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OBJECTIVE. The purposes of this study were to compare airway wall attenuation in sub-
jects with asthma and subjects without asthma; to correlate this value with pulmonary function
test results, standard bronchial CT parameters, and immunohistologic data; and to identify CT
parameters that influence obstructive indexes.

SUBJECTS AND METHODS. Bronchial airway wall attenuation was averaged over
four bronchi in 27 subjects with asthma and 15 control subjects without asthma. The following
five standard bronchial parameters also were assessed: lumen area, wall area, wall thickness,
wall-to-lumen area ratio, and wall-to-total area ratio (wall area percentage). These parameters
were compared between groups and correlated with functional data. Ability to predict patient
group with these parameters was determined by comparison of receiver operating character-
istic curves and areas under the curve. The influence of the parameters on obstructive indexes
was assessed by multivariate analysis. Correlations between wall attenuation value and histo-
logic data were studied in 11 patients with asthma.

RESULTS. Wall attenuation value was greater in patients with asthma (-322 + 79 HU) than
in control subjects (—463 + 69 HU). Correlation coefficients of wall attenuation value with func-
tional obstructive parameters were significant and greater than those obtained for any other CT
parameter. The area under the curve of wall attenuation value was greater than that of bronchial
lumen area and bronchial wall area. In the model of multiple regression that included wall atten-
uation value and wall-to-total area ratio, wall attenuation value was the only measurement that
significantly influenced obstructive indexes (R* = 0.39-0.43). Wall attenuation value correlated
with mast cell infiltration.

CONCLUSION. Compared with the usual bronchial CT parameters, airway wall atten-
uation better differentiates patients with asthma from control subjects and better correlates
with obstruction.

irway changes in asthma are con-
sidered a continuum from inflam-
mation to remodeling [1] and in-

volve the whole bronchial tree

bronchial wall, notably CT, has potential for
providing information about bronchial changes.

CT has been found to be a powerful and reli-
able noninvasive tool for measuring both small

[2]. Inflammatory cells in the bronchial wall,
including eosinophils, T lymphocytes, and mast
cells, interact with smooth-muscle cells, and
the interaction leads to remodeling [3, 4]. The
latter is closely related to an irreversible de-
crease in lung function and includes smooth-
muscle hypertrophy and hyperplasia, colla-
gen deposition on the basement membrane,
epithelial detachment, goblet cell hyperpla-
sia, and angiogenesis [5]. Noninvasive bio-
markers are being evaluated for differentiat-
ing subtypes of asthma [6, 7]. Although not
useful for assessing and quantifying inflam-
mation and remodeling, in vivo imaging of the

and large airways in asthma. Bronchial wall
changes assessed with quantitative CT corre-
late with clinical, functional, and histologic pat-
terns in subjects with asthma [8—13]. Therefore,
quantitative CT has potential for phenotyping
of patients with asthma and may thus help in
adapting therapeutic strategies. However, be-
cause of the heterogeneity and complexity of
the algorithms needed, such postprocessing
programs are not yet used in routine practice
[14-16]. Beyond geometric measurements, CT
has the unique capability of tissue attenuation
measurements. For an object, determinants of
attenuation include physical density and size
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[17, 18], the relative part of the latter increasing
as the point spread function of the CT system
is approached. Thus, because the thickness of
the bronchial wall is close to the spatial res-
olution of CT devices, measurement of the
attenuation of the wall remains challenging.
Several authors [19-21] have found the value
of bronchial wall attenuation in patients with
chronic obstructive pulmonary disease. They
found significant differences in wall attenua-
tion values between subjects with chronic ob-
structive pulmonary disease and healthy sub-
jects and also found significant correlations
with obstructive functional indexes. To our
knowledge, however, no such study has been
performed with subjects with asthma.

Because geometric and histologic airway
changes occurring in asthma are likely to influ-
ence CT bronchial wall attenuation, we sought
to investigate this parameter. Our aims were to
compare airway wall attenuation value in pa-
tients with asthma with that in healthy subjects;
to correlate wall attenuation value with results
of pulmonary function tests (PFTs), standard
bronchial CT parameters, and immunohisto-
logic data; and to identify CT parameters influ-
encing functional obstructive indexes.

Subjects and Methods
Study Population

The design of the study was prospective and ap-
proved by our institutional review board. All partici-
pants gave written informed consent. Twenty-seven
patients with asthma (mean age, 51.96 + 14.9 [SD]
years) as defined by the American Thoracic Society
[22] and 15 nonsmoker control subjects (mean age,
53.47 £ 14.63 years) were included through the clin-
ical investigation center of our university hospital.
Exclusion criteria were the presence of other pulmo-
nary disease and occupational dust exposure, the oc-
currence of any acute thoracic event within 6 weeks
of the examinations, the presence of extensive bron-
chial calcifications on CT images, and a history of
medication with warfarin [23]. For control subjects,
additional exclusion criteria were abnormal CT or
PFT results. Control subjects were referred for ex-
clusion of parenchymal blebs before scuba diving
(n = 7), whole-body CT screening before colorec-
tal neoplasia surgery (n = 6), and a single episode of
hemoptysis (n = 2). None of the patients with neo-
plasia had abnormal lung CT findings at 1-year fol-
low-up evaluation. Neither of the patients with he-
moptysis had abnormal fiberoptic endoscopic or
clinical follow-up findings.

Exploration Protocol

Explorations were performed within 48 hours un-
der stable conditions without modification of anti-
asthma treatment.
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Pulmonary Function Test Technique

PFTs were performed with body plethysmography
(BodyBox 5500, Medisoft) according to the Amer-
ican Thoracic Society—European Respiratory Soci-
ety guidelines [24, 25]. The functional parameters
assessed for each subject were forced expiratory vol-
ume in 1 second (FEV)), forced vital capacity (FVC),
forced expiratory flow between 25% and 75% of FVC
(FEE,5 ;54,), total lung capacity, and residual volume.
CT Protocol

All CT scans were obtained with a 16-MDCT
system (Somatom Sensation 16, Siemens Health-
care). The device was calibrated on air daily, and
quality control was performed monthly. Data were
obtained at suspended full inspiration after patients
were trained in the preparation room. Acquisitions
were performed with no contrast injection and with
the following parameters: 100- to 120-kV tube volt-
age, 50- to 60-mAs tube current, and 0.75-mm col-
limation. Images were reconstructed with a smooth
standard algorithm (B30f), I-mm-thick sections,
1-mm interval, 280- to 380-mm? FOV, and 512 x
512 matrix. Images were transferred to a worksta-
tion after the name of the patient and the date of ex-
amination were deleted. Images were displayed with
parenchymal window width and level (width, 1500
HU; level 450 HU) for further analysis [9].

Image Analysis Software

Images were analyzed in random presentation
with Myrian software (Intrasense) by a single ob-
server with 5 years of experience in chest CT. The
apical bronchus (B1) of the upper lobes and the pos-
terobasal bronchus (B10) of the lower lobes were
identified. The slice where each bronchus had min-
imal contact with the adjacent vessel was selected
for measurements. The observer, who was blinded
to clinical and PFT data, manually selected all pixels
in the bronchial wall then all pixels in the bronchial
lumen to measure the mean wall attenuation value,
wall area, and lumen area. The following geomet-
ric indexes were also computed [26, 27]: wall area
percentage, calculated as [WA / (WA + LA)], where
WA is wall area and LA is lumen area); WA / LA; and
wall thickness, calculated as [(WA + LA) / ©]"2 —
(LA / w)"2. All values were averaged over the four
bronchi studied. The SD of air attenuation was also
averaged over eight regions of interest (one at each
angle of the volume dataset). Reconstructed pixel
size was recorded for each patient.

Histologic Analysis

Bronchoscopy with systematic biopsy of the mid-
dle lobe bronchus spur was performed on patients
with refractory asthma (n = 11) as usually performed
at our institution. Specimens were embedded in

TABLE |: Anthropometric, Pulmonary Function Test, and CT Results

Characteristic Control Subjects Subjects With Asthma p

Age (y) 53.5+14.6 52.0+14.9 0.75
Sex ratio (M/F) 10/5 10/17 0.072
Weight (kg) 77.9+15.1 77.5+16.1 0.95
Height (cm) 168.8 +8.5 165.7 +10.3 0.33
Total lung capacity (%) 96.8+14.6 97.5+14.9 0.89
Residual volume (%) 81.7+£10.8 112.6 +34.4 <0.01°
Forced expiratory volume in 1 second 109.8+13.8 75.2+24.3 <0.001

(FEV,) (%)
Forced vital capacity (FVC) (%) 105.9+15.7 87.5+23.3 <0.01
FEV,/FVC 83.6+9.8 72.0+13.4 0.01
Forced expiratory flow between 25% 98.1+20.0 51.8+27.7 <0.001

and 75% of FVC (%)
Air SD (HU) 14.3+27 14.3+3.4 0.94
Pixel size (mm) 0.71+0.04 0.67 +0.06 0.04°
Wall attenuation value (HU) -463 +69 -322+79 <0.001
Lumen area (mm?) 18.2+3.8 14145 <0.01
Wall area (mm?) 28.4+5.0 271+4.6 0.42
Wall thickness (mm) 1.44£0.13 1.51+0.15 013
Ratio of wall area to lumen area 1.63+0.20 2.16+0.60 <0.001°
Wall area percentage (ratio of wall area 0.61+0.02 0.67 +0.05 <0.001

to total area)

Note—Comparisons between groups were made with unpaired Student ttest except as noted.

aComparison performed with chi-square test.
bComparison performed with Wilcoxon signed rank test.
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paraffin and processed by a single blinded pathologist
[3]. Remodeling and inflammation components were
quantified for each patient. The remodeling compo-
nents corresponded to the smooth-muscle area, epi-
thelial area, and subepithelial area normalized to
the whole area of the corresponding biopsy and ex-
pressed as percentages of the whole area. The inflam-
mation components corresponded to mast cells, T
lymphocytes, monocytes-macrophages, neutrophils,
and eosinophils. Inflammatory cell counts were as-
sessed by immunohistochemical analysis of 9 of 11
specimens (there was insufficient material in two
specimens from patients with asthma to perform im-
munohistochemical analysis). Specimens were incu-
bated with the following primary monoclonal mouse
antibodies: antihuman tryptase (AA1, Dako), antihu-
man c-kit R (Dako), antihuman CD3 (Dako), antihu-
man CD68 (Dako), antihuman neutrophil elastase
(NE, Dako), and antihuman activated eosinophil cat-
ionic protein (EG2, Pharmacia Diagnostics) to assess
the number of nondegranulated mast cells, total mast

Lederlin et al.

cells, T lymphocytes, monocytes-macrophages, neu-
trophils, and eosinophils. The number of positive
cells per square millimeter was automatically as-
sessed with Quancoul software (Quant’ image) at a
magnification of x200, giving the total population
of each subset of cells in the bronchial wall [28].

Statistical Analysis

A priori estimation of the sample size neces-
sary to detect a difference in wall attenuation val-
ue between subjects with asthma and control sub-
jects with 5% error probability and 95% power
was performed with the G*Power program [29].
Given the bronchial wall attenuation values ob-
tained in eight healthy subjects and eight subjects
with asthma who were not included in the anal-
ysis, G*Power yielded a 1.73 effect size and re-
quired a minimal total sample size of 20 subjects

(10 subjects per group).
Subject characteristics and PFT and CT results
were compared by unpaired Student 7 test or the
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Wilcoxon signed rank test according to data dis-
tribution that was assessed with the D’Agostino
skewness, kurtosis, and omnibus tests. Receiver
operating characteristic curves were used to ana-
lyze the sensitivity-to-specificity relation for CT
parameters. Areas under the curve (AUCs) were
compared by use of Z statistics. Pearson correla-
tion coefficients were determined between wall
attenuation value, standard bronchial parameters,
and PFT results. Stepwise forward multiple re-
gressions were performed to determine the CT pa-
rameter that best influenced FEV, and FEF ;5 .
Among the standard bronchial parameters, we chose
the one that best correlated with the dependent vari-
able to limit multicollinearity. Spearman correlation
coefficients were calculated between wall attenua-
tion value and histologic results. Analyses were per-
formed with NCSS software (NCSS 2001, NCSS
Statistical Software). Values of p < 0.05 were con-
sidered significant. Data are shown as mean = SD
unless otherwise stated.

Results
Subject Characteristics and Pulmonary
Function Test and CT Results

Subject characteristics and PFT and CT re-
sults in each group are shown in Table 1. Wall
attenuation value was greater in subjects with
asthma (=322 = 79 HU) than in control sub-
jects (463 = 69 HU) (Figs. 1 and 2). All stan-
dard CT parameters except wall area and wall
thickness made it possible to differentiate sub-
jects with asthma from control subjects. Tube
voltage and air SD (i.e., image noise) did not
differ between groups.

Diagnostic Performance of CT Parameters

The receiver operating characteristic curves
of wall attenuation value, wall area percentage,
ratio of wall area to lumen area, and lumen area
for the diagnosis of asthma are shown in Figure
3. The AUCs for each CT parameter are shown
in Table 2. The AUC was significantly greater
than 0.5 for each parameter except wall area and
wall thickness. The utility of wall attenuation
value for predicting whether a subject had asth-
ma was significantly greater than that of lumen
area, wall area, and wall thickness (p < 0.01).

Fig. 1—50-year-old healthy man. Representative thin-
section CT images.

A, Original image shows right B1 bronchus (arrow).
B-D, Subsequent images show magnification of
bronchus of interest (B) and delineation of bronchial
wall (blue, C) and bronchial lumen (yellow, D). Wall
attenuation value is —491 HU.
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Fig. 2—57-year-old man with asthma. Representative
thin-section CT images.

A, Original image shows right B1 bronchus (arrow).
B-D, Subsequentimages show magnification of
bronchus of interest (B) and delineation of bronchial
wall (blue, C) and bronchial lumen (yellow, D). Wall
attenuation value is —250 HU.

Correlations Between Pulmonary Function
Test Results and CT Parameters

Significant correlations were found between
CT parameters and PFT results (Table 3 and
Fig. 4). Wall attenuation value best correlated
with FEV, and FEF,, ... Pearson correlation
coefficients of wall attenuation value and each
PFT parameter were always greater than those
obtained for any standard bronchial parameter.
Wall attenuation value significantly correlated
with all standard bronchial parameters except
wall thickness (Table 3). Conversely, no cor-
relation was found between wall attenuation
value and total lung capacity, residual volume,
image noise, or pixel size.

Factors Influencing Obstructive Indexes

All of the significant variables in Table 3
were entered into stepwise multiple regression
analyses to determine the strength of each indi-
vidual CT parameter for predicting FEV, and
FEF); -5, Regarding FEV |, the best model as-
sociated wall attenuation value and wall area
percentage and explained 47.8% (R?> = 0.48)
of the variation in this measurement. Howev-
er, wall attenuation value was the only CT pa-
rameter significantly influencing FEV, (R? =
0.43; t=12.7; p < 0.01). Regarding FEF,; ..,
the best model associated wall attenuation
value and wall area percentage and explained
44.8% (R* = 0.45) of the variation in this mea-
surement. However, wall attenuation value was
the only CT parameter significantly influencing
FEF, .., (R?=0.39;1=10.7; p <0.01).
Correlations Between Wall Attenuation Value
and Both Remodeling and Inflammation
Components

Correlations between wall attenuation val-
ue and histologic data are shown in Table 4.
The correlation with remodeling patterns did
not reach significance. With respect to inflam-
matory cells, wall attenuation value correlated
only with the count of nondegranulated mast
cells in the bronchial wall (r=0.87; p <0.01).

Discussion

This study showed that bronchial wall at-
tenuation can be used to differentiate subjects
with asthma from control subjects and that this
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TABLE 2: Diagnostic Value of CT Results

Lederlin et al.

Characteristic

Result

Sensitivity/specificity

Wall attenuation value (HU)
Lumen area (mm2)

Wall area (mm?)

Wall thickness (mm)

Ratio of wall area to lumen area
Wall area percentage

FEV, (%)

Area under the curve

Wall attenuation value (HU)
Lumen area (mm?)

Wall area (mm2)

Wall thickness (mm)

Ratio of wall area to lumen area
Wall area percentage

FEV, (%)

Wall attenuation value vs lumen area
Wall attenuation value vs wall area

Wall attenuation value vs wall thickness

Wall attenuation value vs ratio of wall area to lumen area

Wall attenuation value vs wall area percentage

Wall attenuation value vs FEV,

0.83/0.84 (-396)
0.64/0.74 (15.8)
0.58/0.53(28)
0.74/0.44(1.42)
0.79/0.60(1.68)
0.81/0.60(0.62)
0.86/0.72(101.8)

0.91(0.78-0.97)°¢
0.76 (0.57-0.87)°
0.57(0.37-0.73)
0.64(0.44-0.78)
0.80(0.64-0.89)°
0.81(0.65-0.90)¢
0.89(0.75-0.96)°

2.45(0.01)¢
3.81(<0.01)
2.37(0.02)
1.63(0.10)
1.48(0.14)
0.42(0.67)

value correlates with obstructive indexes and,
in a subset of our population, with some im-
munohistologic parameters. Wall attenua-
tion value was significantly greater in sub-
jects with asthma than in control subjects, a
result that has not been reported to date, to
our knowledge. Lumen area, wall area per-
centage, and ratio of wall area to lumen area
also made it possible to differentiate subjects
with asthma from control subjects, as pre-
viously reported [9-11, 13]. The AUC ob-
tained for wall attenuation value was signifi-
cantly greater than the AUCs for lumen area,
wall area, and wall thickness and tended to be
greater than those of wall area percentage and
ratio of wall area to lumen area.

CT measurements used for assessing the
bronchial wall, that is, geometric and den-
sitometric parameters, are more or less im-
paired by partial volume effects, a conse-
quence of the point spread function of CT
devices, which leads to poor spatial resolu-
tion compared with bronchial wall thickness
[16]. Because partial volume effects with air
have been associated with overestimation
of wall area [30], they are likely to decrease
the actual attenuation value of the bronchial
wall, yielding negative values, a result also
found by others [19-21]. However, owing to
its arithmetic concept, wall attenuation value
may be less dependent on spatial resolution
than standard geometric parameters are. At-

Note—FEV, = forced expiratory volume in 1 second. Wall area percentage is ratio of wall area to total area.

aValues in parentheses are cutoff.
®Values in parentheses are 95% Cl.

tp>0.5.
4Values in parentheses are p.

tenuation measurement is based on a mean,
whereas area measurement is based on sum-
ming numeric values. Therefore, the influ-
ence of wrong values due to partial volume

TABLE 3: Correlations Between CT Data, Lung Function, and Anthropometric Parameters

Wall Attenuation Ratio of Wall Area to Wall Area
Characteristic Value (HU) Lumen Area (mm?) | Wall Area(mm?) | Wall Thickness (mm) Lumen Area Percentage
Age (y) 0.19(0.22) 0.01(0.96) 0.03(0.86) 0.05(0.77) 0.10(0.53) 0.06 (0.69)
Weight (kg) 0.04(0.80) -0.11(0.47) -0.14(0.39) -0.09(0.58) 0.10(0.52) 0.06(0.72)
Height (cm) -0.23(0.15) 0.21(0.17) 0.15(0.36) 0.00(1.00) -0.13(0.43) -0.17(0.29)
Total lung capacity (%) -0.24(0.12) 0.24(0.12) -0.03(0.84) -0.22(0.16) -0.24(0.12) -0.31(0.05)
Residual volume (%) 0.24(0.12) -0.12(0.46) -0.09(0.57) 0.02(0.88) 0.13(0.40) 0.14(0.36)
FEV, (%) -0.65(<0.001) 0.53(<0.001) 0.20(0.21) -0.21(0.19) -0.50(<0.001) -0.56 (< 0.001)
FVC (%) -0.52(<0.001) 0.37(0.02) 0.05(0.76) -0.27(0.08) -0.44(<0.01) -0.49(<0.01)
FEV,/FVC -0.48(<0.01) 0.39(0.01) 0.23(0.14) -0.05(0.78) -0.33(0.04) -0.35(0.03)
FEF 55 750, (%) -0.63(<0.001) 0.54(<0.001) 0.22(0.16) -0.19(0.23) -0.49(<0.001) -0.54(<0.001)
Air SD (HU) 0.02(0.89) -0.14(0.39) -0.19(0.24) -0.12(0.04) 0.13(0.41) 0.07(0.67)
Pixel size (mm) -0.22(0.16) 0.20(0.21) 0.33(0.03) 0.26 (0.09) -0.02(0.90) -0.05(0.75)
Wall attenuation value (HU) -0.66 (< 0.001) -0.43(<0.01) 0.03(0.84) 0.54(<0.001) 0.56 (< 0.001)

Note—Data are Pearson coefficients of correlation with pin parentheses (n=42). FEV, = forced expiratory volume in 1 second, FVC = forced vital capacity, FEF ,;_;co =
forced expiratory flow between 25% and 75% of FVC. Wall area percentage is ratio of wall area to total area.

1230

AJR:199, December 2012



Downloaded from www.gjronline.org by 195.45.102.191 on 12/11/13 from I P address 195.45.102.191. Copyright ARRS. For personal use only; all rights reserved

CT of Asthma

FEV, (%)

20.0 +——————1—
-600.0 -433.3

—
-266.7
Wall Attenuation Value (HU)

T T T T T 1
-433.3 -266.7 -100.0

Wall Attenuation Value (HU)

Fig. 4—Correlation results. Triangles indicate control subjects; circles, subjects with asthma; solid line, regression line.
A, Graph shows correlation between bronchial wall attenuation value and forced expiratory volume in 1 second (FEV,).
B, Graph shows correlation between bronchial wall attenuation value and forced expiratory flow between 25% and 75% of forced vital capacity (FEF ,5_;co).

effects could be less detrimental to wall at-
tenuation value than to wall area measure-
ments. This hypothesis is corroborated by the
significant correlation between wall area and
pixel size, whereas the latter did not corre-
late with wall attenuation value in the range
of pixel sizes used in our study.

Wall attenuation value correlated with func-
tional obstructive indexes better than standard
bronchial parameters did. Such correlations
have previously been reported in chronic ob-
structive pulmonary disease [19-21] and in a
microscopic CT study on asthmatic mice [31].
In our multiple regression analyses, both FEV,
and FEF,, ., were influenced by wall atten-
uation value with no significant influence of
standard bronchial parameters. This predomi-
nant influence of wall attenuation value was
also found in patients with chronic obstructive
pulmonary disease [19].

Considering correlations between wall at-
tenuation value and other CT parameters,
as expected, we found significant relations,
mainly with wall area percentage, the most
widely used index. Conversely, wall attenua-
tion value did not correlate with wall thickness
and correlated only poorly with wall area, a re-
sult that might be associated with the absence of
significant difference in wall thickness and wall
area between subjects with asthma and control
subjects. Both wall area and wall thickness are
nonnormalized measurements that are hence
subject to interairway variability, that is, vari-
ability between airways in the same patient and
variability between patients. As a consequence,
wall area and wall thickness usually have less
consistent results than normalized parameters
such as wall area percentage [11, 13]. In this

AJR:199, December 2012

TABLE 4: Correlations Between Wall Attenuation Value and Immunohistologic
Results Among Patients With Asthma

Result

Correlation with Wall Attenuation Value

Remodeling components (n=11)
Epithelial layer percentage
Subepithelial layer percentage

Smooth-muscle layer percentage

Ratio between smooth muscle layer and subepithelial layer

Inflammation components (n=9)
Neutrophil cells
Nondegranulated mast cells
Degranulated and nondegranulated mast cells
T lymphocytes
Eosinophils

Monocytes-macrophages

-0.04(0.92)
-0.49(0.12)
0.47(0.14)
0.55(0.08)

0.25(0.52)
0.87(<0.01)
0.5(0.17)
0.05(0.90)
0.54(0.27)
0.25(0.52)

Note—Data are Spearman correlation coefficients with pin parentheses. Remodeling parameters are
epithelial, subepithelial, and smooth-muscle layer areas expressed as percentages of the total bronchial wall
area and ratio of smooth-muscle layer to subepithelial layer. Inflammation parameters correspond to cell
countinthe bronchial wall expressed as number of cells per square millimeter.

study, wall thickness had a tendency toward a
difference between the groups. We assume that
this difference was not significant because of
the rather small number of subjects designed
for discerning differences in wall attenuation
value. As a nonnormalized parameter, lumen
area is also subject to interairway variability.
Some authors [11] have reported no signifi-
cant difference in lumen area between subjects
with asthma and control subjects, whereas oth-
ers [13] have found significant narrowing of the
bronchial lumen in subjects with asthma com-
pared with control subjects.

In light of our results, wall attenuation value
may be a less straightforward but more robust

method than geometry for measuring airway
thickening in asthma. What remains to be de-
termined is whether wall attenuation value is
only a surrogate of wall thickness or is relat-
ed to histologic components of the bronchial
wall and thereby possibly can become a bio-
marker. In a subset of our sample, significant
correlations were found between wall attenua-
tion value and immunohistologic data. The
ratio of smooth muscle to subepithelial layer
area is considered a marker of remodeling [32]
and had nearly significant correlation with
wall attenuation value (r = 0.55; p = 0.08).
Because this marker of remodeling was found
to correlate with wall attenuation value in a
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mouse model of asthma [31], we believe that
it was not statistically significant owing to the
small number of histologic samples. Interest-
ingly, the only cellular population correlating
with wall attenuation value is mast cells, es-
pecially in the smooth-muscle layer. Mast
cells have been found to be a key cell in the
chronic inflammatory process leading to bron-
chial smooth-muscle remodeling [3, 33, 34].
These findings suggest that wall attenuation
value may be more dependent on remodeling
than on inflammation, a result that needs to
be confirmed.

The main limitation of our study was the
insufficient number of histologic samples,
which prevented their inclusion in a stepwise
multiple regression analysis. Assessing both
immunohistologic and CT data in a large
population would help to clarify the main de-
terminants of wall attenuation value. Particu-
larly, such an analysis would make it possi-
ble to assess whether wall attenuation value
could be a direct or an indirect marker of re-
modeling. The second main limitation of our
study, also reported by others [11], was the
practical impossibility of obtaining histolog-
ic biopsy specimens from the studied bron-
chi. Performing endobronchial biopsy per-
pendicularly to the main axis of a bronchus
is particularly challenging, so most operators
perform biopsies of bronchial spurs. Because
our measurements were made on a circular
bronchial section, we were not able to match
CT measurements with the site of the biop-
sy. Finally, delineation of the bronchial wall
was performed manually, which is more sub-
jective than semiautomatic methods based on
edge detection [35]. However, the manual
method has previously shown good intraob-
server and interobserver reproducibility for
assessment of wall attenuation value [19].

Conclusion

This study showed that wall attenuation
value is greater in subjects with asthma than
in control subjects and has better correlations
with functional data than standard geomet-
ric parameters do. Among all CT parameters,
wall attenuation value is the main indicator of
functional obstructive indexes. Further stud-
ies are required to investigate whether wall
attenuation value can be used as a noninva-
sive surrogate of wall thickness or as a mark-
er of histologic changes in asthma.
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