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Objectives: Positive pressure ventilation exposes the lung to
mechanical stresses that can exacerbate injury. The exact mech-
anism of this pathologic process remains elusive. The goal of
this study was to describe recruitment/derecruitment at acinar
length scales over short-time frames and test the hypothesis that
mechanical interdependence between neighboring lung units
determines the spatial and temporal distributions of recruitment/
derecruitment, using a computational model.

Design: Experimental animal study.

Setting: International synchrotron radiation laboratory.

Subjects: Four anesthetized rabbits, ventilated in pressure con-
trolled mode.

Interventions: The lung was consecutively imaged at ~ 1.5-minute
intervals using phase-contrast synchrotron imaging, at positive end-
expiratory pressures of 12, 9, 6, 3, and 0 cm H,O before and after
lavage and mechanical ventilation induced injury. The extent and spa-
tial distribution of recruitment/derecruitment was analyzed by subtract-
ing subsequent images. In a realistic lung structure, we implemented
a mechanistic model in which each unit has individual pressures and
speeds of opening and closing. Derecruited and recruited lung frac-
tions (F,_ oo ) were computed based on the comparison of
the aerated volumes at successive time points.

Measurements and Main Results: Alternative recruitment/dere-
cruitment occurred in neighboring alveoli over short-time scales
in all tested positive end-expiratory pressure levels and despite
stable pressure controlled mode. The computational model repro-
duced this behavior only when parenchymal interdependence

recruited
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between neighboring acini was accounted for. Simulations closely
mimicked the experimental magnitude of F,__ . ~and F_ . .
when mechanical interdependence was included, while its exclu-
sion gave F__ . values of zero at positive end-expiratory pressure
greater than or equal to 3cm H,O.

Conclusions: These findings give further insight into the micro-
scopic behavior of the injured lung and provide a means of
testing protective-ventilation strategies to prevent recruitment/
derecruitment and subsequent lung damage. (Crit Care Med
2016; XX:00-00)

Key Words: acute respiratory distress syndrome; assisted
ventilation; imaging/computed tomography; pulmonary oedema;

synchrotron

(ARDS) invariably require mechanical ventilation in

order to manage the work of breathing and improve gas
exchange. Despite the indisputable effectiveness of this ther-
apy, positive pressure ventilation imposes mechanical stresses
on the parenchyma that can worsen lung injury, a condition
known as “ventilator-induced lung injury” (VILI) (1-3).

The exact mechanisms leading to VILI at the acinar level
remain elusive, although it is generally accepted that mechani-
cal strain due to exaggerated deformation at the cellular level
can lead both to structural deterioration and inflammation of
the parenchyma through mechanotransduction responses (4,
5). In particular, high pressure and large volume excursions
have been demonstrated to induce mechanical injury in the
lung (1). This mechanism, termed “volutrauma,” is suggested
by the decrease in mortality in ARDS patients observed when
tidal volume (VT) and plateau pressures are limited (6, 7).
Nevertheless, low VT can still lead to injury (2, 8) by potentiat-
inginflammation through three mechanisms that are unrelated
to volutrauma, namely: 1) cyclic recruitment/derecruitment
(R/D) of peripheral airspaces, referred to “atelectrauma” (9);
2) displacement of air-liquid interfaces along small airways,
which injures epithelial cells (10, 11); and 3) mechanical inter-
dependence, which causes the pulling forces between adjacent
aerated and collapsed alveoli to produce local pressures that
substantially surpass transpulmonary pressure (12—-14).

The R/D events giving rise to VILI are dynamic, occurring
more or less rapidly depending on the severity of lung injury
(14, 15), whether recruitment maneuvers have been applied,
and what mechanical ventilation settings, such as positive end-
expiratory pressure (PEEP) and driving pressure, are employed
(16). Previously, Ma and Bates (17) proposed a computational
model of R/D dynamics based on a symmetrically bifurcating
airway tree in which each branch has a critical closing and open-
ing pressure as well as opening and closing speeds. This model
has successfully reproduced the observed time-dependent
changes in lung elastance observed the following deep inspira-
tion maneuvers in experimental models of VILI in mice (18),
suggesting that it captures essential aspects of R/D dynamics.

However, this model makes no predictions about how VILI
is distributed throughout the lung, while the lung damage
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that occurs in VILI is known to be spatially heterogeneous.
Furthermore, the presence of mechanical interdependence
between adjacent regions of the lung parenchyma suggests that
VILL and the R/D events that cause it, is likely to be spatially cor-
related (13, 18). In addition, the dynamic nature of R/D suggests
that the extent and distribution of VILI is highly dependent on
pressure and volume history (17), and that the R/D that occurs
over short-time scales (order of minutes [19]) has a strong influ-
ence on lung aeration and mechanics over longer periods of
time (order of hours). The pathogenesis of VILI is thus likely to
be critically determined by the short-term temporal dynamics of
R/D and their spatial distribution at the acinar level, yet we cur-
rently have little understanding of either phenomenon.
Accordingly, the present study was undertaken to quantify
the extent and distribution of R/D at the acinar scale in a lavage-
induced rabbit model of VILI using in vivo synchrotron radiation
phase-contrast imaging. Using a computational model based on
that of Ma and Bates (17) adapted to include a morphologi-
cally realistic 3D airway tree, we investigated the hypothesis that
mechanical interaction between neighboring terminal lung units
could potentially contribute to our experimental observations.

METHODS

A detailed description of the experimental procedures is pro-
vided in the supplementary materials (Supplemental Digital
Content 1, http://links.lww.com/CCM/C290). The care of ani-
mals and the experimental procedures were in accordance with
the Directive 2010/63/EU of the European Parliament and were
approved by the Evaluation Committee for Animal Welfare of
the European Synchrotron Radiation Facility. Briefly, the experi-
ments were performed on four male New Zealand rabbits. The
animals were anesthetized, paralyzed, and mechanically venti-
lated in pressure controlled mode (PCV) mode, with a pressure
above PEEP set in order to obtain a VT of 6 mL/kg; Fio, of 0.6;
I:E ratio of 1:2; a baseline PEEP of 3c¢m H,0; and a respiratory
rate set to obtain a Paco, of approximately 40 mm Hg. Plateau
pressure was limited to 35cm H,O. Animals were immobilized
in the upright position for imaging. We used synchrotron phase-
contrast CT imaging (20, 21) with an acquisition time of 21.7
seconds for a 2.5 mm thick volume at a voxel size of 47.5 pm?.

Study Protocol

The imaging protocol started with a recruitment maneuver
(20cm H,0, 10s). The lung was imaged nine times at end-
expiration at approximately 1.5-minute intervals at each sub-
sequent PEEP level of 12, 9, 6, 3, and 0cm H,O. Thereafter,
the rabbits underwent five sequential whole lung normal saline
lavages (100 mL/kg), followed by 120 minutes of injurious ven-
tilation with a peak inspiratory pressure of 35cm H,O, zero
PEEP, respiratory rate of 20/min, and Fio, of 100%. Following
injurious ventilation, the same imaging protocol was repeated.

Simulation of R/D in a Realistic Airway Tree
Structure

In a morphologically realistic right rabbit lung airway tree
(Fig. 4A), we implemented a computational model in which each
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regional lung aeration from
one time point to the next,
computed using registration
of the sequential images. Four
regions of interest within the
parenchyma are enlarged in
Figure 1, D-K. Figure 1, D,
F, H, and ] shows the differ-
ences in aeration between time
T, and T, whereas Figure 1,
E, I G, and K shows those
between T, and T,. First, these
images show that the postin-
jury regional distribution of
lung aeration was spatially
heterogeneous. Second, we
identified both aerated (white)
and nonaerated (black) lung
regions that were stable over
the imaged time intervals,
as well as other regions that
were highly unstable over the
same time course. A remark-
able finding was that adjacent
and communicating airspaces
subtended by the same termi-
nal airway did not all behave

Figure 1. Alveolar recruitment/derecruitment (R/D) occurring alternately in neighboring lung units over short-
time scales ~ 1 min, in injured lung at positive end-expiratory pressure (PEEP) 6cm H,0. A—C, 3D renderings
of aerated lung regions obtained by segmentation of synchrotron phase-contrast CT images at O (A) and 84s
(B) in a 2.5 mm thick slice, in injured lung at PEEP 6cm H,0; €, R/D map quantified using image registration
between T, (A) and T, (B). White: aerated, no change; black: nonaerated, no change; green: opening; and red:
closing. Yellow squares delineate regions of interest magnified in D—K with D, F, H, and J computed from two
successive images acquired at O and 84 s (TQ—TW) and E, G, I, and K from the subsequent time interval between
84 and 1595 (T,—T,). *bronchioles, trecruiting airspaces, and §derecruiting airspaces. Raw images are shown in
Figure S3 (Supplemental Digital Content 1, http://links.lww.com/CCM/C292).

airway and acinar unit has an opening and closing pressure as
well as an opening and closing speed according to Bates and Irvin
(15). The model was modified to account for the PCV mode of
ventilation and to include mechanical interdependence between
neighboring acini; at each time point, the opening and closing
pressures of a given unit depended on the state of each surround-
ing unit in inverse proportion to the square of their separation
distance and in direct proportion to their relative volumes.

RESULTS
Lung injury was severe with a significant decrease in the Pao,/
Fio, ratio (528+52 to 115+47mm Hg) and in respiratory com-
pliance (2.78 £0.14 to 0.22+0.09 mL/cm H,O; Table S2, Supple-
mental Digital Content 2, http://links.Iww.com/CCM/C291).
Figure 1, A and B shows volumetric renderings of the aer-
ated fraction obtained by segmentation of two images acquired
84 seconds apart in a representative injured lung at PEEP 6 cm
H,O. Corresponding raw CT slices are shown in Figure S3
(Supplemental Digital Content 1, http://links.lww.com/CCM/
C292). Figure 1C shows a volumetric map of the changes in
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in the same way, but rather
exhibited alternating patterns
of recruitment and derecruit-
ment. Indeed, in Figure 1D, a
terminal airway (*) and part
of an acinus (1) are recruited,
whereas other regions within
the acinus are either closing
(§) or remain closed. Thirty
respiratory cycles later (Fig. 1E) the terminal airway has closed
(*), and some regions of the subtended acinus are opening (1)
while closely adjacent areas to these are closing (§). Figure 1,
H and I shows an example of the closure of a small airway (*),
which remained closed in the following time interval, while
subtended acinar regions were closing (§) and opening (7).
Similar findings were obtained in the other animals and are
included in Figure S4 (Supplemental Digital Content 3, http://
links.lww.com/CCM/C293). On rare occasions (Fig. 1, F and
G), the images suggest the presence of liquid bridges moving
within the airway lumen (*). However, in the majority of cases,
complete small airway closure occurred along a certain airway
length (Fig. 1, Jand K).

Interestingly, R/D occurred in the face of perfectly stable
mechanical ventilation settings and in spite of the fact that the
animals were ventilated in PCV mode. In all animals, unequal
magnitude of recruitment and derecruitment led to fluctua-
tions in the aerated lung fraction at each PEEP level, as illus-
trated in Figure 2. Initially, the average aeration in the imaged
lung differed between animals, likely due to disparity in the

www.ccmjournal.org 3
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Figure 2. Short-term history of aerated lung fraction versus time and positive end-expiratory pressure (PEEP) level: experimental data at baseline and
after lung injury. Aerated fraction expressed as percentage of baseline lung volume at PEEP 12cm H,O. Black: healthy lung, white: injured lung, and

grey: PEEP history. A=D, experimental data in rabbits 1-4, respectively.

severity of lung injury. Although the average aeration of the
injured lung improved with PEEP, the short-term fluctuations
in aeration fraction were observed at all PEEP levels including
the highest level of 12cm H,O.

Figure 3, A and D shows the fractions of derecruited and
recruited lung volume (meite @ Froernieas S€€ supplemental
Methods, Supplemental Digital Content 1, http://links.lww.
com/CCM/C290) calculated between two consecutive scans.
The magnitude of R and D was not different for PEEP levels
greater than or equal to 6cm H,O. However, F, . signifi-
cantly increased below this PEEP level, whereas the increase in

' ied Was not statistically significant.

The cardinal features of the experimental findings were repro-
duced in silico, by the model proposed by Ma (17) modified to
include mechanical interdependence between acinar paren-
chyma. In the simulation of a normal lung (Fig. 4, A and B, black
symbols), the model produced no fluctuations of the aerated frac-
tion at the end of expiration. In the simulation of an injured lung
(Fig. 5A, white symbols), the model mimicked the experimental
fluctuations in aerated fraction over short-time intervals despite
PCV (compare with experimental data in Fig. 2). An illustration
of such fluctuations under PEEP 6 cm H,O is presented in Figure
5B. These instabilities were due to successive R/D as illustrated

4 www.ccmjournal.org

in Figure 5, C and D where it can be appreciated that the dis-
tribution of R/D was spatially correlated, that is, adjacent units
alternately recruited and derecruited over the same short-time
interval. Furthermore, the model yielded to E_ and F erecruited
values that were similar in magnitude and in dependence upon
PEEP, to the experimental values (Fig. 3, B and E).

When the mechanical interdependence was not included in
the computational model, both the temporal volume fluctua-
tions and the spatial R/D correlation disappeared (Fig. 5B). In
this case, the fractional aeration merely showed a decrease as
a result of progressive derecruitment with time. Short-term
dynamics and spatial distributions of R/D in the computa-
tional model are exemplified in Video S1 (Supplemental Digital
Content 5, http://links.lww.com/CCM/C321). Under this condi-
tion,the F, . valuesrose more rapidly with decreasing PEEP
than in the case where peripheral lung units were mechanically
interdependent (Fig. 3, C and F). Conversely, F was zero

recruited

above PEEP 3 and increased only below this PEEP level.

DISCUSSION

In this study, the comparison of serial volumetric phase-con-
trast synchrotron images of the injured lung revealed dynamic
regional R/D of terminal airways and acini over short-time
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Figure 3. Fractions of recruited (F, ) and derecruited (F,

ecruited derecruited

) lung. Data are mean = sp for all animals and time intervals, or time intervals only

for simulations. A and D, experimental data; B and E, simulated data including mechanical interdependence between peripheral lung units; C and F,

simulated data not including mechanical interdependence; D—F, enlarged scale for £

level; *p < 0.001 versus F.

derecruited”

intervals on the order of 1.5 minutes. We found that adjacent and
communicating airspaces subtended by the same terminal airway
did not all behave in the same way, but rather exhibited alter-
nating patterns of recruitment and derecruitment implying that
they are influencing each other’s behavior. These patterns of R/D
occurred in spite of mechanical ventilation being under pressure
control with constant settings. The short-term fluctuations in
aeration fraction as a result of unbalanced R/D were observed
at all PEEP levels, even at the highest PEEP of 12cm H,O. To our
knowledge, this is the first experimental observation of such phe-
nomena at this spatial resolution in the lung in situ.

Previous theoretical studies of VILI have suggested that the
expansion of aerated alveoli in the vicinity of collapsed alveoli

Critical Care Medicine

tp <0.001 versus positive end-expiratory pressure (PEEP)

recruited”

produces stress concentrations in the lung tissue close to the
interface between these regions (12—14). Exaggerated mechani-
cal stress is thought to potentially trigger or amplify inflamma-
tion, which could worsen lung injury (4, 9). The experimental
demonstration that R/D phenomena occurred at small length
scales and within the same time intervals in adjacent regions
of the lung is therefore highly significant. Closer examination
of our images (Fig. 1, D-K) suggests that the total closure of
small peripheral airways occurred over a limited length along
the airways and resulted in gas trapping in the subtended aci-
nar region.

It has been suggested that small airways can close due to
fluid-elastic instabilities that lead to the formation of liquid
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Figure 4. Short-term history of aerated lung fraction versus time and positive end-expiratory pressure (PEEP) level: in simulated data. Aerated fraction
expressed as percentage of baseline lung volume at PEEP 12cm H,0. Black: healthy lung, white: injured lung, and gray: PEEP time course. A, simulated
data including mechanical interdependence between airway units; B, simulated data without mechanical interdependence between airway units.
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40 %
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Figure 5. Computational simulation of airway and acinar behavior under positive pressure ventilation in injured lung, in a 3D morphologically realistic
right rabbit lung at positive end-expiratory pressure (PEEP) 6cm H,O. A, right lung structural model comprising 7,175 airways feeding 3,843 acinar units.
B, short-term changes of the lung open fraction over time; three arbitrary time points approximately 1 min apart are selected for comparison with the
experimental data. € and D, recruitment/derecruitment (R/D) distribution computed in between the three selected time points. White: stable aerated;
black: stable collapsed; green: opening (recruitment); red: closing (derecruitment); and blue circles: alternating R/D behavior. Distributions are shown for
the same time points as in B. Left: Full lung; right: 2mm slice similar to the experimental images.

bridges and subsequent collapse of the airway wall (22). This
mechanism, termed “compliant collapse,” is more likely to
occur when the surface tension of the airway lining liquid is
increased, as was the case due to the lung injury induced in the
present study, and in small peripheral airways with more com-
pliant walls (22, 23). An alternative mechanism that has been
proposed is liquid occlusion due to the formation of menisci
(24). This mechanism is promoted by the excess of airway

6 www.ccmjournal.org

lining liquid which was also likely the case in the present study.
Indeed, on a few occasions, we observed liquid menisci within
the airways, manifest as dense bridges across the airway lumen
(Fig. 1, C and G). Although the latter mechanism cannot be
excluded, our experimental data suggest that compliant col-
lapse probably was the predominant cause of airway closure.
We also observed the curious phenomenon of collapsed
lung regions becoming recruited at end-expiratory pressure,

XXX 2017 « Volume XX * Number XXX



in a few breathing cycles and in PCV mode, which is not pre-
dicted by the original computational model of Ma and Bates
(17). In that model, R/D phenomena are time dependent as
a result of airway opening and closure speeds that reflect the
dynamics of formation and disruption of liquid bridges. In
the model, since PC implies that the intraluminal pressure
varies between the PEEP level and a set maximal pressure
during inspiration, a nonaerated unit at the end of expira-
tion will be closed in expiration through all forthcoming
breathing cycles. This does not, however, take into account
the possible effects of mechanical interdependence (12, 25).
We therefore modified the model by considering a mor-
phologically realistic airway tree where the linear distance
between any given pair of lung units was known. By mod-
eling the effects of mechanical interdependence between
neighboring acini, we simulated how closure of a unit affects
the critical opening and closing pressures of nearby units,
thereby mimicking the change in stress distribution within
the parenchymal network (13). Furthermore, the compari-
son of F, . .and F__ . between the experimental data
and model simulation showed a close agreement only when
mechanical interdependence between peripheral lung units
was simulated (Fig. 3B). The simulated outputs show that
when mechanical interdependence is included, alternating
R/D of neighboring units can indeed occur despite stable
PCV settings, whereas this phenomenon was far more lim-
ited in the opposite case, resulting merely in a pendelluft
effect within trapped lung regions below PEEP 6cm H,O
(Video S1, Supplemental Digital Content 5, http://links.Ilww.
com/CCM/C321). Also, the more rapid derecruitment in the
absence of mechanical interaction can be attributed to the
stabilizing effect of the mutual structural support provided
by the interconnected acinar structures. These findings sug-
gest that the dynamic nature of opening and closing and the
mechanical interdependence between adjacent peripheral
lung units are sufficient conditions for R/D to occur in alter-
nating patterns during PCV.

Another important finding in this study is that although R/D
phenomena were reduced by increasing PEEP, they were still pres-
ent even at the highest PEEP of 12cm H,O. We assume that the
severity of injury did not significantly evolve during the course
of postinjury data acquisition (~ 2hr), based on pilot studies. An
interpretation of this finding is that the critical opening and clos-
ing pressures are scattered over a wide range of values (26). This
means that a significant proportion of the airspaces have open-
ing and closing pressures that remain within the driving pressure
range, making them vulnerable to cyclic R/D.

These findings may have translational implications
in terms of detecting R/D in a clinical setting. Indeed, we
noticed that R/D caused sudden small-amplitude spikes in
the flow curve monitored at the airway opening. Previously,
Hantos et al (27) used transients in the airway flow signal
from isolated dog lung lobes to detect reopening of collapsed
lung regions via avalanches, analogous to those observed
in our imaging data. Similarly, Victorino et al (28) showed
sudden lung volume increases when collapsed lung was
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reopened during a sustained insufflation. We speculate that
these flow signals could be used to monitor R/D phenomena
continuously in patients with ARDS and hence personalize
mechanical ventilation settings aiming at minimizing R/D.

CONCLUSIONS

In summary, synchrotron phase-contrast imaging allowed us
to visualize dynamic regional R/D of terminal airways and
acini over short-time intervals. We observed alternating pat-
terns of R/D occurring within the same time frame in adja-
cent airspaces subtended by the same terminal airway. Using a
computational model, we were able to simulate such alternat-
ing R/D phenomena during PCV, also mimicking how these
phenomena varied with PEEP. Our model suggests that R/D
over short-time scales occurs as a result of complex interac-
tions between the time dependence of opening and closing
pressures and the mechanical interdependence between neigh-
boring lung units.
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