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factors: (1) increased spontaneous breathing effort and, thus,
transpulmonary driving pressure® and tensile stress®; (2)
patient—ventilator asynchrony’; (3) pendelluft and inhomo-
geneous stretch across the lungs®; and (4) alveolar edema, as
negative pleural pressures can be transmitted to the alveoli,
increasing capillary perfusion.’

To mitigate ventilator-induced lung injury during pres-
sure-support ventilation, tidal volume (V) and transpulmonary
driving pressure must be tightly controlled.” Different meth-
ods have been described to measure transpulmonary driving
pressure during pressure-support ventilation."” However, the
impact of static and dynamic transpulmonary driving pressure
on lung damage has not been clearly elucidated.

To date, no study has evaluated whether static or dynamic
transpulmonary driving pressure has any biologic impact
on the lung in either pressure-support ventilation or pres-
sure-controlled ventilation. We hypothesized that (1) at the
same V., when combined with similar static transpulmo-
nary driving pressure but higher dynamic transpulmonary
driving pressure, pressure-support ventilation and pres-
sure-controlled ventilation would be associated with similar
lung damage; and (2) at the same dynamic transpulmonary
driving pressure, when combined with higher V. and static
transpulmonary driving pressure, pressure-controlled ven-
tilation would result in greater lung injury compared to
pressure-support ventilation. For this purpose, mild lung
injury was induced in rats by endotoxin instillation, and
animals were ventilated in pressure-support mode. Once
mean V_ and dynamic transpulmonary driving pressure
values during pressure-support ventilation were known,
animals were ventilated in pressure-controlled ventilation
with either V. or dynamic transpulmonary driving pressure
obtained in the pressure-support ventilation group. Lung
function and histology, as well as gene expression of markers
associated with pulmonary inflammation, alveolar stretch,
epithelial and endothelial cell damage, extracellular matrix
organization, diaphragm inflammation, and proteolysis
were analyzed.

Materials and Methods

Study Approval

This study was approved by the Ethics Committee of the
Carlos Chagas Filho Institute of Biophysics (CEUA 105/16),
Federal University of Rio de Janeiro, Rio de Janeiro, Brazil.
All animals received humane care in compliance with the
“Principles of Laboratory Animal Care” formulated by the
National Society for Medical Research (Washington, DC)
and the Guide for the Care and Use of Laboratory Animals pre-
pared by the National Academy of Sciences, (Washington,
DC). The current study followed the Animal Research:
Reporting of In Vivo Experiments guidelines for reporting
of animal research." Animals were housed at a controlled
temperature (23°C) and controlled light—dark cycle (12—
12h), with free access to water and food.
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Animal Preparation and Experimental Protocol

In the early morning (8:00 am), 52 male Wistar rats (mean
weight 443 £ 93 g) were anesthetized by inhalation of iso-
flurane 1.5 to 2.0% (Isoforine; Cristalia, Brazil) during spon-
taneous breathing and underwent intratracheal instillation
of 200 pg Escherichia coli lipopolysaccharide (O55:B5, LPS
Ultrapure; InvivoGen, France), suspended in 0.9% saline
solution (total volume 200 pl), to induce mild lung injury
at the pulmonary investigation laboratory of a large medical
research institute.'> Animals were then allowed to recover
from anesthesia and observed for a period of 24h. After
24h, animals were premedicated intraperitoneally with
10mg/kg diazepam (Compaz; Cristilia, Brazil), followed
by 100 mg/kg ketamine (Ketamin-S+; Cristalia, Brazil) and
2mg/kg midazolam (Dormicum; Unido Quimica, Brazil).
After local anesthesia with 2% lidocaine (0.4ml), a mid-
line neck incision and tracheostomy were performed, and
rats were intubated with a polyethylene tube (ID 1.8 mm).
The tube was connected to an airway pressure transducer
and a two-sidearm pneumotachograph (ID 2.7 mm, length
25.7mm, internal volume 0.147ml, airflow resistance
0.0057 cm H,O - ml" - s7).2

catheter (Jelco 24G; Becton,
Dickinson and Company, USA) was inserted into the tail

An intravenous (iv)

vein and anesthesia induced and maintained with midaz-
olam (2 mg - kg - h') and ketamine (50mg - kg - h').
The adequacy of anesthesia was assessed by response to a
nociceptive stimulus before surgery. Additionally, Ringer’s
lactate (B. Braun, Switzerland) was administered intrave-
nously at a rate of 10ml - kg' - h™'; Gelafundin (B. Braun,
Brazil) was intravenously administered in 0.5-ml boluses
as necessary to maintain a mean arterial pressure (MAP)
greater than 60 mmHg. A second catheter (18G; Arrow
International, USA) was then placed in the right internal
carotid artery for blood sampling and arterial blood gas
analysis (ABL80 FLEX; Radiometer Medical, Denmark), as
well as monitoring of MAP (Networked Multiparameter
Veterinary Monitor LifeWindow 6000V; Digicare Animal
Health, USA). A 30-cm-long water-filled catheter (PE-205;
Becton, Dickinson and Company) with side holes at the
tip, connected to a differential pressure transducer (UT-PL-
400; SCIREQ, Canada), was used to measure the esoph-
ageal pressure. Briefly, the esophageal catheter was passed
into the stomach and then slowly returned into the esoph-
agus; its proper positioning was assessed using the “occlu-
sion test.” This method consists of comparing the variation
between esophageal pressure and positive airway pressure
(P ) during spontaneous inspiratory efforts made against
a closed airway. When the changes in esophageal pressure
and P are comparable (difference of 5% and phase angle
close to nil), this indicates that the changes in esophageal
pressure provide a valid measure of changes in pleural pres-
sure."* Heart rate, MAP, and rectal temperature were moni-
tored continuously (Networked Multiparameter Veterinary
Monitor LifeWindow 6000V; Digicare Animal Health).
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Body temperature was maintained at 37.5 £ 1°C with a
heating bed.

Eight of the 52 rats were subjected to E. coli lipopolysac-
charide instillation, but not ventilated. This nonventilated
group was used for molecular biology analysis. Initially,
eight animals were mechanically ventilated in pressure-sup-
port ventilation mode (n = 8), in sequential order, using
the following settings, in accordance with previous stud-

ies'>">: pressure support adjusted to V.. = 6ml/kg, fraction

of inspired oxygen = 0.4, and positive end-expiratory
pressure (PEEP) = 3cm H,O. Flow trigger sensitivity
was adjusted for adequate inspiratory effort, according to
esophageal pressure decay.'®” The Servo-I switches from
inspiration to expiration when the inspiratory flow has
decayed to less than 25% of the peak inspiratory value.
Therefore, the end inspiratory flow, although not nec-

essarily nil, is always relatively low. Lung mechanics were

Pressure-support Ventilation in Mild Lung Injury

assessed at the start of mechanical ventilation (INITIAL)
and after 2h (FINAL). Once mean V , dynamic transpul-
monary driving pressure, and inspiratory time values
during pressure-support ventilation were known, animals
were randomly assigned to 2h of mechanical ventilation
in pressure-controlled ventilation with (1) V= values sim-
ilar to those obtained in the pressure-support ventilation
group (n = 8); (2) dynamic transpulmonary driving pres-
sure values similar to those obtained in the pressure-support
ventilation group (n = 8); or (3) dynamic transpulmonary
driving pressure and inspiratory time similar to those
obtained in the pressure-support ventilation group (n = 8;
fig. 1A). As pressure-controlled ventilation inherently
requires neuromuscular blockade, animals in this group
were paralyzed by intravenous administration of pancuro-
nium bromide (1 mg/kg; Cristilia, Brazil). To ensure com-
parable minute ventilation among groups, the respiratory
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Fig. 1. Schematic flowchart of study design (4) and timeline representation of the experimental protocol (B). The total number of animals
(n = 52) refers to 40 animals represented in the schematic flowchart with addition of 12 animals (4 animals per group) to calculate lung
dynamic and static compliances. E. coli LPS, Escherichia coli lipopolysaccharide; Fi0,, fraction of inspired oxygen; i.t., intratracheally; NV,
nonventilated; PCV , , , pressure-controlled ventilation with dynamic transpulmonary driving pressure (AP,) similar to that achieved by pres-
sure-support ventilation; PCV ,, ., pressure-controlled ventilation with dynamic AP, and inspiratory time (Ti) similar to that achieved by
pressure-support ventilation; PCV ., pressure-controlled ventilation with the same tidal volume (V;) of pressure-support ventilation; PEEP,
positive end-expiratory pressure; PSV, pressure-support ventilation adjusted to V; = 6ml/kg.
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rate was modified accordingly. A priori, we defined that, in
order to achieve a dynamic transpulmonary driving pressure
similar to those obtained during pressure-support ventila-
tion,V.. would increase in pressure-controlled ventilation.'
At FINAL, heparin was intravenously injected (1,000 U),
and animals were euthanized by intravenous overdose of
sodium thiopental (60 mg/kg; Cristalia, Brazil). The trachea
was clamped at PEEP = 3cm H,O, and the lungs were
removed en bloc for histology and molecular biology anal-
ysis. The diaphragm was also removed at the end of the
experiments (fig. 1B).

Data Acquisition and Lung Mechanics

Airflow, P_,and esophageal pressure were recorded contin-
uously throughout the experiments by a computer running
customer-made software written in LabVIEW (National
Instruments, USA).V_ . was calculated by digital integration
of the airflow signal. All signals were amplified in a four-chan-
nel signal conditioner (SC-24; SCIREQ, Canada) and sam-
pled at 200 Hz with a 12-bit analog-to-digital converter
(National Instruments). Dynamic transpulmonary driving
pressure (AP,) was calculated at the end of inspiration (max)
and expiration (min) as the difference between the delta P
(AP_) and delta esophageal pressure (APes), according to
the following equation 1”: AP, = AP, — APes

where and APes = Pes  — Pes

For each selected breath, the time point of maximal
decay in esophageal pressure guided the same time point
of inspiratory P~ (Supplemental Digital Content, fig. 1,
http://links.Iww.com/ALN/C105). Thus, we calculated
the dynamic transpulmonary driving pressure from the air-
way (AP ) and esophageal (APes) pressure swings, with-
out inspiratory pauses. As mismatch between maximal
esophageal pressure decay and the peak airway pressure in
some respiratory cycles (less than 10%) has been observed
elsewhere,® only the best-matched cycles between inspi-
ratory airway pressure and maximal esophageal pressure
nadir signals were used to calculate dynamic transpulmo-
nary driving pressure. The other cycles in which esophageal
pressure nadir and airway peak pressure did not coincide
were not considered. The difference in dynamic transpul-
monary driving pressure between the breaths included in
the analysis and all breaths was less than 5%, which is within
the variability range of dynamic transpulmonary driving
pressure. Respiratory rate was calculated from esophageal
pressure swings as the frequency per minute of each type
of breathing cycle. In response to peer review, additional
experiments were done in 12 animals (4 animals per group)
to calculate lung dynamic (V /dynamic transpulmonary
driving pressure) and static compliance [V, /static transpul-
monary driving pressure ([airway plateau pressure-PEEP]
— [esophageal plateau pressure-end-expiratory esophageal
pressure]). To calculate plateau pressure, the airways were
occluded at end-inspiration. During inspiratory pauses (35s),

Anesthesiology 2020; 132:307-20

when airflow was zero, the possible role of different inspira-
tory time, resistive components, and pressure generated by
inspiratory muscles could be ruled out in pressure-support
and pressure-controlled ventilation modes. The inspiratory
time, total breathing cycle time, and the ratio between them
in each ventilator strategy were also calculated. Dynamic
intrinsic PEEP was quantified according to the first signs of
esophageal pressure decay (inspiratory effort) and the onset
of inspiratory flow.”” All mechanical data were computed
offline by a routine written in MATLAB (Version R2007a;
The Mathworks Inc., USA).

Histology

Diffuse Alveolar Damage

The left lung was fixed in 4% formaldehyde solution and
embedded in paraffin. Sections (4 pm thick) were cut lon-
gitudinally from the central zone with a microtome and
stained with hematoxylin—eosin for histologic analysis.
Photomicrographs at magnifications of X25, X100, and
X400 were obtained from eight nonoverlapping fields
of view per section under a light microscope (Olympus
BX51; Olympus Latin America Inc., Brazil). Diffuse alveo-
lar damage was quantified by an expert in lung pathology
(V.L.C.) blinded to group assignment, using a weighted
scoring system described elsewhere,® which takes into
account interstitial edema, inflammatory infiltration, and
ductal overdistension. The total diffuse alveolar damage
score was the sum of these three features and thus ranged
from 0 to 48.

Morphometric Analysis

Lung morphometric analysis was performed using an inte-
grating eyepiece with a coherent system consisting of a grid
with 100 points and 50 lines of known length coupled to
the same light microscope described above. The volume
fractions of the lung occupied by collapsed alveoli were
determined by the point-counting technique at a magni-
fication of X200 across. Lung morphometry was quantified
by two investigators (V.L.C. and A.C.EC.) blinded to group
assignment.

Quantification of Heterogeneous Airspace Enlargement
Airspace enlargement was assessed by measuring the mean
linear intercept between alveolar walls at a magnification of
%400, as described elsewhere.” To characterize the hetero-
geneity of airspace enlargement, the central moment of the
mean linear intercept (D, of mean linear intercept between
alveolar walls) was computed from 20 airspace measure-
ments,” according to equation 2:

o’ y

where p is the mean, 0 is the variance of airspace diameters,
and v is the skewness of the diameter distribution. After
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D, calculation, the heterogeneity index was derived from
D, and mean linear intercept between alveolar wall values
by their ratio.** Quantification of heterogeneous airspace
enlargement was performed by two investigators (V.L.C.
and ML.V.S.E) blinded to group assignment.

Immunohistochemistry

To analyze the adherent junction protein E-cadherin, immu-
nohistochemical procedures were performed on 4-pum-thick,
paraffin-embedded lung sections using a mouse polyclonal
antibody against E-cadherin (1:250, catalog No.610181; BD
Transduction Laboratories, USA). More detailed informa-
tion can be found elsewhere.'? Blinded analyses were carried
out by two investigators (V.L.C.and A.C.EC.).

Molecular Biology Analysis of Lung and Diaphragm
Tissue

Quantitative real-time reverse transcription polymerase
chain reaction was performed to measure biologic mark-
ers associated with inflammation (interleukin-6), alveolar
stretch (amphiregulin), alveolar epithelial cell damage (club
cell protein 16), endothelial cell damage (vascular cell adhe-
sion molecule-1), fibrogenesis (metalloproteinase-9, type II1
procollagen) in lung tissue, as well as markers of inflam-
mation (tumor necrosis factor-0) and muscle proteolysis
(muscle RING-finger-1) in the diaphragm. The primer
sequences are listed in Supplemental Digital Content, table
1, http://links.lww.com/ALN/C106. Central slices of
right lung and diaphragm were cut, collected in cryotubes,
quick-frozen by immersion in liquid nitrogen, and stored at
—80°C. Total RNA was extracted from frozen tissues using
the RNeasy Plus Mini Kit (Qiagen, Germany) for the lungs
and R Neasy Fibrous Tissue Mini Kit (Qiagen) for the dia-
phragm, following the manufacturer’s recommendations.
The RNA concentration was measured by spectrophotom-
etry in a Nanodrop ND-1000 system. First-strand comple-
mentary DNA was synthesized from total RNA using a
Quantitec reverse transcription kit (Qiagen). Relative mes-
senger RNA concentrations were measured with a SYBR.
green detection system using ABI 7500 real-time poly-
merase chain reaction (Applied Biosystems, USA). Samples
were measured in triplicate. For each sample, the expres-
sion of each gene was normalized to that of the house-
keeping gene 36B4 (acidic ribosomal phosphoprotein PO)
and expressed as fold change relative to nonventilated, using
the 224 method, where ACt = Ct (reference gene) — Ct
(target gene). All analyses were performed by one of the
authors (M.A.A.), who was blinded to group assignment.

Statistical Analysis

The sample size was judiciously calculated to minimize the
use of animals. A sample of eight animals per group would
provide the appropriate power (1-§ = 0.8) to identify signif-
icant (o0 = 0.05) differences in peak transpulmonary pressure

Pressure-support Ventilation in Mild Lung Injury

between pressure-support and pressure-controlled ventila-
tion," taking into account an effect size d = 1.62, a two-
sided test, and a sample size ratio of 1 (G*Power 3.1.9.2;
University of Diisseldorf, Germany). The primary outcome
was the difference in transpulmonary driving pressure
between pressure-support and pressure-controlled ventila-
tions, whereas the secondary outcomes were diftuse alveolar
damage score, airspace heterogeneity, E-cadherin lung tissue
expression, and expression of genes related to inflamma-
tion, alveolar stretch, epithelial and endothelial cell injuries,
and fibrogenesis, as well as diaphragm inflammation and
proteolysis. The Kolmogorov—Smirnov test with Lilliefors’
correction was used to assess normality of data, while the
Levene median test was used to evaluate the homogene-
ity of variances. To compare functional data at BASELINE,
one-way between-subjects ANOVA followed by Tukey test
was used. To compare functional parameters over time, a
mixed linear model based on a random intercept for each
animal followed by Bonferroni test was used. For diffuse
alveolar damage, electron microscopy, airspace enlargement,
immunohistochemistry, and molecular biology assays in lung
and diaphragm tissue, the Mann—Whitney U test was done,
according to Bonferroni correction for three comparisons
(pressure-controlled ventilation at similar V.= observed in
pressure support ventilation vs. pressure-support ventilation,
pressure-controlled ventilation at similar transpulmonary
driving pressure observed in pressure support ventilation
vs. pressure-support ventilation, pressure-controlled ventila-
tion at similar transpulmonary driving pressure and inspi-
ratory time observed in pressure support ventilation vs.
pressure-support ventilation; P < 0.0167). Spearman cor-
relation and Bland—Altman analysis of dynamic transpul-
monary driving pressure calculation were done as described
by Bellani ef al."” and Yoshida ef al.® Parametric data are
expressed as mean * SD, and nonparametric data as median
(interquartile range). Outliers were not removed. The mixed
linear models were run in IBM SPSS Statistics for Windows,
Version 19.0 (IBM Corp., USA). All other tests were per-
formed in GraphPad Prism v6.07 (GraphPad Software,
USA). Significance was established at P < 0.05.

Results

The survival rate was 100% in all groups; thus, there were
no missing data. At BASELINE, functional data did not
differ among groups (Supplemental Digital Content, table
2, http://links.lww.com/ALN/C107; n = 8 per group).
At FINAL, no significant differences among groups were
observed in the volume of fluids required to keep MAP 60
mmHg or greater (Supplemental Digital Content, table 3,
http://links Ilww.com/ALN/C108; n = 8 per group).

Our methods for dynamic transpulmonary driving pres-
sure calculation showed a significant association (r = 0.68; P <
0.001) and good agreement (bias = —0.17;95% CI,~1.8 to 1.4)
with methods previously used in the literature (Supplemental
Digital Content, fig. 2, http://links.lww.com/ALN/C109).
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The cycling-oft value during pressure-support ventilation
ranged from 4.5 to 4.8 ml/s. At similarV. (approximately 6ml/
kg),dynamic transpulmonary driving pressure was higher while
static transpulmonary driving pressure was similar in pres-
sure-support ventilation compared to pressure-controlled ven-
tilation at similar V.. observed in pressure support ventilation
(table 1,n = 8 per group). No major differences were observed
in inspiratory time, the ratio between inspiratory time and total
breathing cycle time, and dynamic intrinsic PEEP between
pressure-support ventilation and pressure-controlled ventila-
tion at similar V.. observed in pressure support ventilation ani-
mals (table 1,n = 8 per group). Lung dynamic compliance was
higher in pressure-controlled ventilation at similarV.  observed
in pressure support ventilation animals than pressure-support
ventilation animals, while lung static compliance did not differ
(Supplemental Digital Content, table 4, http://links.Iww.com/
ALN/C110; n = 4 per group). No major differences were
observed in oxygenation (Supplemental Digital Content, table
3, http://links.Iww.com/ALN/C108; n = 8 per group), dif-
fuse alveolar damage score (table 2), or E-cadherin expression
(Supplemental Digital Content, fig. 3, http://links.Iww.com/
ALN/C111; n = 8 per group) in lung tissue between pres-
sure-support ventilation and pressure-controlled ventilation
at similar V. observed in pressure support ventilation animals.
The heterogeneity index and alveolar collapse (fig. 2,n = 8 per
group) were lower in pressure-support ventilation and pres-
sure-controlled ventilation at similar V.. observed in pressure
support ventilation animals, without significant differences in
gene expression of interleukin-6, amphiregulin, club cell pro-
tein 16, vascular cell adhesion molecule-1, metalloproteinase-9,
or type III procollagen in lung tissue (fig. 3,n = 8 per group),
nor of tumor necrosis factor-o and muscle RING-finger-1 in
the diaphragm (fig. 4,n = 8 per group).

At similar dynamic transpulmonary driving pres-
sure, compared to pressure-support ventilation, both pres-
sure-controlled ventilation at similar transpulmonary driving
pressure observed in pressure support ventilation and pres-
sure-controlled ventilation at similar transpulmonary driv-
ing pressure and inspiratory time observed in pressure
support ventilation resulted in higherV_, total breathing cycle
time, and static transpulmonary driving pressure (table 1,
n = 8 per group). In addition, tissue expression of E-cadherin
was lower (Supplemental Digital Content, fig. 3, http://links.
Iww.com/ALN/C111; n = 8 per group), while diffuse alve-
olar damage score (table 2, n = 8 per group) and heteroge-
neity index were higher and alveolar collapse was reduced in
both pressure-controlled ventilation at similar transpulmonary
driving pressure observed in pressure support ventilation and
pressure-controlled ventilation at similar transpulmonary driv-
ing pressure and inspiratory time observed in pressure support
ventilation compared to pressure-support ventilation animals
(fig. 2, n = 8 per group). Gene expressions of interleukin-6,
amphiregulin, metalloproteinase-9, and type III procollagen
in lung tissue were higher in pressure-controlled ventilation at
similar transpulmonary driving pressure observed in pressure
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support ventilation compared to the pressure-support venti-
lation group (fig. 3, n = 8 per group). Club cell protein 16
and vascular cell adhesion molecule-1 gene expressions were
higher in pressure-controlled ventilation at similar transpul-
monary driving pressure and inspiratory time observed in
pressure support ventilation and pressure-controlled ventila-
tion at similar transpulmonary driving pressure observed in
pressure support ventilation compared to pressure-support
ventilation, respectively. In addition, tumor necrosis factor-a
and muscle RING-finger-1 messenger RNA expressions in
the diaphragm were higher in pressure-controlled ventilation
at similar transpulmonary driving pressure observed in pres-
sure support ventilation and pressure-controlled ventilation at
similar transpulmonary driving pressure and inspiratory time
observed in pressure support ventilation than pressure-sup-
port ventilation animals (fig. 4,n = 8 per group).

Discussion

In the rat model of mild lung injury used herein, we found that,
at the same protective V.. (6 ml/kg), pressure-support ventila-
tion resulted in higher dynamic transpulmonary driving pres-
sure, similar static transpulmonary driving pressure, and lower
airspace heterogeneity than pressure-controlled ventilation,
but with no significant differences in diffuse alveolar damage
score, E-cadherin protein content, biologic markers associ-
ated with lung inflammation (interleukin-6), alveolar stretch
(amphiregulin), fibrogenesis (metalloproteinase-9 and type III
procollagen), alveolar epithelial and endothelial cell damage,
or markers of diaphragm inflammation (tumor necrosis fac-
tor-at) and proteolysis (muscle RING-finger-1). At the same
dynamic transpulmonary driving pressure, with and without
adjusted inspiratory time, pressure-controlled compared to
pressure-support ventilation resulted in higher V. and static
transpulmonary driving pressure with increased diffuse alveolar
damage score and airspace heterogeneity, reduced E-cadherin
expression in lung tissue, and increased gene expression of
interleukin-6, amphiregulin, metalloproteinase-9, and type III
procollagen in lung tissue, as well as tumor necrosis factor-o.
and muscle RING-finger-1 in the diaphragm.

Our results suggest that static transpulmonary driving pres-
sure, rather than dynamic transpulmonary driving pressure, is
the main determinant of lung and diaphragm injury during
pressure-support ventilation. These data are an important step
forward to determine the best method to calculate static and
dynamic transpulmonary driving pressure, as well as to evalu-
ate their relevance to optimization of ventilator settings.

We chose to use a model of mild lung injury induced by
intratracheal instillation of E. coli lipopolysaccharide because
it reproduces several features of mild human ARDS.*
Changes in lung histology associated with increased neu-
trophil infiltration were observed, as well as oxygenation
impairment. Accordingly, this model mimics the conditions
in which pressure-support ventilation has been recom-
mended for clinical use in ARDS.?” In the current study,
V., as well as dynamic and static transpulmonary driving
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Table 1. Respiratory Variables during Mechanical Ventilation

Groups INITIAL FINAL Time Effect Group Effect Interaction
v, (ml/kg) P=0.553 P < 0.0001 —
PSV 6.0 +0.4 55+07
PCV_,, 6.4+08 6.6 = 0.7
PCV_,,, 16.8+ 3.3 15.9 + 3.1
PCV_, 4 150+ 43 155+29
RR (breaths per min) P=10.949 P < 0.0001 —
PSV 60+9 70 £ 17
PCV_, 56 + 10 51+6 o
PCV_,, 19+5 225 g
PCV_p ¢ 33+4 39+13 g
Ti(s) P=0.083 P<0.001 — 3
PSV 0.36 + 0.08 0.31+0.08 g
PCV_, 0.44 +0.05 0.39+0.08 3
PCV_,,, 1.06 + 0.17 1.02+0.16 E
PCV_p ¢ 0.36 + 0.04 0.32 +0.04 5
Ttot (s) P=0.369 P<0.001 — )
PSV 0.91£0.17 0.81+0.21 2
PCV_, 1.21+0.11 1.36 £0.45 g
PCV_,,, 3.14 +0.54 2.93+0.45 2
POV_p ¢ 1.83+0.21 1.67 £0.43 S
Ti/Ttot (5) P=0.480 P<0.001 — By
PSV 0.39 +0.08 0.38£0.08 &
PCV.,, 0.36 + 0.03 0.39 + 0.09 g
PCV_,, 0.33 +0.01 0.34 £0.03 g
POV_, 1 0.19 +0.02 0.21 £0.07 <
Airflow (ml/s) R P=0.960 P=0.001 — 3
PSV 19.0 £ 3.2 17.7+28 2
PCV_,, 200 +1.7 219+47 =
PCV_,, 256+ 4.4 23350 8
POV_, ¢ 27.3+113 284+57 @
Ve (ml/min) P=0.932 P=0.144 — §
PSV 203 + 38 179 + 31 2
PCV_,, 158 + 14 165+ 18 3
PCV_,,, 137 +28 132 = 21 S
POV_p ¢ 142 + 61 154 + 49 S
Dynamic AP_(cm H,0) P=0.740 P < 0.0001 — g
PSV 129+09 120%2.2 g
PCV_,; 78+13 80+18 =
PCV_,,, 125+1.0 128406 B
POV_yp 1 12.7 0.4 120+08 e
Static AP, (cm H,0) P=0.027 P <0.0001 P=0.0007 E
PSV 7.2+04 6.7+06 @
PCV_,; 6.8+0.2 7.0+03 s
PCV_,, 11.8+0.2* 121 £0.3* e
PCV_, 4 11.8+0.5* 10.8 +1.1* g
PEEPi,dyn (cm H,0) P=0.497 P=0.109 — 5
PSV 0602 07+03 N
PCV_,, 06+03 07+03
PCV_,, 0803 06+05
PCV 0.3+04 02+04

—APL_Ti

Respiratory variables obtained at INITIAL and FINAL. Values are means + SD of eight animals in each group. Comparisons were done using a mixed linear model followed by Bonferroni
multiple comparisons (P < 0.05).

*, vs. PSV.

Dynamic AP, dynamic transpulmonary driving pressure; PCV ., pressure-controlled ventilation with the same V/; of pressure-support ventilation; PCV , , , pressure-controlled venti-
lation with dynamic AP, similar to that achieved by pressure-support ventilation; PCV ., ., pressure-controlled ventilation with dynamic AP, and inspiratory time (Ti) similar to that
achieved by pressure-support ventilation; PEEPi,dyn, dynamic intrinsic positive end-expiratory pressure; PSV, pressure-support ventilation adjusted to tidal volume V)=6 mi/kg; RR,
respiratory rate; static AP, static transpulmonary driving pressure; Ti/Ttot, respiratory time fraction; Ttot, total breathing cycle time; V., minute ventilation.

pressure'” were calculated in pressure-support mode and  determined by increased airway pressure and decreased
then compared with pressure-controlled ventilation. During ~ pleural pressure, leading to tensile stress,”® whereas during
pressure-support ventilation, transpulmonary pressure is pressure-controlled ventilation, transpulmonary pressure is
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Table 2. Cumulative Diffuse Alveolar Damage

PSV PCVJ,T PCVﬁ APL PCVﬁ APLT:
Interstitial edema (0-16) 1(1-2) 2(2-2.5) 4 (4-5) 4 (4-6)*
Inflammatory infiltration (0-16) 4 (4-5) 5(2-6.5) 9 (9-14)* 9 (7.5-12)
Ductal overdistension (0-16) 2(1-2) 2(1.5-3) 12 (7.5-12)* 12 (9-13)*
Cumulative DAD (0-48) 7 (6-9) 0(4.5-12) 27 (20.5-30) 25 (23.5-28)*

Cumulative diffuse alveolar damage (DAD) score representing injury from interstitial edema, inflammatory infiltration, and ductal overdistension. Values are given as median (interquar-

tile range) of eight animals in each group. Mann-Whitney U test with Bonferroni correction for three comparisons (P < 0.0167, PCV . vs. PSV, PCV , vs. PSV, and PCV

*, vs. PSV.

vs. PSV).

APL_Ti

PGV, pressure-controlled ventilation with the same V. of pressure-support ventilation; PCV o pressure-controlled ventilation with dynamic AP, similar to that achieved by
pressure-support ventilation; PCV o1 Pressure-controlled ventilation with dynamic AP, and inspiratory time (Ti) similar to that achieved by pressure-support ventilation; PSV,

pressure-support ventilation adjusted to tidal volume (V;) = 6 mi/kg.

achieved by a positive increase in airway and pleural pres-
sures, leading to compressive stress.'” Several studies have
applied negative pressure to the thorax or abdomen in an
attempt to mimic this decrease in intrapleural pressure and
determine how such strategies compare with positive-pres-
sure ventilation when eitherV._ or dynamic transpulmonary
driving pressure are kept constant.*> However, extrapo-
lation of results from negative-pressure ventilation to set-
tings where spontaneous breathing activity occurs may be
inappropriate. Moreover, negative-pressure ventilation uses
either continuous® or transient pressure,’ both of which
differ importantly from the more complex effects of respi-
ratory muscle activity on intrapleural pressure.’ Therefore,
an important strength of the current study is the use of
a ventilation strategy commonly employed in the clin-
ical setting,*® while isolating the impact of pressure-sup-
port ventilation versus pressure-controlled ventilation at
the same V_ or dynamic transpulmonary driving pressure
and static transpulmonary driving pressure, with and with-
out adjusted inspiratory time, not only on lung mechanics
and morphology, but also on biomarkers associated with
inflammation, epithelial and endothelial cell damage, alve-
olar stretch, and extracellular matrix injury. In the current
study, we compared pressure-controlled versus pressure-sup-
port ventilation in the following conditions: (1) comparable
static transpulmonary driving pressure andV_ with different
dynamic transpulmonary driving pressure; (2) comparable
dynamic transpulmonary driving pressure with different
static transpulmonary driving pressure andV_;and (3) com-
parable inspiratory time and dynamic transpulmonary driv-
ing pressure with different static transpulmonary driving
pressure and V.. After performing inspiratory airway occlu-
sions at a zero-airflow condition, we were able to mea-
sure static transpulmonary driving pressure (Supplemental
Digital Content, fig. 4, http://links Ilww.com/ALN/C112),
which was similar between the pressure-support venti-
lation and pressure-controlled ventilation at similar V.
observed in pressure support ventilation groups. At simi-
lar V., pressure-support ventilation resulted in comparable
static transpulmonary driving pressure and higher dynamic
transpulmonary driving pressure, less alveolar collapse, and

Anesthesiology 2020; 132:307-20

less airspace heterogeneity than pressure-controlled ven-
tilation. In a previous study also conducted in mild lung
injury,® pressure-support ventilation improved lung mor-
phology parameters, but dynamic transpulmonary driving
pressure did not differ between pressure-controlled ventila-
tion and pressure-support ventilation. The balance between
increased dynamic transpulmonary driving pressure and
more homogeneous distribution of regional pleural pres-
sure during pressure-support ventilation may contribute to
the absence of changes in biomarkers of interest.

On the other hand, at similar dynamic transpulmo-
nary driving pressure, V., static transpulmonary driving
pressure, airspace heterogeneity, and diffuse alveolar dam-
age score increased, whereas alveolar collapse decreased in
pressure-control ventilation compared to pressure-support
ventilation. These histologic changes may have contributed
to increased gene expression of markers associated with
lung inflammation, fibrogenesis, alveolar stretch, and alveo-
lar epithelial cell damage. Moreover, alveolar integrity was
reduced, as reflected by lower E-cadherin expression.'? In
fact, it has been shown that increased V is a key mecha-
nism of ventilator-induced lung injury,* and may be espe-
cially injurious during nonhomogeneous distribution of
strain across the lungs.® We cannot rule out the possibil-
ity that increased damage to the lung parenchyma during
pressure-controlled ventilation at similar transpulmonary
driving pressure observed in pressure support ventilation
resulted from compressive stress, which has been shown to
be more injurious than tensile stress, as it occurs during
pressure-support ventilation.® Also, at the same dynamic
transpulmonary driving pressure, lower intrapleural pressures
during pressure-support ventilation as compared to pres-
sure-controlled ventilation may have resulted in improved
lymphatic dynamics and fluid clearance from lung tissue.”’
Pressure-controlled ventilation at similar transpulmonary
driving pressure observed in pressure support ventilation
and pressure-controlled ventilation at similar transpulmo-
nary driving pressure and inspiratory time observed in
pressure support ventilation, compared to pressure-support
ventilation, resulted in increased gene expression of markers
associated with diaphragm inflammation and proteolysis.
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Fig. 2. Lung morphometry in mechanically ventilated animals. Bars represent mean = SD of eight animals in each group. Asterisks show
alveolar collapse. Arrows indicate alveolar overdistension. Alveolar collapse indicates the fractional area of lung occupied by collapsed alveoli.
Box plots represent the median and interquartile range of eight animals in each group. Mann-Whitney U test with Bonferroni correction for
multiple comparisons (P < 0.0167, PCV  vs. PSV, PCV , vs. PSV, and PCV ,, . vs. PSV). AD, alveolar duct; {3, heterogeneity index; D,/Lm,
central moment of the mean linear intercept (D, of mean linear intercept between alveolar walls); PCV ,, , pressure-controlled ventilation
with dynamic AP, similar to that achieved by pressure-support ventilation; PCV , , ., pressure-controlled ventilation with dynamic AP, and
inspiratory time (Ti) similar to that achieved by pressure-support ventilation; PGV ., pressure-controlled ventilation with the same V., of pres-
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sure-support ventilation; PSV, pressure-support ventilation adjusted to V. = 6 mi/kg; V., tidal volume.

Accordingly, in healthy rats, pressure-support ventilation
has been shown to protect against proteolysis compared
to pressure-controlled ventilation,”® thus minimizing dia-
phragm injury. During pressure-controlled ventilation at
similar transpulmonary driving pressure observed in pres-
sure support ventilation and pressure-controlled ventilation
at similar transpulmonary driving pressure and inspiratory
time observed in pressure support ventilation, the increase
inV_ may change the shape of the diaphragm and promote
muscle overstretch, leading to inflammation.”

Comparison between dynamic and static transpulmonary
driving pressure measurements in pressure-support ven-
tilation and pressure-controlled ventilation is challenging,
since intraalveolar pressure would differ at different inspi-
ratory times. In fact, longer inspiratory times would result

in higher dynamic transpulmonary driving pressure and
increased lung injury.” We found that pressure-controlled
ventilation at similar dynamic transpulmonary driving pres-
sure and inspiratory time induced greater lung injury than
pressure-support ventilation, thus suggesting that parameters
other than intraalveolar pressure (e.g., inspiratory airflow)
may play a relevant role in determining lung damage.*'*

Possible Clinical Implications

Our results suggest that, in mild ARDS, pressure-support venti-
lation was as protective as pressure-controlled ventilation despite
higher dynamic transpulmonary driving pressure when a pro-
tective V. and static transpulmonary driving pressure were used;
and, at comparable dynamic transpulmonary driving pressure,

Anesthesiology 2020; 132:307-20
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Fig. 3. Quantitative real-time polymerase chain reaction analysis of biologic markers of inflammation (interleukin [IL]-6), alveolar stretch
(amphiregulin), epithelial (club cell protein [CC]16) and endothelial (vascular cell adhesion molecule [VCAM]-1) cell damage, and fibrogenesis
(metalloproteinase [MMP]-9 and type Il procollagen [PCIII]). Data are presented as a box plot. Lines denote the median, and boxes delimit
the 25th and 75th percentiles of eight animals per group. Relative gene expression was calculated as a ratio of the average gene expression
values compared with the reference gene 3684 and expressed as fold change relative to nonventilated (NV). Mann—Whitney U test with
Bonferroni correction for multiple comparisons (P < 0.0167, PCV . vs. PSV, PCV ., vs. PSV, and PCV ,, . vs. PSV). PCV , , pressure-con-
trolled ventilation with dynamic AP, similar to that achieved by pressure-support ventilation; PCV ,, ., pressure-controlled ventilation with
dynamic AP, and inspiratory time (Ti) similar to that achieved by pressure-support ventilation; PCV | ., pressure-controlled ventilation with the

same V. of pressure-support ventilation; PSV, pressure-support ventilation adjusted to V; = 6 mi/kg; V., tidal volume.

with and without adjusted inspiratory time, pressure-controlled ~ Therefore, the impact of dynamic and static transpulmonary
ventilation induced greater lung and diaphragm damage, likely driving pressure on ventilator-induced lung injury will dif-
due to increased V., and static transpulmonary driving pressure.  fer considerably depending on whether mechanical stress is
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Fig. 4. Quantitative real-time polymerase chain reaction analysis of biologic markers associated with inflammation (tumor necrosis factor
[TNF]-a) and muscle proteolysis (muscle RING-finger-1 [MuRF1]). Data are presented as a box plot. Lines denote the median, and boxes
delimit the 25th and 75th percentiles of eight animals per group. Relative gene expression was calculated as a ratio of the average gene
expression values compared with the reference gene 3684 and expressed as fold change relative to nonventilated (NV). Mann—Whitney

U test with Bonferroni correction for multiple comparisons (P < 0.0167, PCV . vs. PSV, PGV ,, vs. PSV, and PCV

vs. PSV). PCV

_APL_Ti APL’

pressure-controlled ventilation with dynamic AP_similar to that achieved by pressure-support ventilation; PCV LT pressure-controlled
ventilation with dynamic AP_and inspiratory time (Ti) similar to that achieved by pressure-support ventilation; PCV ., pressure-controlled
ventilation with the same V.. of pressure-support ventilation; PSV, pressure-support ventilation adjusted to V. = 6 mil/kg; V., tidal volume.

generated by tensile stress, as in pressure-support ventilation, or
compressive stress, as in pressure-controlled ventilation.

Limitations

This study has some limitations. First, the rat model used
does not reproduce all features of human ARDS. Second, our
results may not apply to moderate or severe ARDS in exper-
imental or clinical settings. Third, only male animals were
used, both because they grow faster than female rats and to
avoid any influence of hormonal fluctuation as a confounder
on inflammatory parameters. Fourth, animals included in the
pressure-support ventilation group did not undergo random-
ization; this was a necessity of our design, to ensure matching
of dynamic transpulmonary driving pressure between the
pressure-support ventilation and pressure-controlled ventila-
tion at similar transpulmonary driving pressure observed in
pressure support ventilation groups. Possible bias was reduced
by using the same source of lipopolysaccharide, performing
experiments in the same rat strain, and randomly assigning
remaining animals to the pressure-controlled ventilation at
similar transpulmonary driving pressure observed in pres-
sure support ventilation, pressure-controlled ventilation at
similar transpulmonary driving pressure and inspiratory time
observed in pressure support ventilation, or pressure-con-
trolled ventilation at similar Vt observed in pressure support
ventilation groups. Fifth, esophageal manometry may be more
representative of the dependent area during mechanical ven-
tilation, especially in large animals,” and could be important
to compute regional transpulmonary pressure. Notably, rats
have a reduced vertical gradient compared to large animals,
which may minimize the effects of regional transpulmonary

pressure. Nevertheless, matching dynamic transpulmonary
driving pressure in spontaneous versus controlled ventilation
could be done in large animals by using pleural sensors or
electric impedance tomography. Sixth, since the ventilation
period was limited to 2h, we were unable to detect pro-
tein content of biomarkers, except of E-cadherin, which is
constitutively present in the alveolar epithelium. Seventh,
the PEEP level was fixed at 3cm H,O, and we cannot rule
out the possibility that higher or lower PEEP values might
yield different results. Eighth, only the best-matched cycles
between inspiratory airway and maximal esophageal pres-
sures were analyzed to calculate transpulmonary driving pres-
sure. Finally, during pressure-support ventilation, the alveolar
pressure is equal the P when flow is zero, and respiratory
muscles are relaxed. The higher the activity of the respiratory
muscles, the greater the difference between P and alveolar
pressure. In this case, the dynamic transpulmonary pressure
may overestimate the transpulmonary pressure across the
alveoli, not including the resistive pressure drop. In our study,
the activity of the respiratory muscles at the end of inspira-
tion was evaluated. We found that after airway occlusion, a
relaxation of the respiratory muscles at end-inspiration was
reached during pressure-support ventilation. Thus, P~ may
overestimate alveolar pressure only during a short period of
the inspiratory phase. Since the maximum esophageal pres-
sure swings during inspiration were approximately 2.6 cm
H,O and included the resistive components (1.2 to 1.5cm
H,0), the overestimation of dynamic transpulmonary pres-
sure during pressure-support ventilation was within a range
of 1.2 to 0.9 cm H,O, equivalent to approximately 10% of the
total dynamic transpulmonary driving pressure. Therefore,
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since V. setting in pressure-controlled ventilation at similar
transpulmonary driving pressure observed in pressure sup-
port ventilation is within the variability of the animals, our
results may be not affected by this minor difference between
the computation of dynamic transpulmonary pressure andV.
variation measured during pressure-support ventilation and
pressure-controlled ventilation.

Conclusions

In the rat model of mild lung injury used herein, pressure-sup-
port ventilation did not affect biologic markers as compared
to pressure-controlled ventilation at the same protective V..
However, pressure-support ventilation resulted in a major dif-
ference between static and dynamic transpulmonary driving
pressure, and when the same dynamic transpulmonary driv-
ing pressure, with and without adjusted inspiratory time, was
used for pressure-controlled ventilation, it resulted in greater
lung and diaphragm injury compared to pressure-support
ventilation. Our data demonstrate the relevance of differences
between static and dynamic transpulmonary driving pressure
measurements for optimization of ventilator settings during
pressure-controlled and pressure-support ventilation.
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