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Abstract

In a variety of physico-chemical reactions, the actual process takes place in a reactive zone,
called the ‘“‘active surface”. We define the active surface of the lung as the set of airway
segments that are closed but connected to the trachea through an open pathway, which is the
interface between closed and open regions in a collapsed lung. To study the active surface and
the time interval between consecutive openings, we measured the sound pressure of crackles,
associated with the opening of collapsed airway segments in isolated dog lungs, inflating from
the collapsed state in 120s. We analyzed the sequence of crackle amplitudes, inter-crackle
intervals, and low frequency energy from acoustic data. The series of spike amplitudes spans
two orders of magnitude and the inter-crackle intervals spans over five orders of magnitude.
The distribution of spike amplitudes follows a power law for nearly two decades, while the
distribution of time intervals between consecutive crackles shows two regimes of power law
behavior, where the first region represents crackles coming from avalanches of openings
whereas the second region is due to the time intervals between separate avalanches. Using the
time interval between measured crackles, we estimated the time evolution of the active surface
during lung inflation. In addition, we show that recruitment and instabilities along the
pressure—volume curve are associated with airway opening and recruitment. We find a good
agreement between the theory of the dynamics of lung inflation and the experimental data
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which combined with numerical results may prove useful in the clinical diagnosis of lung
diseases.
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1. Introduction

The airway tree structure of the mammalian lung is binary and asymmetric [1],
and its main function is to conduct air from the atmosphere to the gas exchange
region, composed of more than 300 million alveoli or tiny, thin-membraned sacs.
Airway closures and reopenings occur often in diseased lungs and are associated with
the generation of crackles [2]. Studies of airway closure and opening indicate that
during inflation, airways open in avalanches triggered by overcoming a hierarchy of
critical opening threshold pressures along the airway tree [3,4]. The time series of
crackle events are complex and the distributions of crackle sound amplitudes [5], and
the time intervals between consecutive crackles [6,7] follow power laws.

The growth of colloid aggregates, flame fronts, and tumors occur mainly at the
“active surface”, defined as the perimeter of the region where growth occurs. The
active surface in the lung is defined as the set of all closed branches which are
connected to the root of the tree through an open pathway [6]. During the growth of
the active surface, acoustic energy is released as audible crackles [6,7]. When the
active surface reaches the alveolar region, lung recruitment and pressure—volume
instabilities occur [3]. Here we study the amplitude S of crackles, the time intervals
At between consecutive crackles and the effect of generation-dependent thresholds
on both the active surface and the distribution of At [7].

2. Crackling sounds in the lung

The internal surface of the lung is lined with a thin liquid film which can undergo a
surface-tension-driven fluid-elastic instability, leading to airway closure by the
formation of occluding liquid bridges [8,9]. Crackles are believed to be generated in
the non-cartilaginous small and medium-sized airways. Pulmonary crackles are
short, “‘explosive”, transient waves, which are among the many lung sounds
generated in diseased lungs during breathing [10-12,2]. A crackle consists of an
initial acoustic spike corresponding to the rupture of the liquid bridge followed by a
damped acoustic ringing.

An example of the time series of sound amplitudes recorded in the main bronchus
during slow inflation from the partially degassed state to the total lobe capacity
[5,13] is shown in Figs. 1 and 2. In addition to the acoustic measurements,
recruitment in the form of discrete volume increments AV was assessed with a
high-sensitivity flowmeter [13]. To illustrate the relation between crackles and flow,
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Fig. 1. A segment of crackle (top) and V recording (bottom) during inflation of a lobe. High frequency
(HF) and low frequency (LF) sound energy data (in arbitrary units) were computed from high-pass-filtered
(1kHz) and low-pass-filtered (60 Hz) sound intensity, respectively. Note that the individual crackles have
different HF/LF energy contents, and the size of a J transient correlates with low frequency energy but
not high frequency energy (cf. crackle types a and b). Some ¥ transients are followed by an increased mean
flow (c), whereas others (d) are not. If an avalanche does not reach the alveoli, then only airways open and
the recorded crackles may not be followed by a measurable ¥ transient because the opened volume is very
small. Once an avalanche opens a path from the main bronchus to the alveoli, the corresponding recruited
region is immediately available for gas exchange. In this case, the crackles would be followed by a ¥
transient, which also increases the mean level of the V' for crackles of type (c).

V/, transients, in Fig. 1, we magnified a short segment of recording taken from an
early phase of inflation where crackles were relatively rare and the transients in V
were well separated. It can be seen that every V transient was clearly marked by a
crackle or a burst of crackles, whereas not every acoustic event was accompanied by
a detectable transient in V. It is also apparent, however, that crackles of similar
amplitude may correspond to either a relatively large or a much smaller V transient.
By determining the low frequency (<60Hz) and high-frequency (>1kHz)
components of each crackle, it can be demonstrated that crackles with significant
low frequency energy were always associated with detectable transients in V,
signifying recruitment of alveoli for gas exchange.
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To characterize the statistical features of the crackles, we develop a moving
window algorithm that measures the spike size S in the time series and the time delay
At between two consecutive spikes (see Fig. 2a). The overall distribution II(S),
including data from all 12 inflation experiments, follows a power law behavior,
I1(S) o« S7, with an exponent o = 2.77 £ 0.05 (see Fig. 2b). The time series of Az
values are shown in Fig. 2c. The distribution I1(Af) of At (Fig. 2d) shows one
pronounced regime of power law behavior, IT(Af) = A=, with f = 2.0 for large Az,
and another I1(At) = Ar™*, with o = 1.9 for small A¢z. The large Af regime is related
to the dynamics of distinct avalanches, and the small Af regime is related to the
dynamics of crackles within a single avalanche [6]. The dynamics of distinct
avalanches play an important role in the recruitment of closed regions of the lung
and will be the main focus of this section.

To understand the power law behavior of I1(S) we develop a model of crackle
wave generation and propagation in a tree structure. When the lungs deflate to very
low volumes, many peripheral airways close up by forming a liquid bridge between
the collapsed airway walls [9]. Experiments on flexible tube models indicate that the
opening of a single airway can be characterized by a critical opening threshold
pressure Py, [8,14]. If the pressure at the inlet of an airway exceeds this threshold, the
airway opens. Thus, we model the airway tree with a binary tree in which a threshold
pressure P;; is assigned to each airway (7,/), where i is the generation number (i =
1,...,N) and j €[1,2']. We assume that at time 7 =0, all airways are initially
blocked. The inflation is simulated by applying an external pressure P at the top of
the tree. Pg is initially assigned the value Py, which is the threshold pressure of
airway (0,0). Since an airway opens when the pressure in its parent equals or exceeds
its critical threshold pressure, the airway (0,0) now opens and its pressure is set equal
to Pg. Next, the two daughter airways (1,0) and (1,1) are checked; if Pg> P then
(1,0) opens and if Pg> P;; then (1,1) also opens. This process is then continued
sequentially down the tree until no airway is found with P;;<Pg and defines an
avalanche of opening [4]. The inflation is then continued by gradually increasing Pg
in small increments until the entire tree becomes open [5]. When an airway opens a
crackling sound wave is generated, and we assume that this sound wave can be
represented as a single spike with an amplitude S;; proportional to the local
threshold pressure P;;. A wave traveling up in a daughter branch will be attenuated
due to several factors. Here we consider attenuation due to a change in geometry at a
bifurcation. Based on the continuity of pressure and volume velocity at the
bifurcation, the original pressure spike amplitude S;; will be attenuated as
Si; = bi;Sij, where S} ; is the pressure spike amplitude transmitted from the branch

«

Fig. 2. (a) Magnified segments of S(¢) showing spike amplitudes S; and the time intervals between
consecutive spikes Az; (b) the histogram I1(S) of S; for 12 inflations (triangles) with «' = 2.7, and
simulations with (b) = 0.5 (dots), (b) = 0.6 (solid line), and (b) = 0.7 (dashed line), in a symmetric binary
tree model of N = 15 generations. The inset compares the analytical exponent o, see Ref. [5] (solid line)
and the exponent estimated from the envelope of the distributions (analytical results can be found at Ref.
[S]). (c) Linear-log plot of one example of Az, in seconds, against consecutive spike numbers. (d) The
histogram of the interspike intervals for 12 different inflations (triangles). The continuous line is the
corresponding histogram of A7 from 10* simulations in a 14-generation symmetric tree [6].
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(i,j) into its parent branch (i — 1,7/2). The factor b;; is the acoustic attenuation
coefficient that depends on the local geometry [5]. We numerically examine how
II(S) and o change when P;; is uniformly distributed between 0 and 1 and b;; has a
mean b. The exponent o' depends only on b (see Fig. 2b).

To understand the power law behavior of I1(Af) in Fig.2b we extend the model.
We first note that the lung is inflated by applying an external pressure Pg(¢) at the
top of the tree, and uniformly increasing it. Thus, Pg(f) = Kt, where K = Prax/tmax
is a constant inflation rate. In the model, we rescale both time and pressure so that
Prax = 1 and tux = 1, thus K = 1. Since Py increases linearly with time, the opening
of the root of an avalanche, airway (i, /), occurs at time f;; = P;;. Thus, the time
difference between the two consecutive avalanches is At, = AP,, the pressure
difference between Pg values that trigger two consecutive avalanches.

During the time interval Az, between two consecutive avalanches n and n + 1, the
inflation is blocked by the closed airways, the active surface. The closed airways on
the active surface have threshold pressures P;; that are uniformly distributed
between Pg(n) and 1, where Pg(n) is the external pressure that has produced the nth
avalanche. The number of closed airways N(Pg) defines the size of the active surface
at each external pressure Pg. The next avalanche takes place when Pg becomes equal
to the smallest P;; on the active surface: Pr(n + 1) = minyp,){P;;}. Thus, the time
interval At, is defined by Af, = AP, = minyp,){P;;}, where the minimum is taken
over all N(Pg) closed airways on the active surface. If P;; are independent and N is
large enough, then A¢, is distributed according to an exponential distribution with a
mean value of [6]

1 — Pg

(Ar) NPp) ©)
From numerical simulations using the maximum number of generations M up to 20
and assuming that all segments in the same avalanche opens together, we obtain a
single power law where the experimental power law for small Af is no longer present.
To interpret the first power law region of the experimental IT(A?) for At/tma <107
(Fig. 2d), we recognize that, when an avalanche consisting of s openings occurs, the
segments in the avalanche do not open simultaneously but are delayed in proportion
to the lengths of the segments. We find that the model reproduces the behavior of the
experimental data over five decades of Atz. The continuous line in Fig. 2d shows the
distribution of At for a tree of 14 generations. There are two regions of power law
behavior with exponents of « = 2.4 and f = 2.18 similar to the experimental values
of a = 1.9 and f = 2.0 [6].

To further explore the dynamics of the system, the concept of an active surface has
been introduced, which consists of the set of branches that are closed but connected
to the root of the tree by an open pathway, or the interface between the open and
closed regions [6]. Initially, the size of the active surface increases exponentially as
the opening of a single branch on the active surface adds two new branches,
increasing the size by 1. However, when an avalanche reaches the boundary of the
tree, the size of the active surface decreases, becoming zero when all branches are
open. The maximum size of the active surface and the pressure at that point
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Fig. 3. Experimental and predicted active surfaces. Circles with error bars are the experimental active
surfaces obtained from 12 distinct inflations from the collapsed state. The dashed line is the active surface
when a random opening pressure threshold is applied, the solid line is obtained with a small generation
dependence C = 0.01, and the dot-dash corresponds to a strong generation dependence C = 0.02. In all
simulated results we used a symmetric tree with 15 generations averaged over 1,000 realizations.

characterize the dynamics of the opening process. It has been found that, in contrast
to the distribution of A¢, the active surface is sensitive to the properties of the tree
structure as well as the dynamic mechanism of the opening process [7]. Regarding to
the opening process the pressure threshold P;; in a lung tree is inversely dependent
on the diameter d and proportional to the surface tension y; plus a random term,
P(d) = Cy;/d + n, where Cis a constant [14,3] and the surface tension y; is a function
of the surfactant concentration, that is, a function of the generation number i, since
surfactant are produced in the alveolar region.

With regard to physiological implications, we first note that due to the strong
attenuation of the crackle amplitudes at successive bifurcations, we only detect
crackles down to 14 generations [5,6] which only includes contributions from
medium and small sized airways. We suggest that it is possible to reconstruct the
evolution of the active surface from experimental data on crackle sound using the
relation between the average size of the active surface and the average time interval
among crackles. For this purpose, we calculate the average time interval between
measured crackles in a non-overlapping moving time window and obtain the average
size of the active surface using Eq. (1). The active surfaces thus reconstructed are
averaged over data from 12 different inflations. The results, shown in Fig. 3, suggest
that the opening pressure thresholds have a weak generation dependence in the lung.

3. Discussion

In this paper, we reviewed previous work on the physics of airway opening and
recruitment of lung during inflation from the collapsed state. The quantitative
agreement between the spike amplitude series from the experiments and simulations
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suggests that (i) the irregularities are a consequence of the heterogeneity in the
threshold pressures and airway structure of the lung, (ii) the intermittent behavior of
the crackle spike time series is due to the avalanche-like opening of the airway
segments, and (iii) the scaling behavior observed in the distribution of spike
amplitudes is a result of the successive attenuations acting on the sound spikes as
they propagate through a cascade of bifurcations along the airway tree.

Similar to the spike amplitude distribution, the time series of inter-crackle
intervals measured at the trachea during inflation also shows a complex behavior
providing evidence of two separate scaling regions in the distribution of inter-crackle
intervals (Fig. 2). The first regime, between time intervals of 10™* and 1073 s, is due
to the fact that the avalanche propagation speed is finite. Our numerical simulations
suggest that this first power law region is related to the distribution of opening time
delays inside the same avalanche and the exponent is likely to be related to the
exponent of the airway length distribution [6]. The second regime, between time
intervals of 0.1 and 10s, is due to inter-avalanche timing. This process is related to
the propagation of the active surface. It has been shown using mean field
calculations that the waiting times between avalanches are distributed according
to a power law with an exponent that is close to 2 with a correction factor inversely
proportional to the size of the tree [6]. Fig. 2 shows that our numerical
model [6] is able to fit the data over a range of five orders of magnitude in inter-
crackle intervals.

We have also shown the existence of a close relationship between crackles and the
recruited lung volumes available for gas exchange during inflation. This relationship
can be studied via simultaneous recording of the pressure—volume curve and the
crackle sound. The presence of crackles signify the rupture of the liquid bridge within
individual airways which may in turn trigger an avalanche of airway openings. If the
opening sequence reaches the alveoli, recruitment occurs.

Our work has potential medical applications. The features of the distribution of
crackle spikes as well as the attenuation characteristics of individual crackles may
allow the localization of closed airways, and, hence, of local edema or inflammation
of tissue. The time interval distribution is useful for studying the transitions between
closed and open regions in a diseased lung during breathing. Such a transition can
also be accompanied by instabilities along the pressure—volume curves. All these
phenomena are related to airway and alveolar collapse and recruitment that occurs
in a Cayley-tree. We conclude that recruitment governed by the avalanche-like
reopening of airways plays a key role in determining lung function in a variety of
conditions including respiratory distress syndrome in premature infants [15],
breathing difficulties and attack episodes in severe asthmatics [16], or deteriorated
gas exchange in acute lung injury [17].
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