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One of the challenges facing medical diagnosis has
been the in vivo detection of lung emphysema, which is a
major component of chronic obstructive pulmonary dis-
ease (COPD) [1, 2]. However, the largest subset of pati-
ents with COPD have features of both chronic bronchitis
and emphysema [3]. Chronic bronchitis and emphysema
may be difficult to distinguish clinically and both may
even occur without airflow obstruction [3]. Chronic bron-
chitis is defined on a clinical basis by chronic sputum pro-
duction. Emphysema is defined anatomically by abnormal
enlargement of airspaces beyond the terminal bronchioles
and destruction of their walls [4].

At present, high-resolution computed tomography of the
chest (HRCT) is the only noninvasive method available for
reliable detection of pulmonary emphysema in vivo [5].
However, this method is expensive and logistically diffi-
cult to use in field studies. In addition, it is associated with
a considerable radiation dose for the patients. Therefore,
HRCT measurements are not suitable for epidemiological
or occupational studies.

Using monodisperse aerosol particles, aerosol-derived
airway morphometry (ADAM) assesses the calibres of air-
spaces, while aerosol bolus dispersion (D) measures con-
vective gas mixing. Recently, several studies have shown
that the results of ADAM and D are changed in patients or

animal models with lung emphysema [6–10]. However,
these studies do not answer the question of whether, in
patients with chronic bronchitis with different degrees of
airflow limitation, ADAM and D are able to distinguish
between patients with and without emphysema. Nothing is
known about the sensitivity and specificity of these tec-
hniques compared with conventional lung function para-
meters.

Therefore, in this study 39 patients with chronic bron-
chitis (19 patients with normal HRCT and 20 patients with
HRCT-confirmed emphysema) were studied in order to
investigate whether patients with and without emphysema
can be distinguished by ADAM and D. The sensitivity and
specificity of these tests were assessed in comparison to
conventional lung function parameters. The data for the
healthy control group were recently published in this jour-
nal [11, 12].

Methods

Aerosol-derived airway morphometry

In brief, a single breath of a monodisperse aerosol with
particles of about 1 µm is inhaled by the patients [11, 13]
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ABSTRACT: Aerosol-derived airway morphometry (ADAM) and aerosol bolus dis-
persion (D) are altered in patients or animal models with lung emphysema. This study
was performed to examine the sensitivity and specificity of ADAM and D in the detec-
tion of emphysema in vivo compared with conventional lung function parameters.

 The study comprised patients with chronic obstructive bronchitis (COB) without
emphysema (group COB; n=19, age 56±8 yrs, forced expiratory volume in one second
(FEV1)/vital capacity (VC) 66±12% predicted) and patients with chronic bronchitis
with high-resolution computed tomography-confirmed emphysema (group COB-E;
n=20, age 65±7 yrs, FEV1/VC 44±16% pred). Using monodisperse aerosol particles
ADAM assessed the calibres of peripheral airspaces, while D measured convective gas
mixing.

Among all lung function parameters, ADAM and D showed the highest sensitivity
and specificity for separating patients with COB from those with COB-E (area under
the receiver operating characteristics curve (pROC) 0.99 and 1.0, respectively). In pa-
tients with COB aerosol parameters did not differ from those found in the control
group, whereas patients with COB-E exhibited a two-fold increase in peripheral air-
space dimensions compared with subjects with COB (0.86±0.07 versus 0.37±0.02 mm,
p=0.0001) and an increase in D by >50% (541±74 versus 345±42 cm3, p=0.0001).

In conclusion, aerosol-derived airway morphometry and aerosol bolus dispersion
are powerful tools in the differential diagnosis of chronic obstructive pulmonary disease.
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and the particle number concentration is continuously mea-
sured at the mouth as a function of the respired air volume.
During postinspiratory breath-holding periods, particles
slowly settle in the airspaces with a constant velocity. The
smaller the airspaces, the larger the probability that parti-
cles are deposited onto airspace walls and are, therefore,
not recovered upon expiration. Hence, for a given breath-
holding period more particles are recovered with the expi-
red air from a larger airspace than from a smaller airspace.
Moreover, the number of particles lost with increasing
breath-holding periods is lower in larger airspaces than in
smaller airspaces, so that the decline in the particle recov-
ery with increasing breath-holding periods allows estima-
tion of the airspace size [11].

The inspired aerosol can be considered to be composed
of infinitesimally small volume elements, which penetrate
into different volumetric lung depths (Vp) and hence reach
larger or smaller airspaces. For each of these volume ele-
ments, particle recovery decreases with increasing breath-
holding time. From the slope of this relation effective
airspace dimensions (EAD) can be calculated for each of
these volume elements, i.e. as a function of volumetric
lung depth [11]. For peripheral lung regions EAD can be
considered to be equivalent to the mean linear intercept
[14].

To compare EAD among subjects with different lung
size, inspiration was always performed up to 85% of total
lung capacity (TLC). Furthermore, the Vp was normaliz-
ed to the end-inspiratory lung volume (VEI=85% TLC), so
that all subjects had the same level of lung inflation, when
EAD measurements were performed: relative Vp (Vp,r)=
Vp/VEI, so that an EAD for a given Vp,r is independent of
the individual lung size and relates to comparable anato-
mical regions [15]. In this study, data obtained for Vp,r=
0.14 (819±95 mL) were taken into consideration because
this lung depth certainly represents peripheral lung regions
and in this study all patients with COPD were able to res-
pire the volume of air necessary for its determination.

Aerosol bolus dispersion

Since particles with diameters of about 1 µm have low
intrinsic mobility (i.e. diffusion or sedimentation), these
particles can be used to probe intrapulmonary convective
gas transport [7, 8, 10, 12, 16, 17]. To study D a subject
inhales a small volume (bolus) of a monodisperse aerosol
into a certain Vp and then immediately exhales. During
this procedure particle number concentration is measur-
ed at the mouth as a function of the respired volume. Dur-
ing inspiration the bolus is supposed to divide at each
airway bifurcation. At end-inspiration these sub-boluses
are distributed throughout the lung. During expiration, all
sub-boluses move toward the mouth and recombine at the
bifurcations. Since recombination of the bolus is not com-
pletely reversible, the exhaled particles are distributed over
a larger air volume than in the inspired air. Therefore, a
broadened bolus is recovered from the lungs; i.e. the bolus
is dispersed. To quantify D, the volumetric widths of the
inhaled (Hi) and exhaled bolus (He) are quantified by the
exhaled volume where particle concentration exceeds half-
maximum particle concentration (half-width: H50,i and
H50,e). The increase in volumetric bolus width during res-
piration is D. Bolus dispersion is determined from H50,e

by correcting for the bolus width of the inspired bolus
(H50,i):

D =    Ð  H50,e2 - H50,i2

Instrumental set-up and inhalation protocol

ADAM and D measurements were performed using the
respiratory aerosol probe (Pari, Starnberg, Germany) [11,
12]. This computer-controlled device combines laser aero-
sol photometry with pneumotachography in order to mea-
sure the numeric concentration of respired monodisperse
aerosol particles as a function of the respired air volume.
Aerosol application was provided by a system of pneu-
matic valves, which allowed the inhalation channel to be
switched between particle-free air and an aerosol supply.

All ADAM and D measurements were performed at
a constant airflow of 250 mL·s-1, controlled by use of a
visual flow signal. The breathing manoeuvre for the deter-
mination of EAD started with an exhalation of half the ex-
piratory reserve volume (ERV) followed by an inhalation
of test aerosol up to 85% of TLC. After a predetermined
breath-holding time, exhalation was performed until the
residual volume (RV) was reached. The breathing mano-
euvre was repeated for breath-holding periods of 2, 4, 6, 8
and 10 s duration. The breathing manoeuvre for the meas-
urement of D started from functional residual capacity
(FRC) and the subjects inhaled particle-free air until the
lung volume reached 85% TLC. During inspiration an
aerosol bolus with 25 cm3 width was applied into a Vp of
400 cm3 (D400). The subjects then immediately exhaled
until the entire aerosol bolus was recovered from the lungs
or RV was reached. The lung depth of 400 cm3 was chosen
because even in patients with emphysema, boluses inhaled
into this lung depth can be completely recovered from the
lungs.

Particle production and classification

Monodisperse di-2-ethylhexylsebacate (DEHS) droplets
suspended in nitrogen were produced by heterogeneous
nucleation of DEHS vapour on NaCl nuclei. The aerosol
was then diluted with particle-free air to obtain a particle
number concentration of about 2×104 cm-3. The size of the
particles was classified by measuring the terminal settling
velocity of the particles in a convention free sedimentation
cell. The average settling velocity (mean±SD) of the parti-
cles throughout the study was 25±3 µm·s-1, representing a
mean geometrical particle diameter of 0.9±0.07 µm.

Pulmonary function testing

Body plethysmography and spirometry were performed
using a Jäger-Masterlab (Erich Jäger, Würzburg, Germ-
any). The following parameters were measured: TLC, VC,
thoracic gas volume (TGV), RV, airway resistance (Raw),
peak expiratory flow (PEF), forced expiratory volume in
one second (FEV1), and maximal expiratory flows at 25,
50 and 75% of VC (MEF25, MEF50 and MEF75, respecti-
vely). Relative values of conventional lung function para-
meters were calculated by normalization to the reference
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values proposed by the European Community for Steel
and Coal [18]. Carbon monoxide labelled with the stable
oxygen isotope 18O was measured as a function of the
respired volume by a fast respiratory mass spectrometer
(DLT 100R, improved to fit scientific standard; Wagner,
Worpswede, Germany). The transfer factor of the lung for
carbon monoxide (TL,CO) was calculated as proposed by
COTES et al. [19].

Subjects

Thirty-nine patients with chronic bronchitis participat-
ed in this study. Chronic bronchitis was defined as cough
and sputum production occurring on most days of the
month for at least 3 months·yr-1 during the 2 yrs prior to
the study [4]. Most of the patients were recruited during
routine clinical work-up for a nonobstructing peripheral
lung nodule. Pulmonary emphysema was assessed by vis-
ual assessment of inspiratory HRCT examination of the
chest by an expert chest radiologist, who was unaware of
the clinical and lung function data, as described by GODDARD

et al. [20]. The diagnostic information obtained from
direct visual observation was complemented by density
analysis of the lung from HRCT slices (1 mm collima-
tion). A set of scan images consisted of nine HRCT slices
from the sternoclavicular joint down to the bottom of the
lungs. Visual examination of the HRCT of all patients
with chronic obstructive bronchitis (COB) and emphy-
sema (group COB-E, n=20) showed low-attenuation areas
with alteration of pulmonary parenchyma and vasculature.

The density mask technique was used to assess lung
areas with attenuation coefficients lower than the inspi-
ratory threshold of -950 Hounsfield units (HU). This is
considered as a valid index of macroscopic pulmonary
emphysema [21]. Patients with chronic bronchitis without
macroscopic emphysema (group COB, n=19) were only
accepted for recruitment if the HRCT was normal by vis-
ual examination and density analysis (range 700–850 HU).
Anamnestic data were collected using a questionnaire bas-
ed on American Thoracic Society (ATS) recommenda-
tions [22]. The smoking history of the patients was quanti-
fied using the cumulative cigarette consumption expressed
in pack-yrs (PY). None of the patients had a history of
asth-ma or allergic rhinitis. Ten subjects with COB had
fixed airway obstruction and seven subjects with COB had
rev-ersible airflow limitation, which was defined as a
FEV1 <80% predicted, with a reversibility of >15% of
baseline after inhalation of 200 µg salbutamol. Two
patients with chronic bronchitis had a normal FEV1.
Seven of the 19 patients with COB were receiving regular
therapy with in-haled β-adrenergics and five were receiv-
ing twice-daily doses of theophylline. They had not
received glucocorticoids or antibiotics during the preced-
ing month, or bronchodilators within the previous 48 h of
the study. The 20 patients with COB-E (including three
subjects with α1- antitrypsin deficiency) showed evidence
of chronic irreversible hyperinflation assessed by repeated
routine lung function testing and mild-to-moderate gas
exchange disturbances reflected in decreased TL,CO,
decreased arterial oxygen tension (Pa,O2) and normal arte-
rial carbon dioxide tension (Pa,CO2) (table 1). Ten of the 20
patients with COB- E were receiving regular therapy with
inhaled β-adrenergics and glucocorticoids and 10 were

receiving twice-daily doses of theophylline. Arterial blood
gases were measured in all patients under resting condi-
tions.

Informed written consent was obtained from each sub-
ject. The protocol was approved by the Ethics Committee
of the Medical School of the Ludwig-Maximilians-Uni-
versity (Munich, Germany). Results obtained in these pa-
tients were compared with previously published data from
79 healthy subjects [11, 12].

Data evaluation

All statistical calculations were performed using the
SAS software package (SAS Institute Inc., Cary, NC,
USA). The significance of differences between group ave-
rages was tested using the t-test for independent samples
(SAS procedure TTEST). The requested level of signific-
ance was 0.05. To evaluate the diagnostic value of aerosol
techniques the sensitivity and specificity were quantified
using the receiver operating characteristics (ROC) [23].
The area under the ROC curve represents the probability
(pROC) that a randomly selected pair of patients with COB

Table 1.  –  Characteristics of the study population

COB COB-E p-value pROC

Subjects  n
Age  yrs
Height  cm
Sex  M/F
Smoker/nonsmoker
PY
Pa,O2  mmHg
Pa,CO2  mmHg
TLC  % pred
RV  % TLC
TGV  % pred
VC  % pred
Raw  kPa·L-1·s-1

FEV1  % pred
FEV1/VC  % pred
MEF75  % pred
MEF50  % pred
MEF25  % pred
PEF  % pred
TL,CO  % pred
EAD  mm
D400  cm3

19
56±8

173±8
13/6
15/4

36±3
76±7
36±3
99±12
40±7

124±33
95±15

0.30±0.15
80±16
66±12
80±29
62±26
47±16
86±22

111±21
0.37±0.02
345±42

20
65±7

172±10
17/3
18/2

52±32
64±10
36±5

113±19
51±11

157±40
95±22

0.41±0.27
53±21
44±16
31±27
21±17
29±27
65±31
73±18

0.86±0.07
541±74

0.001
NS

NS

0.0001
NS

0.01
0.0009
0.0001

NS

NS

0.0001
0.0001
0.0001
0.0001
0.0001

NS

0.0001
0.0001
0.0001

0.73
0.79
0.84
0.43
0.63
0.81
0.84
0.88
0.89
0.87
0.68
0.88
0.99
1.00

Relative values of lung function parameters are given as a per-
centage of the predicted value (% pred) [18]. Values are pre-
sented as mean±SD. COB: patients with chronic bronchitis and
normal computed tomographic (CT) scan of the chest; COB-E:
patients with chronic bronchitis and CT-confirmed pulmonary
emphysema; pROC: p-value of the receiver operating characteri-
stics [23]; M: male; F: female; PY: pack-yrs; Pa,O2: arterial oxy-
gen tension; Pa,CO2: arterial carbon dioxide tension; TLC: total
lung capacity; RV: residual volume; TGV: thoracic gas volume;
VC: vital capacity; Raw: airway resistance; FEV1: forced expira-
tory volume in one second; MEF25, MEF50, MEF75: maximal
expiratory flow at 25, 50 and 75% of VC, respectively; PEF:
peak expiratory flow; TL,CO: transfer factor of the lung for car-
bon monoxide; EAD: effective peripheral airspace dimension;
D400: aerosol bolus dispersion at a lung depth of 400 cm3. (1
mmHg=0.133 kPa.)
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and COB-E is ranked correctly [24]. A pROC value of 1.0
represents maximum sensitivity and specificity.

Results

Anthropometric and lung function data of the study
groups are given in table 1. Patients with COB-E were sig-
nificantly older than patients with COB. The two groups
did not differ significantly in their body height, lifetime
cigarette consumption, Raw, PEF (% pred) or Pa,CO2. The
severity of airflow limitation based on values of FEV1 (%
pred) was mild-to-moderate in the group of patients with
COB and moderate-to-severe in the group of patients with
COB-E, according to the guidelines of the European Res-
piratory Society [4].

Aerosol-derived airway morphometry

The peripheral EAD at a VP=0.14 in patients with COB-
E was increased by more than a factor of 2 compared with
patients with COB (0.86±0.07 versus 0.37±0.02 mm, p=
0.0001) or healthy subjects (0.34±0.05 mm) (fig. 1). The
peripheral EAD of patients with COB did not differ sig-
nificantly from that measured in healthy subjects (0.34±
0.05 mm) [11].

Aerosol bolus dispersion

Patients with COB-E showed a significant higher D
than patients with COB (541±74 versus 345±42 cm3,
p=0.0001) and healthy subjects [12] (fig. 1). D of patients
with COB did not differ significantly from that measured
in healthy subjects (346±53 cm3) [12].

Sensitivity and specificity

Table 1 shows pROC for EAD, D and conventional lung
function parameters for the discrimination between pati-
ents with COB and COB-E. D showed the highest value
(1.00), followed by EAD (0.99). Of the conventional lung
function tests, the most sensitive were MEF50, MEF75,
and TL,CO with pROC-values between 0.88 and 0.89.

Discussion

Clinical aspects

Patients with chronic bronchitis and macroscopic em-
physema (group COB-E) showed considerably increased
peripheral airspace dimensions (EAD) and increased D,
whereas in the absence of macroscopic emphysema EAD
and D were within normal limits. Of all the lung func-
tion parameters under consideration, EAD and D had the
highest sensitivity and specificity for the discrimination of
patients with COB from those also suffering from macro-
scopic pulmonary emphysema (COB-E). Both parameters
had pROC-values between 0.99 and 1, indicating that these
tests had almost the same sensitivity and specificity as
HRCT for the detection of emphysema in these study
groups. All patients were able to complete the inhalation
protocol. The total time required for testing was about 15
min.

Previous studies indicate that EAD reflects airspace
dimensions in the human lung periphery. BRAND et al. [11]
showed that the peripheral EAD measured in 79 healthy
subjects was similar to that measured by W.M. Thurlbeck
using histological techniques and that in both studies air-
space dimensions increased with age to the same extent.
However, according to BRAND et al. [11], age-related differ-
ences in EAD between the study groups are neglig-  ible
and cannot explain the results of this study. NIKIFOROV et al.
[25] showed a close correlation between EAD and mean
linear intercept derived histologically in autopsy lungs.
Increased peripheral airspace dimensions were ob-served
in patients with emphysema [6]. In lungs with inhomoge-
neously distributed emphysematous lung injury EAD is
supposed to represent a volume weighted average of air-
space calibre of all ventilated lung regions [26]. EAD in
patients with macroscopic emphysema showed a higher
standard deviation of the mean value than in pa-tients with
COB (SD 0.07 versus 0.02 mm, respectively). This suggests
a high variability in the airspace dimensions present in
these patients. In patients with COB the presence of mac-
roscopic emphysema could reliably be exclu-ded by
measurement of normal peripheral EAD.

D has been shown to be increased in patients with cys-
tic fibrosis [27], in patients with lung emphysema [7] and
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Fig. 1.  –  a) Aerosol bolus dispersion at a volumetric lung depth of 400
cm3 and b) effective peripheral airspace dimensions for healthy subjects
(N) [11, 12], patients with chronic bronchitis (COB) and patients with
chronic bronchitis and pulmonary emphysema (COB-E) (Box-and-
Whisker graphics).
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in animal models with papain-induced lung emphysema
[9]. It has been pointed out that D increases owing to air-
way obstruction [10, 27]. One of the most striking featu-
res of the data presented here is that the difference in D
between patients with and without emphysema is indep-
endent of the degree of airflow limitation. Figure 2 shows
that subjects with COB-E have a higher D than subjects
with COB, even if FEV1 (%VC) is the same. Thus, it ap-
pears that bolus dispersion is a marker for ventilation in-
homogeneities caused by emphysematous lung injury.

Pathophysiological aspects

The pathophysiological mechanisms resulting in increas-
ed D in patients with emphysema are still under discussion
[7]. However, looking at the pathophysiological differen-
ces between COB with and without macroscopic emphy-
sema may help to identity possible reasons for increased
bolus dispersion. Three mechanisms may cause increased
bolus dispersion: 1) central airway obstruction; 2) periph-
eral airway obstruction due to small airway disease; and
3) in patients with COB-E, morphological changes in the
alveolar region with loss of alveolar attachments (radial
traction) to the bronchioles.

It had been proposed that large airway changes (e.g.
bronchospasm, mucosal oedema and accumulated secre-
tions) may result in increased aerosol bolus dispersion due
to turbulent airflow [27, 28]. However, despite inflamma-
tion and mucous gland hypertrophy in central airways this
is generally thought not to lead to much increase in air-
flow resistance. Since patients with COB showed normal
aerosol dispersion regardless of the degree of airflow limi-
tation, it may be concluded that central airway constriction
is not a major source of increased bolus dispersion in
these patients.

Peripheral airway obstruction due to small airway dis-
ease may increase the inhomogeneity of ventilation time
constants among parallel-arranged lung units [29, 30].
Ventilation time constants are given by the product of re-
sistance and compliance of each of these compartments.
Compartments with peripheral airway obstruction fill and
empty with a delayed time course owing to an increased

local resistance. This produces pressure differences between
lung units, resulting in convective transport termed "Pen-
delluft". Pendelluft is supposed to increase D [7, 8, 31].
Despite clinical signs of small airway obstruction, patients
with COB do not show an increase in bolus dispersion.
Hence, increased peripheral resistance appears to be of
minor importance as a determinant of bolus dispersion for
the breathing pattern applied in this study.

The main histopathological difference between pati-
ents with COB-E and those with COB is the presence of
morphological changes in the alveolar region in patients
with COB-E, which cause loss of alveolar attachments
(radial traction) to the bronchioles. The functional conse-
quences of emphysematous lung injury are ventilation in-
homogeneities due to changes in local lung compliance,
peripheral expiratory airway closure and enhanced collat-
eral ventilation between adjacent bronchopulmonary com-
partments [2, 32, 33]. Each of these pathophysiological
mechanisms may lead to a considerably delayed aerosol
particle recovery and may have a marked impact on bolus
dispersion. The results of the present study support this
view. The high variability in bolus dispersion observed
among patients with COB-E suggests that these different
mechanisms operate in patients with COB-E to a varying
degree from case to case. In discussing these findings one
final note of caution is that the important issue of detec-
tion of early "microscopic" emphysema [34, 35] was not
addressed in the current study, because there is still con-
troversy as to whether HRCT is sufficient to exclude ade-
quately such histologically defined alterations [21], which
may be present in patients with chronic bronchitis. The
alteration referred to as "microscopic emphysema" includes
disruption to elastic fibres, bronchiolar and alveolar dis-
tortion and the appearance of fenestrae in alveolar walls.
Further studies will be required to answer this interesting
question.

In conclusion, aerosol bolus dispersion and aerosol-
derived airway morphometry are powerful tools for the
detection of emphysematous lung injury in patients with
chronic bronchitis. Since both methods are noninvasive
and rapid to perform they are suitable for screening for
lung emphysema in epidemiological or occupational stud-
ies.
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