 5 7) Intermittent obstruction (n 5 14) P value

Wall area (%) 72.61 6 0.94 71.08 6 0.96 1

Pi10 0.4486 6 0.00818 0.4391 6 0.00881 .97

Lumen area (cm2) 0.11 6 0.026 0.11 6 0.041 .91

Total area (cm2) 0.3676 6 0.0473 0.3635 6 0.0762 .95

No statistically significant differences between groups were shown (Wilcoxon rank sum test).

Pi10, Wall area of an arbitrary airway with an airway lumen of 10 mm as calculated from a linear regression.
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