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14.1 Introduction

A major reason for the difficulty in understanding gas transport and mixing in the
lung periphery is related to the impossibility to perform direct measurements of gas
concentrations in the alveolar region without interfering with the mechanisms of
transport. If the measurements are performed at the mouth, the gases are first
inspired and convected to the lung periphery. During a breath cycle, they diffuse in
a space with linear dimensions that are of the order of magnitude of the square root
of the molecular diffusion coefficient. For air, this corresponds to a few millimeters.
During expiration, the recorded concentration at the mouth gives an information
about the last lung generations, where O, and N, have diffused. Part of this informa-
tion is contained in the slope of the alveolar plateau of the single-breath (N,) wash-
out (SBW). Georg et al. [1] used gases of different diffusivities such as He and SF.
Indeed, the different expiratory concentration profile of these gases carries informa-
tion about the lung structure in a specific lung region. A renewed interest in SBW
came also from the work of Cosio et al. [2] demonstrating correlations of SBW-
derived indices, such as N, phase III slope and closing capacity, with morphological
measures of peripheral lung lesion in smokers. A series of epidemiological studies
followed, investigating the potential of these tests to predict a decline in forced
expired volume in 1 s (FEV)) in smokers, but with conflicting outcomes [3-6].
However, the interest in the SBW test increased with the results of a 13-year
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follow-up study [7] indicating that the N, phase III slope of the vital capacity SBW
test was a key index in predicting the smoker developing overt COPD.

In the meanwhile, several groups had continued their investigations into the basic
mechanisms of gas transport in, and its heterogeneous distribution over, the lungs.
As reports of the actual geometrical configuration of the human lungs emerged [8—
10], new models could be developed in an effort to simulate the SBW test. An
essential feature of the anatomical basis for the lung models to be developed was
that the lung was asymmetrical, in the conductive airway [8] as well as in the acinar
airway segment [9, 10]. It was shown, for instance, how the interaction of convec-
tive and diffusive gas transport in the asymmetrical acinar air spaces could generate
N, concentration differences that are reflected in a N, gradient in the alveolar phase
IIT of an SBW exhalation [11]; in addition, this N, phase III gradient was expected
to increase with increasing asymmetry. Although this is just one potential mecha-
nism of ventilation heterogeneity, it illustrates how the delivery and recovery of gas
concentrations can provide noninvasive indexes of ventilatory heterogeneity that are
representative of lung structure, or its abnormality in the case of lung disease.

A different technique can be used as a tool to investigate pulmonary ventilation.
It consists of aerosol inspiration and the analysis of particle concentration during
the subsequent expiration. When aerosols are inspired as a bolus, the very low
(Brownian) diffusion coefficient of the particles enables to target specific genera-
tions of the bronchial tree. For decades, fields of gas and particle transport in the
lung proceeded in parallel, with very limited cross-fertilization. Despite being more
difficult to generate and measure experimentally than gases, aerosols can be a very
elegant tool to sample the structure in the lung periphery. We describe, at the end of
this chapter, aerosol applications showing the complementarity of both approaches.

14.2 GasWashout Tests

The washout technique basically consists of delivering to the lungs a gas mixture

that is not originally present in the lungs and then characterizing the exhaled gas

mixture as a function of exhaled volume. Figure 14.1 shows the concentration plot

of N, as a function of exhaled volume after a vital capacity inhalation of 100 % O,

(SBW test). One can clearly distinguish an initial phase where the inhaled gas is

exhaled again without having been mixed with lung resident air (phase I), a transi-

tional phase II, an alveolar phase III, and a final rise in phase I'V. Depending on the

subject under study, cardiogenic oscillations are superimposed on phases III and IV;

yet, in most lung diseases which give rise to steeper phase III slopes, cardiogenic

oscillations cannot be distinguished.
On the basis of experimental and modeling studies of gas transport in the human
lungs, we can summarize the contributions to the phase III slope as follows:

* Ventilation heterogeneity between upper and lower lung regions, generated by
the weight of the lung on earth: In normal lungs, the gravity-dependent contribu-
tion to the phase III slope has been investigated in studies involving different
body positions [12, 13], in experiments aboard parabolic flights [14, 15], or
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during Spacelab missions [16, 17], and depending also on the washout maneuver
used, the gravity contribution to the N, phase III slope is seen not to exceed
approximately one fifth; in fact, the largest contribution from gravity could be
found in the phase III slope of a vital capacity SBW maneuver (as opposed to
washout maneuvers covering the near-tidal volume range). Since certain disease
patterns may be linked to distinct locations (e.g., in patients with predominant
emphysema in upper lung zones), the effect of gravity can actually be exploited
to investigate structure-function in these zones. Van Muylem et al. [18] proposed
to place single-lung transplant patients in such a body posture that the SBW
phase III could actually be linked to structure-function of the dependent and non-
dependent lungs.

e Ventilation heterogeneity between units within the acinus, which results from
convective and diffusive gas transport competing in the structural asymmetry of
the lung periphery: Due to this so-called diffusion-convection interdependence
[19], the smallest intra-acinar lung unit subtended by any pair of daughter
branches shows the lowest N, concentration during inhalation; during subse-
quent exhalation, the differential convection from smaller and larger intra-acinar
units and back diffusion of N, into the smaller of two units leads to a slope in the
exhaled N, concentration versus volume trace. Over a wide range of structural
asymmetries, interdependence predicts that the larger structural asymmetry leads
to the greater N, phase III slope. In addition, the complex interaction of hundreds
of parallel and serial branch points inside each acinus plays a key role [20, 21].
A model simulation study [22] has shown that not only the mean structural
asymmetry at branch points of any given peripheral lung generation is a determi-
nant of the phase III slope but also the heterogeneity in asymmetry among
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parallel branch points of that generation. For any given mean asymmetry, the
larger parallel heterogeneity in asymmetry also leads to a steeper N, phase III
slope. In fact, with simulations incorporating a realistic heterogeneity of intra-
acinar asymmetry, the potential intra-acinar contribution to the N, phase III slope
ranges 80—100 % [22] depending on the washout maneuver.

» Ventilation heterogeneity between lung units, probably much smaller than the
upper and lower lung regions, but larger than acini, i.e., at the level of lung units
where convective gas transport dominates over diffusive gas transport: This
mechanism implies differences in specific ventilation (unit inspired volume per
unit lung volume) and flow asynchrony between lung units upon emptying. This
mechanism of ventilation heterogeneity can be generated by a heterogeneity in
P-V characteristics of such lung units or a heterogeneity in airway resistance of the
subtending airways; yet, in human subjects, no quantitative data on these proper-
ties at this scale exist. Also, heterogeneity in airway resistance or P-V characteris-
tics should be such that the best ventilated lung unit is the one to empty preferentially
early in expiration, in order to produce a positive contribution to the N, phase III
slope. There are a huge number of branch points located in the conductive airways
where such convection-dependent heterogeneity can occur. Maybe the number of
possibilities can be limited by use of so-called integrated models such as the one
offered by Tawhai et al. e.g., [23], with a very realistic appearance from a struc-
tural viewpoint. However, the way it simulates airway function is currently still
burdened by oblique parameter fitting, which makes it almost impossible to deter-
mine where some highly unrealistic simulations, acknowledged by the authors,
find their origin. Nevertheless, further development of such models, closely guided
by the wealth of experimental washout data, should make it possible to quantita-
tively determine the confines within which this mechanism accounts for the phase
III slope in normal man. While the net contribution to the N, phase III slope from
this mechanism may actually be relatively modest during an SBW obtained from
the normal lungs, its effect can be exaggerated in the diseased lung [24, 25] or in
the asymptomatic lung after histamine bronchoprovocation [26].

* Gas exchange: The fact that the respiratory coefficient is <1 brings about volume
shrinkage and hence a progressive concentration of all gases as the exhalation
proceeds, leading to an amplification of the phase III slope for the lung resident
gas N,; in human lungs, its effect has been estimated at 10 % for a vital capacity
SBW maneuver [27].

* Airway closure: When decomposing a vital capacity SBW, involving a continu-
ous O, inhalation starting from residual volume, into separate washout experi-
ments whereby 150 mL volumes of O, are inhaled at different lung volumes over
the vital capacity range, it is possible to study the effect of ventilation heteroge-
neity at any given lung volume and relate it to the SBW phase III slope [28]. In
this way, it has been shown that in the case of a vital capacity SBW test in normal
subjects, the heterogeneous distribution of gas inhaled at lung volumes below
FRC in fact produces a negative contribution to the N, phase III slope. Hence,
exaggerated airway closure below FRC has an attenuating effect on phase III
slope, while disease states, where airway closure also appears around and above
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FRC, could yield a positive contribution to phase III slope. Hence, the actual

contribution to N, phase III slope from airway closure is not straightforward.

The problem with these different mechanisms generating a N, phase III slope is
that their relative contribution — positive or negative — may be hard to determine and
is expected to vary, depending on the disease state of the lungs. Let us first recon-
sider the reason why tests of ventilation heterogeneity were thought of as a promis-
ing diagnostic tool:

» For early detection of lung alterations: It was expected that heterogeneity in
structural change could reveal abnormality before a global change (e.g., overall
airway narrowing) sets in to such an extent that spirometry becomes abnormal.
An experimental demonstration of this potential was the observation that heart-
lung transplant patients showed an abnormal SBW phase III slope with a median
of 1 year before FEV, became abnormal to reflect a rejection episode [29].

» For monitoring the lung periphery: Experimental and theoretical work con-
ducted over the years indicated that the phase III slope is in fact predominantly
affected by peripheral air spaces, where resistance to flow is small and hence
referred to as the “silent lung zone.”

If it were possible to separate ventilation heterogeneity originating in the periph-
eral air spaces from that in the more proximal airways, this could bring about a
sensitive diagnostic tool that is also more specific to structural alterations in a lung
zone where spirometry performs poorly. In the mid-1980s, experimental work by
Crawford et al. [30-33] emerged which displayed the potential of delivering such a
tool, based on earlier modeling work [34]. Instead of having a subject perform one
inhalation and exhalation (single-breath washout, SBW), the subject is asked to
perform subsequent inhalations and exhalations (multiple-breath washout, MBW)
such that by the nature of the mechanisms involved, their respective contributions to
phase III slope will be accentuated as the MBW proceeds. Figure 14.2 shows how
N, concentration continuously decreases during an MBW test, but also that each
breath can be considered as an SBW curve where the N, phase III slope progres-
sively increases relative to its mean expired N, concentration (insets of Fig. 14.2).

When the N, phase III slope of each expiration is normalized by its mean expired
or end-expired N, concentration, the resulting normalized phase III slope (S)
steadily increases as a function of breath number, even in a normal subject (Fig.14.3).
For the sake of illustration, the exaggerated S increase in the same subject after
histamine provocation is also shown, and for methodological reasons, S is repre-
sented as a function of lung turnover (TO, i.e., cumulative expired volume divided
by FRC) instead of breath number [30].

While diffusion-convection interaction can indeed account for most of the S
value of the first breath of an experimental MBW test [21], it is intrinsic to this
mechanism that S only slightly increases as the MBW proceeds, and that after the
first few breaths, a horizontal S asymptote is reached. An alternative mechanism to
explain the increasing S as a function of breath number (or TO) beyond the first few
breaths is the one where two units are ventilated to a different extent creating a con-
centration difference between them, which serves as the initial condition to the next
inhalation. In any subsequent inhalation, concentration differences will become
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Fig.14.2 MBW test obtained in a normal subject after histamine provocation to illustrate the rate
of rise of the N, phase III slope with respect to the mean expired N, concentration as a function of

breath number (n)

Fig.14.3 Normalized
slopes (S; mean+SD)
versus lung turnover (70)
obtained on a normal
subject before (closed
circles) and after (open
circles) histamine

Normalized slope (I™)

relatively greater, i.e., the concentration difference divided by the average concen-
tration will progressively increase. This mechanism predicts an increasing S as a
function of TO, however with an extrapolation to S=0 for 7T0=0 [34].
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Fig.14.4 Schematic representation of conductive and acinar structural alteration and its predicted
effect on normalized phase III slopes (S) versus lung turnover (TO) and derived indices S.q
and Sacin

On basis of the above explanations, and without displaying the details here
(these can be found in [35]), two indices of ventilation heterogeneity can be derived
from the S versus TO curves as follows. The diffusion-convection interdependence
mechanism (operational in the acinar lung zone) mainly affects the height of the
S versus TO curve, but hardly contributes to the rate of S increase versus TO.
Hence, the index of acinar ventilation heterogeneity (S,,) is computed as the S
value of the first breath minus a small contribution from the rate of S rise in the
remainder of the MBW test (S,.;,=S(n=1)-TO(n=1). S.os, Where S.,q iS given
below). Convective ventilatory heterogeneity (operational in the conductive lung
zone) mainly affects the increase of the S versus TO curve, but hardly contributes
to the initial S value. Hence, the index of conductive ventilation heterogeneity
(Scona) corresponds to the regression slope of the S versus TO curve beyond the first
few breaths (TO>1.5). Figure 14.4 schematically displays S versus TO curves and
the behavior of derived S,.;, and S.,,q in two schematic cases of acinar or conduc-
tive airway structural alterations. Whenever a patient displays an increased S.q.q,
this is thought to reflect an increased heterogeneity in airway lumen or in elastic
properties of relatively large lung units subtended from the conductive airways.
Whenever a patient displays an increased S,,, this may be interpreted as result of
a change in intra-acinar asymmetry either by cross-sectional heterogeneity or by
changes in subtended volumes.
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Two advantages of the MBW test are (1) that it involves near-tidal breathing
above FRC which not only corresponds to lung volumes during natural breathing
but also avoids the effect of airway closure at residual volume, and (2) that the S
versus TO curves derived from the MBW are only poorly affected by the blurring
effect of gravity [36]. Hence, the MBW indices can be almost entirely attributed to
intrinsic structural and elastic properties of the lung, which renders this test particu-
larly useful in the clinical context of the lung function laboratory. We summarize
here the use of the normalized slope analysis of the MBW test in clinical applica-
tions, with Fig. 14.5 displaying average S,.;, and S,,4 values obtained from the same
laboratory in either of the study groups described below. These results are then
placed against other washout data from the literature.

14.2.1 Bronchoprovocation

For an average FEV, decrease of 26 % after a 2 mg cumulative dose of histamine,
Scona Was shown to increase by 390 % with no significant change in S,,, indicat-
ing that during provocation large ventilation heterogeneities occur and that the air-
ways affected by the provocation process are situated proximal to the entrance of
the acinar lung zone [26]. A methacholine provocation study showed a significant
but small S,;, increase and a large S..,q increase [37]. The observed S.,,4 increase
likely represents the inequality in response of parallel airways, superimposed on
global airway narrowing. This could reflect density differences in muscarine recep-
tors and/or cholinergic innervation between airways located at a given lung depth
(i.e., airways of more or less the same lung generation) in addition to the reported
proximal versus peripheral density differences along the bronchial tree [38]. Since
the conductive airways (as reflected in S,,4) constitute the main source of ventila-
tion heterogeneity during bronchoprovocation, and because this component is only
poorly reflected in the SBW phase III slope, this could explain the moderate SBW
phase III slope increases observed by others after provocation e.g., [39]. Although it
is intrinsically impossible to determine the contribution from acinar and conductive
air spaces by only studying the decline in mean expired concentration of an MBW
test, several such reports in the case of bronchoprovocation [40, 41] did speculate
on an important contribution from convection-dependent ventilation heterogene-
ity. A comparative study of two aspecific bronchoprovocation aerosols revealed an
apparent paradox of a greater ventilation heterogeneity (largest S, increase) for
the bronchoprovoking agent (methacholine) which induces the least deterioration
of spirometry, at least in terms of FEV, [42]. It was suggested that the differen-
tial action of histamine and methacholine is confined to the conductive airways,
where histamine likely causes greatest overall airway narrowing and methacholine
induces largest parallel heterogeneity in airway narrowing, probably at the level of
the large and small conductive airways, respectively. The observed ventilation het-
erogeneities predict a risk for dissociation between ventilation-perfusion mismatch
and spirometry, particularly after methacholine challenge, as has been observed
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Fig.14.5 Average values (+SE) of S, and S..,4 and corresponding FEV| in normal subjects with
bronchial hyperresponsiveness (BHR) or not (nBHR), in nBHR subjects provoked with histamine
(His) or methacholine (MCh), in COPD and asthmatic patients, and in smokers (S) or never-
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experimentally by others [43]. On the basis of SBW phase III slopes with different
diffusivity gases, it has been suggested that adenosine 5’-monophosphate has an
even more peripheral effect than methacholine [44].

14.2.2 COPD Patients

In a group of COPD patients with various degrees of airway obstruction (FEV,/
FVC=52+11(SD) %) and transfer factor (TLco=77+25(SD) %), the relationship
of S.ona and S, to standard lung function indices was evaluated by means of a prin-
cipal component factor analysis [24], which linked correlated indices to indepen-
dent factors accounting for 81 % of the total variance within the COPD group. S,
was linked to the so-called acinar lung zone factor, comprising also diffusing capac-
ity measurements. S, was linked to the so-called conductive lung zone factor,
comprising also specific airway conductance and forced expiratory flows. The fact
that S..,q and S,;, were linked to independent factors is a statistical confirmation of
the hypothesis that S.,,q and S,., can reflect independent lung alterations, corre-
sponding to different functional lung units. FEV,/FVC was the only variable linked
to both the conductive and the acinar lung zone factor, indicating a combined con-
ductive and acinar contribution to airway obstruction in these COPD patients.

14.2.3 Asthmatics

Baseline S,;, values were found to be abnormal in asthmatics, despite normal dif-
fusing capacity in this group [25]; these S,, values were intermediate between
those obtained in normal subjects and in COPD patients. Baseline S, was also
abnormal in the asthmatics but similar to that obtained in the COPD patients. After
salbutamol inhalations, significant changes in S, and S, were only observed in
the asthmatics. These results indicate significant — but partially reversible — acinar
airway impairment in asthmatics, as compared to the more severe baseline acinar
airway impairment in COPD patients, none of which was reversible after salbuta-
mol inhalation. The involvement of the peripheral airways in asthmatic patients in
the baseline condition and after inhaled f,-mimetic drugs has been a subject of
considerable interest in the past, where the terminology “peripheral airways” actu-
ally covers a large range of airway generations depending on the measurement
method used [45—47]. Ventilation distribution has also been previously investigated
in asthmatics in terms of N, phase III slope of the SBW [47-51] or in terms of
decaying concentration curves of the MBW [52], with a general observation of a
diminished overall lung ventilation heterogeneity after inhalation of B,-mimetic
drugs. A modified single-breath washout maneuver employed by Cooper et al. [50]
in asthmatic children started the O, inhalation from FRC rather than from residual
volume, a maneuver which was indeed expected to better detect lung structural
alterations [53]. Cooper et al. [50] found that the asthmatic patients with the steepest
baseline N, phase III slopes were also the ones showing the largest decreases
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following isoproterenol inhalation, and that post-isoproterenol N, phase III slopes
were still elevated with respect to normal values. Using the same SBW maneuver,
Gustaffson et al. [51] studied the respective behavior of He and SF, phase III slopes
to detect an intra-acinar contribution to ventilation distribution in asthma patients.
Ventilation heterogeneity in the conductive airways (S..nq) has been identified as an
independent contributor to airway hyperresponsiveness in asthma [54], and recent
reports have also linked S,,,q and S,;, to asthma control [55, 56].

14.2.4 Smokers

An early study in smokers with normal lung function found that S, was signifi-
cantly larger than in never-smokers, while S.,,q remained unaffected [57]. While
being less abnormal than previously reported in COPD patients, S,., did detect
significant acinar airway alterations in these asymptomatic individuals. Previous
reports of the decline in mean expired concentration of an MBW in smokers with
relatively normal lung function had revealed an impaired ventilation distribution
[58, 59], without however being able to indicate the location of structural altera-
tions. An MBW study in larger cohorts of smokers with a range of smoking history
(10-50 pack years) has since indicated structure-function alterations in the lung
periphery around the acinar entrance affecting both S, and S,,; in smokers with
emphysema, S,., was further enhanced [60]. In a subsequent smoking cessation
study in smokers without airway obstruction [61], a transient S,;, decrease and a
sustained S, decrease could be observed over the course of 1 year of smoking ces-
sation. Previous ventilation distribution studies in smokers that made use of phase
IIT slope analysis were essentially derived from the vital capacity SBW maneuver
[1-5] where increased phase III slopes were often unduly referred to as an indica-
tion of peripheral alterations only.

Taken together, we can state that indices S,;, and S,,4 can be used for the above-
mentioned purposes: early detection of lung alterations and monitoring the lung
periphery. For early detection purposes, it is important to realize that these indices
also slightly vary with age in normal man, and reference values have now been pro-
duced [62]. For monitoring, potentially moving into advanced disease stages, care
has to be taken that the basic assumptions for separating conductive and acinar
effects are still met [35].

14.3 Aerosol Bolus Tests

Although gas bolus studies can give interesting information on lung volume depen-
dence of ventilation distribution [28], they cannot be associated to specific locations
in the bronchial tree. However, this becomes possible with aerosols, as illustrated in
Fig. 14.6, because of the very low particle diffusivity. If we consider the symmetri-
cal Weibel model of the lung, a particle bolus followed by a volumetric lung depth
(VLD) inhalation of air corresponding to the volume of the first 2 generations would
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Fig. 14.6 Principle of the aerosol bolus dispersion test. An aerosol bolus is released at different
instances during an inhalation, so as to deliver it to the proximal lung, corresponding to a low volu-
metric lung depth (VLD) (panel a) or to the peripheral lung and corresponding to a high volumetric
lung depth (VLD) (panel b). Upon exhalation, the bolus is recovered and its dispersion (e.g., its
standard deviation) is measured

bring the particles to generation 3 as represented in Fig. 14.6a. Alternatively, an
aerosol bolus test with a VLD corresponding to the volume of the first 19 genera-
tions would deliver the particles to generation 20 (Fig. 14.6b). For a typical aerosol
bolus test, a subject is instructed to inhale a given volume (e.g., 1,000 ml), and a
valve system delivers a bolus (e.g., 75 ml) of aerosol at the desired instance of the
aerosol-free inhalation. Upon exhalation, the non-deposited portion of the aerosol is
recovered in the form of an aerosol bolus which is dispersed over at least twice the
inhaled bolus volume.

Depending on the lung level at which the aerosol is inhaled, the aerosol bolus is
seen to deposit more and to become more dispersed as it has traveled deeper into the
lungs, even in normal subjects [63]. Moreover, it was postulated that in the case of
lung structural alterations, particularly if these are heterogeneously distributed over
the lungs, aerosol bolus dispersion would be increased. This hypothesis was con-
firmed experimentally in several lung diseases [64, 65]: in patients with cystic fibro-
sis [66], emphysema [67], and asthma [68] or in heart-lung transplant patients
suffering a rejection period [69]. However, increased aerosol bolus dispersion was
also observed in the case of asymptomatic smokers [70-72], suggesting its potential
as a marker of lung alterations in the early stages of lung disease. Again, the key
issue is how structural heterogeneity can affect aerosol bolus dispersion. Indeed, if
a 75 ml aerosol bolus distributes over a complex structure, but recombines in a per-
fectly reversible fashion, the original aerosol bolus will be restored in its initial
75 ml volume. Heterogeneity in structural alterations that are perceived differently
by the aerosol bolus during inspiration than during expiration is expected to intro-
duce an irreversible component of aerosol bolus dispersion.

On the basis of the role of heterogeneity, some studies have indeed measured
indices of gas ventilation distribution (SBW, MBW) alongside indices of aerosol
distribution (aerosol bolus dispersion). Anderson et al. [71] found an increased N,
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Fig.14.7 Saline bolus tests (panel a) and multiple-breath washout tests (panel b) obtained on the
same 10 subjects before and after histamine provocation (closed and open symbols, respectively).
(Panel a) Aerosol bolus test: bolus dispersion (+SE) as a function of volumetric lung depth (VLD),
indicating a structural alteration in the proximal lung. (Panel b) MBW test: normalized phase III
slope (+SE) as a function of lung turnover, indicating a structural alteration in the conductive air-
ways (Sconq increased; see also Fig. 14.4) after histamine

phase III slope of the vital capacity SBW in a smoker group which showed an
increased dispersion of the most peripherally inhaled aerosol boluses. Also, in an
effort to relate aerosol- and gas-related measures of convective ventilation heteroge-
neity, Brown et al. [73] found an association between bolus dispersion and '**Xe
washout-derived indices in cystic fibrosis patients. An essential issue which is
sometimes overlooked in studies comparing gas and aerosol tests of ventilation dis-
tribution on the same subjects is the volume range spanned by the various testing
procedures. For instance, a vital capacity single-breath washout — including airway
closure — and an aerosol bolus test involving lung volumes well above residual vol-
ume are bound to only contain partly overlapping information, which may render
comparisons disappointing.

Two studies [57, 74] have compared the specific patterns of aerosol bolus dis-
persion and gas washout (MBW) derived indices in two study groups with specific
proximal or peripheral structural alterations. In one study, a group of 10 normal
subjects underwent a histamine bronchoprovocation test, inducing a conductive air-
way alteration, as evidenced by an increased S.,,q after histamine with respect to
baseline. In the other study, 12 smokers were studied who differed from 12 never-
smokers in terms of acinar airway alterations only as evidenced by an increased S,
in the smokers versus the never-smokers. In the first group, an increased S..,q was
paralleled by an increased aerosol bolus dispersion of the most shallowly inhaled
aerosol boluses (Fig. 14.7). In the latter group, an increased S,., was paralleled
by an increased aerosol bolus dispersion of the most peripherally inhaled aerosol
boluses (Fig. 14.8). Note that the lungs with the more peripheral structural altera-
tion (Fig. 14.8) will only affect the dispersion of the most deeply inhaled boluses
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Fig.14.8 Saline bolus tests (panel a) and multiple-breath washout tests (panel b) obtained on 12
never-smokers (closed symbols) and 12 smokers (open symbols). (Panel a) Aerosol bolus test:
bolus dispersion (+SE) as a function of volumetric lung depth (VLD), indicating a structural altera-
tion in the peripheral lung. (Panel b) MBW test: normalized phase III slope (+SE) as a function of
lung turnover, indicating a structural alteration in the acinar airways (S,;, increased; see also
Fig. 14.4) after histamine

(largest VLD). By contrast, the lungs with the more proximal structural alteration
will affect primarily the most shallow boluses but will also affect the more peripher-
ally inhaled boluses to some extent, since all boluses have to pass the most proximal
structures [75] on their way to the lung periphery. Hence, in this case, the effect is
most marked for lowest VLD and fades away toward the higher VLD.

Finally, a particularity of the tests shown in Figs. 14.7 and 14.8 was that the aero-
sol used for these bolus tests was isotonic saline and not the latex particles or oil
droplets usually employed for these types of aerosol bolus studies. It was shown
indeed that if only bolus dispersion — and not bolus deposition — is to be measured,
saline aerosol boluses disperse to the same extent as a 1 p latex aerosol bolus.
Indeed, any potential size change that an isotonic aerosol bolus may undergo in the
lungs appears to play a minor role in the dispersion of the bolus, and in fact, lung
structure seems to be the major determinant of bolus dispersion. The possibility of
using saline instead of latex or oil droplets to detect lung structural alterations may
be more appealing for the clinical application of this technique. However, if, in
addition to bolus dispersion, there is a need to quantify bolus deposition, for
instance, to determine an effective airspace diameter [76], monodisperse aerosols
are compulsory.

Conclusion

Depending on the patient population under study, one may consider using either
gas- or aerosol-derived noninvasive probes of lung structural alterations. The
choice of one technique over the other will essentially be made on basis of tech-
nical or practical issues. One practical consideration concerns inhaled volume,
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which should be around 1 L for a proper phase III slope analysis of the MBW
test. This may be difficult to achieve in some patients, and in that case, a protocol
with aerosol bolus tests that is limited to shallow inhaled boluses — involving
lesser lung inflations — may still be meaningful, depending on the lung disease
under study.

References

1.

2.

10.

12.

13.

16.

17.

18.

Georg J, Lassen NA, Mellemgaard K, Vinther A (1965) Diffusion in the gas phase of the lungs
in normal and emphysematous subjects. Clin Sci 29:525-532

Cosio M, Ghezzo H, Hogg JC, Corbin R, Loveland M, Dosman J, Macklem PT (1978) The
relations between structural changes in small airways and pulmonary-function tests. N Engl J
Med 298:1277-1281

. Dosman JA, Cotton DJ, Graham BL, Hall DL, Li R, Froh F, Barnett GD (1981) Sensitivity and

specificity of early diagnostic tests of lung function in smokers. Chest 79:6-11

. Olofsson J, Bake B, Svarsudd K, Skoogh BE (1986) The single breath N2 test predicts the rate

of decline in FEV1. Eur J Respir Dis 69:46-56

. Stanescu DC, Rodenstein DO, Hoeven C, Robert A (1987) “Sensitive tests” are poor predic-

tors of the decline in forced expiratory volume in one second in middle-aged smokers. Am Rev
Respir Dis 135:585-590

. Buist AS, Vollmer WM, Johnson LR, McCamant LE (1988) Does the single-breath N2 test

identify the smoker who will develop chronic airflow limitation? Am Rev Respir Dis
137:293-301

. Stanescu D, Sanna A, Veriter C, Robert A (1998) Identification of smokers susceptible to

development of chronic airflow limitation: a 13-year follow-up. Chest 114:416-425

. Horsfield K, Cumming G (1968) Morphology of the bronchial tree in man. J Appl Physiol

24:373-383

. Hansen JE, Ampaya EP (1975) Human air space shapes, sizes, areas, and volumes. J Appl

Physiol 38:990-995
Haefeli-Bleuer B, Weibel ER (1988) Morphometry of the human pulmonary acinus. Anat Rec
220:401-414

. Paiva M, Engel LA (1989) Gas mixing in the lung periphery. In: Chang HK, Paiva M (eds)

Respiratory physiology: an analytical approach. Marcel Dekker, New York, p 245

Verhamme M, Roelandts J, De Roo M, Demedts M (1983) Gravity dependence of phases III,
IV, and V in single-breath washout curves. J Appl Physiol 54:887-895

Rodriguez-Nieto MJ, Peces-Barba G, Gonzdlez Mangado N, Verbanck S, Paiva M (2001)
Single-breath washouts in a rotating stretcher. J Appl Physiol 90:1415-1423

. Lauzon AM, Prisk GK, Elliott AR, Verbanck S, Paiva M, West JB (1997) Paradoxical helium

and sulfur hexafluoride single-breath washouts in short-term vs. sustained microgravity. J
Appl Physiol 82:859-865

. Michels DB, West J (1978) Distribution of pulmonary ventilation and perfusion during short

periods of weightlessness. J Appl Physiol 45:987-998

Guy HIJB, Prisk GK, Elliott AR, Deutschman RA III, West JB (1994) Inhomogeneity of pul-
monary ventilation during sustained microgravity as determined by single-breath washouts. J
Appl Physiol 76:1719-1729

Prisk GK, Guy HJB, Elliott AR, Paiva M, West JB (1995) Ventilatory inhomogeneity deter-
mined from multiple-breath washouts during sustained microgravity on Spacelab SLS-1. J
Appl Physiol 78:597-607

Van Muylem A, Scillia P, Knoop C, Paiva M, Estenne M (2006) Single-breath test in lateral
decubitus reflects function of single lungs grafted for emphysema. J Appl Physiol 100:834-838



210 S. Verbanck and M. Paiva

19. Paiva M, Engel LA (1981) The anatomical basis for the sloping N2 plateau. Respir Physiol
44:325-337

20. Paiva M, Engel LA (1984) Model analysis of gas distribution within human lung acinus. J
Appl Physiol 56:418-425

21. Verbanck S, Paiva M (1990) Model simulations of gas mixing and ventilation distribution in
the human lung. J Appl Physiol 69:2269-2279

22. Dutrieue B, Van Holsbeek F, Verbanck S, Paiva M (2000) Model simulations of gas mixing
and ventilation distribution in the human lung. J Appl Physiol 89:1859-1867

23. Mitchell JH, Hoffman EA, Tawhai MH (2012) Relating indices of inert gas washout to local-
ised bronchoconstriction. Respir Physiol Neurobiol 183:224-233

24. Verbanck S, Schuermans D, Van Muylem A, Melot C, Noppen M, Vincken W, Paiva M (1998)
Conductive and acinar lung-zone contributions to ventilation inhomogeneity in COPD. Am J
Respir Crit Care Med 157:1573-1577

25. Verbanck S, Schuermans D, Noppen M, Paiva M, Vincken M (1999) Evidence of acinar air-
way involvement in asthma. Am J Respir Crit Care Med 159:1545-1550

26. Verbanck S, Schuermans D, Van Muylem A, Noppen M, Paiva M, Vincken W (1997)
Ventilation distribution during histamine provocation. J Appl Physiol 83:1907-1916

27. Cormier Y, Bélanger J (1983) Quantification of the effect of gas exchange on the slope of
phase III. Bull Eur Physiopathol Respir 19:13-16

28. Dutrieue B, Lauzon AM, Verbanck S, Elliott AR, Prisk GK, West JB, Paiva M (1999) Helium
and sulfur hexafluoride bolus washin in short-term microgravity. J Appl Physiol 86:1594

29. Estenne M, Van Muylem A, Knoop C, Antoine M (2000) Detection of obliterative bronchiol-
itis after lung transplantation by indexes of ventilation distribution. Am J Respir Crit Care Med
162:1047-1051

30. Crawford ABH, Cotton DJ, Paiva M, Engel LA (1989) Effect of lung volume on ventilation
distribution. J Appl Physiol 66:2502-2510

31. Crawford ABH, Makowska M, Engel LA (1987) Effect of bronchomotor tone on static
mechanical properties of lung and ventilation distribution. J Appl Physiol 63:2278-2285

32. Crawford ABH, Makowska M, Kelly S, Engel LA (1986) Effect of breath holding on ventila-
tion maldistribution during tidal breathing in normal subjects. J Appl Physiol 61:2108-2115

33. Crawford ABH, Makowska M, Paiva M, Engel LA (1985) Convection- and diffusion-
dependent ventilation maldistribution in normal subjects. J Appl Physiol 59:838-846

34. Paiva M (1975) Two new pulmonary functional indexes suggested by a simple mathematical
model. Respiration 32:389-403

35. Verbanck S, Paiva M (2011) Gas mixing in the airways and airspaces. Compr Physiol 1:
835-882

36. Prisk GK, Elliott AR, Guy HIB, Verbanck S, Paiva M, West JB (1998) Multiple-breath washin
of helium and sulfur hexafluoride in sustained microgravity. J Appl Physiol 84:244-252

37. King GG, Downie SR, Verbanck S, Thorpe CW, Berend N, Salome CM, Thompson B (2005)
Effects of methacholine on small airway function measured by forced oscillation technique
and multiple breath nitrogen washout in normal subjects. Respir Physiol Neurobiol
148:165-177

38. Mak JC, Barnes PJ (1994) Autonomic receptors in the upper and lower airways. In: Kaliner
MA, Barnes PJ, Kunkell GH, Baranicek JN (eds) Neuropeptides in respiratory medicine.
Marcel Dekker, New York, p 251

39. Scano G, Stendardi L, Bracamonte M, Decoster A, Sergysels R (1982) Site of action of inhaled
histamine in asymptomatic asthmatic patients. Clin Allergy 12:281-288

40. Harris EA, Buchanan PR, Whitlock RML (1987) Human alveolar gas-mixing efficiency for
gases of differing diffusivity in health and airflow limitation. Clin Sci 73:351-359

41. Langley F, Horsfield K, Burton G, Seed WA, Parker S, Cumming G (1988) Effect of inhaled
methacholine on gas mixing efficiency. Clin Sci 74:187-192

42. Verbanck S, Schuermans D, Noppen M, Vincken W, Paiva M (2001) Methacholine versus
histamine: paradoxical response of spirometry and ventilation distribution. J Appl Physiol 91:
2587-2594



43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Noninvasive Measures of Lung Structure and Ventilation Heterogeneity 211

Rodriguez-Roisin R, Ferrer A, Navajas D, Agusti AGN, Wagner PD, Roca J (1991) Ventilation-
perfusion mismatch after methacholine challenge in patients with mild bronchial asthma. Am
Rev Respir Dis 144:88-94

Michils A, Elkrim Y, Haccuria A, Van Muylem A (2011) Adenosine 5’-monophosphate chal-
lenge elicits a more peripheral airway response than methacholine challenge. J Appl Physiol
110:1241-1247

Wagner EM, Liu MC, Weinmann GG, Permutt S, Bleecker ER (1990) Peripheral lung resis-
tance in normal and asthmatic subjects. Am Rev Respir Dis 141:584

Yanai M, Ohrui T, Sekizawa K, Shimizu Y, Sasaki H, Takishima T (1991) Effective site of
bronchodilation by antiasthma drugs in subjects with asthma. J Allergy Clin Immunol
87:1080-1087

Fairshter RD, Wilson AF (1980) Relationship between the site of airflow limitation and local-
ization of the bronchodilator response in asthma. Am Rev Respir Dis 122:27-32

Olofsson J, Bake B, Skoogh BE (1986) Bronchomotor tone and the slope of phase III of the
N2-test. Bull Eur Physiopathol Respir 22:489-494

Olofsson J, Bake B, Blomqvist N, Skoogh BE (1985) Effect of increasing bronchodilatation on
the single breath nitrogen test. Bull Eur Physiopathol Respir 21:31-36

Cooper DM, Mellins RB, Mansell AL (1983) Ventilation distribution and density dependence
of expiratory flow in asthmatic children. J Appl Physiol 54:1125-1130

Gustafsson PM, Ljungberg HK, Kjellman B (2003) Peripheral airway involvement in asthma
assessed by single-breath SF6 and He washout. Eur Respir J 21:1033-1039

Lutchen KR, Habib RH, Dorkin HL, Wall MA (1990) Respiratory impedance and mul-
tibreath N2 washout in healthy, asthmatic, and cystic fibrosis subjects. J Appl Physiol 68:
2139-2149

Paiva M, Van Muylem A, Ravez P, Yernault JC (1986) Preinspiratory lung volume dependence
of the slope of the alveolar plateau. Respir Physiol 63:327-338

Downie SR, Salome CM, Verbanck S, Thompson B, Berend N, King GG (2007) Ventilation
heterogeneity is a major determinant of airway hyperresponsiveness in asthma, independent of
airway inflammation. Thorax 62:684-689

Farah CS, King GG, Brown NJ, Downie SR, Kermode JA, Hardaker KM, Peters MJ, Berend
N, Salome CM (2012) The role of the small airways in the clinical expression of asthma in
adults. J Allergy Clin Immunol 129:381-387

Farah CS, King GG, Brown NJ, Peters MJ, Berend N, Salome CM (2012) Ventilation hetero-
geneity predicts asthma control in adults following inhaled corticosteroid dose titration. J
Allergy Clin Immunol 130:61-68

Verbanck S, Schuermans D, Vincken W, Paiva M (2001) Saline Bolus dispersion versus venti-
lation maldistribution: I acinar airways alteration. J Appl Physiol 90:1754-1762

Fleming GM, Chester EH, Saniie B, Saidel GM (1980) Ventilation inhomogeneity using mul-
tibreath nitrogen washout: comparison of moment ratios and other indexes. Am Rev Respir
Dis 121:789-794

Ericsson CH, Svartengren M, Mossberg B, Camner P (1993) Bronchial reactivity, lung func-
tion, and serum immunoglobulin E in smoking-discordant monozygotic twins. Am Rev Respir
Dis 147:296-300

Verbanck S, Schuermans D, Meysman M, Paiva M, Vincken W (2004) Noninvasive assess-
ment of airway alterations in smokers: the small airways revisited. Am J Respir Crit Care Med
170:414-419

Verbanck S, Schuermans D, Paiva M, Meysman M, Vincken W (2006) Small airway function
improvement after smoking cessation in smokers without airway obstruction. Am J Respir Crit
Care Med 174:853-857

Verbanck S, Thompson BR, Schuermans D, Kalsi H, Biddiscombe M, Stuart-Andrews C,
Hanon S, Van Muylem A, Paiva M, Vincken W, Usmani O (2012) Ventilation heterogeneity in
the acinar and conductive zones of the normal ageing lung. Thorax 67:789-795

Heyder J, Blanchard JD, Feldman HA, Brain JD (1988) Convective mixing in human respira-
tory tract: estimates with aerosol boli. J Appl Physiol 64:1273-1278



212 S. Verbanck and M. Paiva

64. Anderson PJ, Dolovich M (1994) Aerosols as diagnostic tools. J Aerosol Med 7:77-88

65. Blanchard JD (1996) Aerosol bolus dispersion and aerosol-derived airway morphometry:
assessment of lung pathology and response to therapy, Part 1. J Aerosol Med 9:183-205

66. Anderson PJ, Blanchard JD, Brain JD, Feldman HA, McNamara JJ, Heyder J (1989) Effect of
cystic fibrosis on inhaled aerosol boluses. Am Rev Respir Dis 140:1317-1324

67. Kohlhaufl M, Brand P, Rock C, Radons T, Scheuch G, Meyer T, Schulz H, Pfeifer KJ,
Haussinger K, Heyder J (1999) Noninvasive diagnosis of emphysema. Aerosol morphometry
and aerosol bolus dispersion in comparison to HRCT. Am J Respir Crit Care Med
160:913-918

68. Schultz H, Schultz A, Brand P, Tuch T, von Mutius E, Erdl R, Reinhardt D, Heyder J (1995)
Aerosol bolus dispersion and effective airway diameters in mildly asthmatic children. Eur
Respir J 8:566-573

69. Brand P, App EM, Meyer T, Kur F, Muller C, Dienemann H, Reichart B, Fruhmann G, Heyder
J (1998) Aerosol bolus dispersion in patients with bronchiolitis obliterans after heart-lung and
double-lung transplantation. The Munich Lung Transplantation Group. J Aerosol Med
11:41-53

70. McCawley M, Lippmann M (1988) Development of an aerosol dispersion test to detect early
changes in lung function. Am Ind Hyg Assoc J 49:357-366

71. Anderson PJ, Hardy KG, Gann LP, Cole R, Hiller FC (1994) Detection of small airway dys-
function in asymptomatic smokers using aerosol bolus behavior. Am J Respir Crit Care Med
150:995-1001

72. Brand P, Tuch T, Manuwald O, Bischof W, Heinrich J, Wichmann HE, Beinert T, Heyder J
(1994) Detection of early lung impairment with aerosol bolus dispersion. Eur Respir J
7:1830-1838

73. Brown JS, Gerrity TR, Bennett WD (1998) Effect of ventilation distribution on aerosol bolus
dispersion and recovery. J Appl Physiol 85:2112-2117

74. Verbanck S, Schuermans D, Paiva M, Vincken W (2001) Saline aerosol bolus dispersion. II.
The effect of conductive airway alteration. J Appl Physiol 90:1763-1769

75. Jayaraju ST, Paiva M, Brouns M, Lacor C, Verbanck S (2008) Contribution of upper airway
geometry to convective mixing. J Appl Physiol 105:1733-1740

76. Shaker SB, Maltbaek N, Brand P, Haeussermann S, Dirksen A (2005) Quantitative computed
tomography and aerosol morphometry in COPD and alphal-antitrypsin deficiency. Eur Respir
J25:23-30



	14: Noninvasive Measures of Lung Structure and Ventilation Heterogeneity
	14.1 Introduction
	14.2 Gas Washout Tests
	14.2.1 Bronchoprovocation
	14.2.2 COPD Patients
	14.2.3 Asthmatics
	14.2.4 Smokers

	14.3 Aerosol Bolus Tests
	 Conclusion
	References


