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RESEARCH ARTICLE

Physiologically variable ventilation prevents lung function deterioration in a
model of pulmonary fibrosis
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Abstract

Positive pressure ventilation exerts an increased stress and strain in the presence of pulmonary fibrosis. Thus, ventilation strat-
egies that avoid high pressures while maintaining lung aeration are of paramount importance. Although physiologically variable
ventilation (PVV) has proven beneficial in various models of pulmonary disease, its potential advantages in pulmonary fibrosis
have not been investigated. Therefore, we assessed the benefit of PVV over conventional pressure-controlled ventilation (PCV)
in @ model of pulmonary fibrosis. Lung fibrosis was induced with intratracheal bleomycin in rabbits. Fifty days later, the animals
were randomized to receive 6 h of either PCV (n = 10) or PVV (n = 1). The PVV pattern was prerecorded in spontaneously
breathing, healthy rabbits. Respiratory mechanics and gas exchange were assessed hourly; end-expiratory lung volume and
intrapulmonary shunt fraction were measured at hours O and 6. Histological and cellular analyses were performed. Fifty days af-
ter bleomycin treatment, the rabbits presented elevated specific airway resistance [69+26% (mean + 95% confidence interval)],
specific tissue damping (38 +15%), and specific elastance (47 £16%) along with histological evidence of fibrosis. Six hours of PCV
led to increased respiratory airway resistance (Raw, 111+30%), tissue damping (G, 36+13%) and elastance (H, 58 £14%), and
decreased end-expiratory lung volume (EELV, —26 +7%) and oxygenation (Pao,/Flo,, =14 +5%). The time-matched changes in the
PVV group were significantly lower for G (22+9%), H (41+6%), EELV (-13+6%), and Pao,/Flo, ratio (-3+5%, P < 0.05 for all).
There was no difference in histopathology between the ventilation modes. Thus, prolonged application of PVV prevented the
deterioration of gas exchange by reducing atelectasis development in bleomycin-induced lung fibrosis.

NEW & NOTEWORTHY The superposition of physiological breathing variability onto a conventional pressure signal during pro-
longed mechanical ventilation prevents atelectasis development in bleomycin-induced lung fibrosis. This advantage is evidenced
by reduced deterioration in tissue mechanics, end-expiratory lung volume, ventilation homogeneity, and gas exchange.

atelectasis; bleomycin; functional residual capacity; lung fibrosis; mechanical ventilation

INTRODUCTION

Recently, there has been increasing interest in mechani-
cal ventilation modes that mimic physiological respiration.
Most experimental and clinical studies have shown that the
introduction of a certain degree of variability in the tidal
volume (Vry), i.e., the amplitude of ventilation, is beneficial
for both gas exchange and respiratory mechanics (1-5).
Furthermore, our research group has recently developed a
ventilation modality based on a prerecorded physiological
spontaneous breathing pattern. Introduction of physiologi-
cal variability prevented the deleterious consequences on
lung function induced by prolonged monotonous positive
pressure ventilation, both in healthy (6) and injured
lungs (7).

The benefits of variable ventilation are due to improved
recruitment of alveolar units, enhanced surfactant production,
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and preservation of gas exchange (1, 3, 8-11), which was also
manifested in preserved alveolar structure reflected by main-
tained lung compliance (2, 4, 5, 12) and by lower lung histologi-
cal injury scores (6). The advantage of variable ventilation has
been established in models of asthma (13), chronic obstructive
lung disease (COPD) (14), and acute respiratory distress syn-
drome (ARDS) (3, 15-17). Nevertheless, the effects of variability
on ventilator-induced deterioration in lung function have not
been investigated in the presence of chronic fibrosis in the
lung parenchyma.

In the present study, the potential benefit of physiologi-
cally variable ventilation (PVV) over conventional pressure-
controlled ventilation (PCV) was assessed in a well-validated
animal model of pulmonary fibrosis (18-21). The importance
of this study lies within the notion that under linear pres-
sure-volume relationship a unit strain generates greater
stress in interstitial lung diseases than in healthy lungs or
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even the “baby lung” in ARDS (22), thus making it more sus-
ceptible to ventilation-induced lung injury (23). Therefore,
we hypothesized that PVV is potentially less injurious and
prevents lung function deterioration in an animal model of
pulmonary fibrosis.

METHODS

Ethical Statement

Approval from the Animal Welfare Committee of the
Canton of Geneva and the Experimental Ethics Committee
of the University of Geneva, Switzerland, was obtained (no.
GE 12/20, 10 February 2020). During the experiments, the
current animal protection laws of Switzerland were followed
(LPA, RS455). The current study is reported in accordance
with the ARRIVE guidelines.

Experimental Animals

Fourteen-week old New Zealand White rabbits of both
sexes (13 males and 9 females) were purchased from the farm
of University of Geneva (Arare, Geneva, Switzerland) and
were delivered at least 2 days before the experiments to allow
acclimatization. Food and water were supplied to the rabbits
ad libitum before the experiments.

Anesthesia and Induction of Pulmonary Fibrosis on
Day O

Anesthesia was induced with an intramuscular injection
of ketamine (25 mg/kg) and xylazine (3 mg/kg). After an
ear vein had been cannulated, topical anesthesia with 10%
lidocaine was applied in the larynx, and a 3.0-mm inner
diameter (ID) cuffed endotracheal tube was inserted.
Subsequently, anesthesia was maintained with intrave-
nous remifentanil (100 pg/kg/h). Mechanical ventilation
was then started in volume-controlled mode with a Vp of 7
mL/kg. Respiratory rate was adjusted to maintain the end-
tidal CO, value in the normal range.

Pulmonary fibrosis was induced by adopting a well-estab-
lished approach based on the intratracheal administration
bleomycin (1.8 U/kg dissolved in 1 mL saline 0.9%) (18, 20, 21)
using a vibrating mesh aerosolizer (Aerogen Solo Nebulizer
System, Hamilton Medical, Switzerland). The animals were
awakened and subsequently assessed daily using a welfare
score until day 50.

Anesthesia and Surgical Preparation on Day 50

Anesthesia was induced in a manner identical to day O
(ketamine, xylazine). Maintenance of anesthesia was pro-
vided by continuous intravenous propofol (10 mg/kg/h),
fentanyl (5 pg/kg/h), and midazolam (0.2 mg/kg/h) through
a 24 G catheter (Abbocath, Abbot Medical, Baar/Zug,
Switzerland) inserted in the ear vein. A rectal probe was
used to monitor body temperature, which was kept within
the 38°C-39°C range using a thermostatic heating pad
(Harvard Apparatus, South Natick, MA). The anterior cervi-
cal region was infiltrated with lidocaine 1% (Sintetica,
Mendrisio, Switzerland), and a 3.5-mm uncuffed tube (3.5
mm Portex, Smiths Medical, Kent, UK) was inserted into
the trachea via a tracheostomy. After ensuring an appropriate
anesthesia depth, neuromuscular blockade was maintained
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with intravenous atracurium (0.6 mg/kg/h). The left fem-
oral artery and the right jugular vein were cannulated
with 20 G catheters (Abbocath, Abbot Medical, Baar/Zug,
Switzerland) for blood sampling. Arterial, central venous
and airway opening pressures, electrocardiogram, and body
temperature were continuously monitored throughout the
study period (ADInstruments, Powerlab model 8/35, and
LabChart 7, Dunedin, New Zealand). Driving pressure
(Pariving) Was calculated as the difference between posi-
tive end-expiratory pressure (PEEP) and peak inspiratory
pressure.

Multiple-Breath Helium Washout Technique

The multiple-breath washout (MBW) technique with he-
lium as tracer gas was used to measure end-expiratory lung
volume (EELV) (24). An ultrasonic flowmeter (Spiroson
Scientific; ECO Medics AG, Diirnten, Switzerland) placed
between the endotracheal tube connector and the ventilator
circuit was used to measure signals of flow and molar mass
whereas helium was washed in to the ventilatory circuit
during several breaths until it reached a steady-state end-
inspiratory concentration of 4%-5%. The MBW curve was
subsequently recorded after interrupting the administra-
tion of helium; this washout phase was used to calculate
EELV using a computer algorithm (Spiroware V1.4.3). The
lung clearance index (LCI) was determined as previously
described (25, 26), as the number of turnovers required to
decrease the end-tidal helium concentration to 1/40th of
the initial value before washout.

Measurement of Respiratory Mechanical Parameters

Respiratory mechanical parameters were assessed by the
wave-tube method for the forced oscillation technique, as
described previously (27). The airway and tissue compart-
ments of the respiratory system were separated by fitting a
well-validated model (28) to the obtained spectra. The model
consists of an airway compartment with a resistive (Raw, air-
way resistance) and an inertive (Iaw, airway inertance) com-
ponent in series with a constant-phase tissue compartment
including tissue damping (G) and tissue elastance (H). As
previously shown (29), Raw reflects the flow resistance of the
central airways, Iaw relates to the acceleration and decelera-
tion of air in the central airways, G characterizes the energy
loss in the respiratory tissues, and H describes the energy
storage properties of the tissues (elastance). The impedance
of the instrumental apparatus was measured and subtracted
from the Zrs spectra. At each protocol stage, four data epochs
were collected in 1-min intervals and ensemble averaged for
model fitting. To eliminate the effects of altered lung volume
subsequent to lung growth and bleomycin treatment, the
changes in respiratory mechanical parameters between day
0 and day 50 were expressed as specific Raw (SRaw = Raw -
EELV), specific G (sG = G - EELV), and specific H (sH = H -
EELV).

Blood Analyses

Partial pressure of oxygen and carbon dioxide in the arte-
rial (Pao,, Paco,) and central venous (Pvo,,Pvco,) blood were
measured by using a point-of-care blood gas analyzer (i-Stat,
Abbott Laboratories, Chicago, IL). Oxygenation index was
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calculated as Pag, divided by the fraction of inspired oxygen
(Flo,). The intrapulmonary shunt fraction was calculated
using the Berggren equation as (Cao, — Cco,)/(Cvo, - Cco,),
where Cao,, Cvo,, and Cco, are the oxygen contents of the
arterial, venous and pulmonary capillary blood, respec-
tively (30).

Physiologically Variable Ventilation Pattern

The PVV pattern was based on a recording from spontane-
ously breathing healthy rabbits, using whole body plethys-
mography; the characteristics of the PVV pattern were
described previously (31). The PVV pattern was applied via a
commercial neonatal ventilator (Servo-i, Maquet Critical
Care, Solna, Sweden) with special firmware, using custom-
made computer software.

Bronchoalveolar Lavage

The cell content of the bronchoalveolar lavage fluid
(BALF) was analyzed as described previously (6). Briefly, the
BALF was centrifuged at 412 g for 5 min at 5°C. The cell pellet
was resuspended in phosphate-buffered saline with bovine
serum albumin and cytospin preparations were obtained by
centrifugation at 58 g for 7 min. For differential cell counting,
the fixed and stained (May-Griinwald-Giemsa) slides were
scanned using Mirax Scan (Carl Zeiss Microlmaging, Jena,
Germany). Cells were counted using image acquisition soft-
ware (Panoramic viewer, SDHISTECH Ltd, Budapest, Hungary).
Four hundred cells were randomly counted in each cytospin
preparation, and the percentual number was obtained by differ-
ential cell count.

Lung Histopathology

The left lung was filled through the main bronchi at a
hydrostatic pressure of 20 cmH,0 with formaldehyde
(4%). The formalin-fixed left lung was grossly sectioned at
six levels (5-mm slices spaced by 5 mm), embedded in par-
affin, and serially sectioned at 4 um for staining with he-
matoxylin and eosin and Masson’s trichrome. Histological
analysis was performed by a pathologist blinded to experi-
mental groups. To assess severity and the extension of

lung fibrosis, 20 histological fields (x200) of the left lung
lobes were analyzed using a semiquantitative grading sys-
tem as described previously (32, 33). Areas with dominat-
ing tracheal or bronchial tissue were omitted. To assess
severity and extension of alveolar damage, we used a semi-
quantitative grading system in accordance with American
Thoracic Society guidelines (34), considering the presence of
polymorphonuclear cells in the alveolar and interstitial
spaces, hyaline membranes, proteinaceous debris filling
the airspaces, and alveolar septal thickening. Briefly, 20
random histological fields (x400) of the left lung lobes
were analyzed, and the overall histological injury score
was calculated by averaging the score of each lung
field.

Experimental Protocol

The scheme of the experimental protocol is depicted in
Fig. 1. After surgical preparation on day 50, the animals
were randomized into Group PCV (n = 10) or Group PVV
(n = 11). After establishing stable hemodynamic and respi-
ratory conditions, two deep inflations (25 cmH,O peak
pressure maintained for 10 s each) were applied to normal-
ize lung volume history. All rabbits were initially venti-
lated in PCV mode with a target V1 of 7 mL/kg and a PEEP
of 3 cmH,0. A set of measurements was performed to es-
tablish the baseline values of forced oscillatory respiratory
mechanics, blood gases, EELV, and LCI (HO). Ventilation
in pressure-controlled mode was continued for the rabbits
of the PCV group, whereas variable ventilation was initi-
ated for the animals of the PVV group. The amplitude of
the inspiratory pressure was adapted in both groups
throughout the 6-h ventilation period to maintain a mean
Vr of 7 mL/kg, whereas normocapnia was ensured by
adjusting the respiratory rate. A fixed inspiratory-to-expir-
atory time ratio of 1:2 was used. Arterial blood gas and a set
of forced oscillation data were collected hourly for the fol-
lowing 5 h (H1-HS5). The same set of data collected at HO
was collected after 6 h (H6). On day 0, at HO and He,
forced oscillatory and MBW measurements were also per-
formed at a PEEP of 6 cmH,0. Animals were euthanized

PCV (n = 10)
PVV (n = 11)
Day 0 Day 50 |
\ HO \\H1\\H2\\H3\\H4\\H5\\H6\BALF
HIST
B PEEP3||PEEPS| | PEEP3 |
FOT || FOT 1.8 Ulkg ABG || FOT ABG ABG ABG ABG ABG ABG
MBW || MBW T VBG || MBW| | FOT FOT FOT FOT FOT VBG
FOT FOT
MBW MBW

Figure 1. Scheme of the experimental protocol. Pulmonary fibrosis was induced via intratracheal nebulization of 1.8 U/kg bleomycin (BLEO) on day O.
Respiratory mechanics using the forced oscillation technique (FOT) and end-expiratory lung volume (EELV) using multiple-breath helium washout tests
(MBW) were measured before bleomycin treatment at 3 and 6 cmH,O positive end-expiratory pressure (PEEP). On day 50, the rabbits underwent me-
chanical ventilation with either pressure-controlled mode (Group PCV), or physiological variable ventilation (Group PVV). Forced oscillatory measure-
ments and arterial blood gas analyses (ABG) were performed hourly. At HO and H6, additional MBW measurements and venous blood gas analyses
(VBG) were performed. n, Number of animals. BALF, bronchoalveolar lavage fluid; HIST, histological analysis.
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by injecting a single intravenous dose of pentobarbital (50
mg/kg). Bronchoalveolar lavage was performed ex vivo in
the right lung, and the left lung was extracted for histologi-
cal analyses.

Statistical Methods

We estimated the sample size based on an H that was pre-
viously obtained under similar experimental conditions in
rabbits (6). We aimed at detecting 25% between-group differ-
ences, assuming an interindividual variation of 15%, a statis-
tical power of 0.8, and a two-sided alpha error of 0.05. The
calculation resulted in a sample size of 11 rabbits per group.
Accordingly, we involved 22 rabbits in the experiment. One
animal did not survive the intubation procedure before the
bleomycin treatment.

Data are presented as mean (95% confidence interval)
unless otherwise specified. Normality of the data was assessed
for each variable using the Shapiro-Wilk test. Three-way
repeated analyses of variances (ANOVA) were used to com-
pare the absolute values of specific respiratory mechanical pa-
rameters (sRaw, sG, and sH), with group allocation (PCV or
PVV) as between-subject and PEEP (3 vs. 6 cmH,0) and time
(DO vs. HO) as within-subject factors. The absolute values of
the other respiratory parameters were compared by applying
two-way repeated measures ANOVA, using group allocation
as between-subject and time (HO to H6) as within-subject fac-
tors. In case of significance, pairwise comparisons were per-
formed using Student’s ¢ test with Holm-Sidak correction
with Group PCV and HO as reference values. Relative changes
in all parameters between HO and H6 were analyzed using an
unpaired ¢ test or a Mann-Whitney test, depending on nor-
mality. The statistical tests were performed using SigmaPlot
(version 13, Systat Software, Inc., Chicago, IL) and the lme4
(35) and emmeans (36) packages in the R environment.
Results were considered significant for a level of P < 0.05, and
all Pvalues are two sided.

RESULTS

There was no significant difference in body weight
between the protocol groups. The mean body weight of the
animals increased from 2.98 kg (2.87-3.09 kg) on day O to
3.61 kg (3.47-3.74 kg) on day 50. All subsets of data analyzed
with two-way or three-way ANOVA passed the Shapiro-Wilk
test for normality.

Uniform increases in sRaw (P < 0.001) were observed,
regardless of protocol group or PEEP. Conversely, the
increases in specific respiratory tissue parameters (sG and
sH, P < 0.001 for both) by day 50 were associated with signif-
icant PEEP dependence (P < 0.001 for both) in both protocol
groups (Fig. 2).

Figure 3 depicts the changes in Pgyiving and respiratory me-
chanical parameters during the 6-h ventilation with PCV or
PVV. Although Raw increased significantly with time (P <
0.001), the ventilation mode had no significant effect on
Raw at any timepoint. Although Pgyiving and the tissue pa-
rameters also increased during the 6-h ventilation period in
both experimental groups (P < 0.001 for all), the deteriora-
tion of these parameters was significantly less in Group PVV
at H3 for G, at H4 for H, and at H6 for Pgyiving (P < 0.05 for
all) in comparison to PCV. The mean ventilation rate was not
different between the two groups; at H6, the rate was
27.5+0.97 and 26.9 £ 0.93 breaths per min in PCV and PVV,
respectively.

Parameters obtained by MBW are depicted in Fig. 4, at the
beginning (HO) and at the end (H6) of the 6-h ventilation pe-
riod. There was no difference between the protocol groups at
HO for EELV or LCIL. However, after 6 h of ventilation, the
PCV group exhibited a significant decrease in EELV and
increase in LCI that was not present in the PVV group (P <
0.01 for both).

Gas exchange parameters reflecting lung oxygenation
(Pao,/Flp,) and intrapulmonary shunt fraction (Qs/Qt) are
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Figure 2. Absolute values of specific airway resistance (sRaw = Raw - EELV; A), specific tissue damping (sG = G - EELV; B), and specific elastance (sH =H - EELV;
C) on day 0 (DO) and day 50 (D50) in the two protocol groups (empty symbols: pressure-controlled ventilation, PCV; filled symbols: physiological
variable ventilation, PVV) at two PEEP levels (circles: 3 cmH,0O; diamonds: 6 cmH,0) as mean and 95% confidence interval. *P < 0.05 vs. DO within
a group at the same PEEP; #P < 0.05 vs. PEEP 3 cmH,O in the same group on the same day. EELV, end-expiratory lung volume; G, tissue damping;
H, tissue elastance; PEEP, positive end-expiratory pressure; Raw, resistance; sG, specific tissue damping; sH, specific tissue elastance; sRaw, spe-

cific resistance.
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Figure 3. Absolute values of driving pressure
(Parivings A), airway resistance (Raw; C), tissue
damping (G; E), and tissue elastance (H; G) during
the 6-h ventilation period (/eft) as means and 95%
confidence intervals, and their relative changes
from HO to H6 as box plots (right; B, D, F, H) in the
group under pressure-controlled ventilation (PCV,
empty symbols) and under physiological variable
ventilation (PVV, filled symbols). Boxes and whiskers
represent the median, interquartile range, and 10th
and 90th percentiles, respectively. *P < 0.05 vs. HO
within a group; #P < 0.05 vs. Group PCV.

depicted in Fig. 5. Prolonged mechanical ventilation led the application of PVV. After 6 h of ventilation, Pao,/Flo,
to a significant deterioration in both Pag,/Flo, and Qs/Qt was significantly higher whereas Qs/Qt was significantly
in Group PCV (P < 0.002 for both). Conversely, the deteri- lower in Group PVV compared to Group PCV (P < 0.05 for

oration of both Pag,/Flp, and Qs/Qt was prevented by both).
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Histological assessment is represented in Fig. 6. There was
no evidence for a statistical difference between the ventila-
tion modes in the overall lung injury score nor in any of its
components. Aspects of tissue fibrosis as well as thickening
of the alveolar walls and interstitial polymorphonuclear cell
infiltration were observed in both experimental groups.
Concerning the BALF cell content, no differences were
observed between the experimental groups in the total or dif-
ferential cell count [298.3 (154.2) versus 222.9 (123.6) cells x
10*/mL in the PCV and PVV groups, respectively].

DISCUSSION

The comparison of the effects of PVV to conventional PCV
revealed the benefits of adding tidal variability onto a monot-
onous signal during prolonged ventilation. These advantages
were manifested in the prevention of deterioration in respira-
tory tissue mechanics, lung volume loss, development of ven-
tilation heterogeneities, and decline in gas exchange.

We adopted an animal model of pulmonary fibrosis based
on the intratracheal nebulization of bleomycin. This model
has been validated in multiple species, including mice (19),
rats (37), and rabbits (18) and is considered to be the “best-
characterized” model of human idiopathic pulmonary fibro-
sis (21). Although gas exchange abnormalities are mainly
present in the acute phase of the disease, that is, 1-7 days fol-
lowing the administration of bleomycin, the morphological

920

characteristics of the chronic stage of lung fibrosis emerge
three weeks after endotracheal induction and persist for 3-6
mo (19, 38). Indeed, the study subjects exhibited significant
deterioration in the specific airway and respiratory tissue pa-
rameters (Fig. 2), which reflect the intrinsic mechanical
properties of these compartments. This finding is in agree-
ment with previous results obtained by forced oscillations
(39-41) and confirms the development of a pulmonary fibro-
sis. This organ-level mechanical abnormality originates from
the fibrotic remodeling of lung tissue as demonstrated by the
histological findings (Fig. 6). The fibrotic transformation
induced by bleomycin had no effect on the PEEP-depend-
ence of the specific respiratory mechanical parameters. The
lack of effect of PEEP on sRaw remained after bleomycin
treatment, which agrees with previous findings demon-
strating that sRaw does not depend on lung volume (42).
The PEEP dependence of sG and sH on day 0 and day 50
can be attributed to the overdistension of respiratory tis-
sues, which thereby increases their dissipative properties
and stiffness (43).

The 6-h conventional pressure-controlled mechanical
ventilation induced progressive deterioration in airway and
tissue mechanics, decrease in lung volume, increase in venti-
lation heterogeneity, and decline in gas exchange. Contrary
to the findings obtained with healthy rabbits under identical
experimental conditions (6), the elevations in the mechanical
parameters reflecting the flow resistance of the airways
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and dissipative and elastic properties of the respiratory tis-
sues appeared earlier (HI) and were more pronounced.
Peribronchial and interstitial inflammation leading to the
increased susceptibility of conducting airways to constric-
tion may explain the marked elevations in Raw during the
6-h ventilation period (44), whereas augmented atelectasis
development may be responsible for the deterioration of
respiratory tissue mechanical parameters. These results
are in accordance with the increased risk of ventilation-
induced lung injury in the presence of interstitial lung dis-
eases (23).

The most remarkable finding of the present study is the
ability of PVV to prevent the deleterious effects of prolonged
mechanical ventilation in the lung periphery. The compara-
ble protective effects of PVV on G and H suggest that the
introduction of variability in volume and frequency exerts
its benefit by preventing derecruitment in the lung peripheral
airways and alveolar units. This finding for tissue mechanics is

Figure 5. Absolute values of Pap,/Flo, (A)

and the intrapulmonary shunt fraction (Qs/

Qt; C) during the 6-h ventilation period as

mean and 95% confidence interval (left)

' ' and their relative changes from HO to H6
PCV PVV as box plots (right, B and D) in the group
under pressure-controlled ventilation (PCV,

} empty symbols) and under physiological
variable ventilation (PVV, filled symbols).
Boxes and whiskers represent the median,
interquartile range, and 10th and 90th per-
centiles, respectively. *P < 0.05 vs. HO
—" within a group; #P < 0.05 vs. Group PCV.
#
L
T T
PCV PVV

confirmed by the smaller degree of EELV loss (Fig. 4).
Furthermore, PVV inhibited the development of ventilation
heterogeneities, as evidenced by the lack of increase in LCI af-
ter 6 h of mechanical ventilation. As a result of the maintained
lung aeration with PVV as opposed to PCV, significantly less
deterioration was observed in the parameters reflecting lung
oxygenation and ventilation-perfusion matching (Fig. 5).
Regarding the mechanism responsible for the maintained lung
aeration and gas exchange in PVV, it seems likely that the
occasional inspirations with higher Vr led to the recruitment
of large lung regions due to avalanche-like airway reopening
phenomena (45, 46). Furthermore, the variability in respira-
tory rate most probably contributes to this recruitment effect,
since alveolar units with a wider range of time constants are
reopened due to the varying inspiratory times (47). In contrast
to a previous study with a rat model of emphysema that dem-
onstrated improvement in ventilation distribution without an
increase in EELV (48), our results evidenced the preservation
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Figure 6. Histological features observed in the lungs after bleomycin-induced pulmonary injury and 6 h of mechanical ventilation. A: overall lung injury
score according to ref. (34) in the group under pressure-controlled ventilation (PCV, empty bar) and under physiological variable ventilation (PVV, filled
bar). Boxes and whiskers represent the median, interquartile range, and 10th and 90th percentiles, respectively. B: animals from both experimental
groups show variable areas of regular alveolar spaces (a) with thin walls and occasional alveolar macrophages (m), similar to normal lung. These are
interspersed with areas displaying small or collapsed alveoli, with irregular alveolar spaces, numerous alveolar macrophages, and thickened alveolar
walls with intramural/interstitial polymorphonuclear cells, i.e., heterophils, corresponding to human neutrophils (black arrowhead), also occasionally pres-
ent inside the alveoli (white arrowhead). Hematoxylin and eosin, original magnification x400, bar, 20 pm. C: lung tissue with multifocal areas of thick-
ened septa (white arrowhead) and, more rarely, of fibrotic masses and fibrotic collapsed alveoli (black arrowhead), associated with aggregates of
alveolar macrophages. Masson’s trichrome, original magnification x200, bar is 50 um.

of lung volume with PVV along with the maintained ventila-
tion homogeneity.

The benefit of PVV in a model of pulmonary fibrosis is in
accordance with previous findings demonstrating that the
superposition of variability onto conventional mechanical
ventilation improves lung compliance (4, 10, 15, 49) and
leads to improved recruitment of closed alveoli and subse-
quent improvement in gas exchange (4, 10, 15) as well as
reduced histological damage (17). Recently our research
group proposed the concept of physiologically variable venti-
lation as an advancement over the mathematically derived
variable pattern (6, 31) and over the biologically variable venti-
lation (50). The PVV is based on the application of a prere-
corded spontaneous breathing pattern, with naturally varying
Vr and respiratory rate, from awake animals, and differs from
the biologically variable ventilation proposed by the pioneer
work of Mutch and colleagues in that it results in varying fre-
quency-tidal volume product (51). In addition to its advantage
for healthy (6), asthma (13), COPD (14), and ARDS lungs (31),
the results of the present study also evidenced the particular
benefit of this approach compared to the conventional pres-
sure-controlled mode in a model of pulmonary fibrosis.

The present study possesses certain limitations and meth-
odological aspects. To comply with the use of minimal number
of animals in accordance with the replacement-reduction-
refinement principle, no control group receiving sham treat-
ment on day 0 was included. Although changes in respiratory
mechanical parameters were biased by lung growth, the effi-
ciency of bleomycin treatment could be estimated from the
specific mechanical parameters and histological analyses
(Figs. 2 and 6). Furthermore, we were able to compare changes
in respiratory parameters measured during the 6-h ventilation
to data obtained from previous studies with identical experi-
mental protocols. Although the experimental model used in
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the present work may lack some of the clinical features of in-
terstitial lung diseases, it mimics histological and mechanical
features resembling the human pathology. Another limitation
may be related to the relatively short ventilation protocol,
which precluded the development of severe lung injury.
However, the benefit of PVV by preventing alveolar derecruit-
ment was apparent in this time frame, and it can be antici-
pated that this benefit persists for an even longer period. A
methodological aspect of the present study is the use of a PVV
pattern previously recorded in a healthy rabbit to ventilate rab-
bits in a pathological condition. Although the application of a
disease-specific or even individualized respiratory pattern may
have yielded greater benefit, the general PVV pattern is more
feasible due to its reproducibility and demonstrated significant
benefits in the setting of pulmonary fibrosis.

In conclusion, we demonstrated that, in a bleomycin-
induced model of pulmonary fibrosis, the application of phys-
iological variability during prolonged mechanical ventilation
maintains gas exchange by preventing atelectasis develop-
ment, as compared with the conventional pressure-controlled
mode. This finding suggests that the increased risk for ventila-
tor-induced lung injury in the presence of pulmonary fibrosis
can be mitigated by keeping the lung open with a PVV pat-
tern, which does not require an increase in Pgyiving.
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