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Abstract

Rationale: Obesity is characterized by elevated pleural pressure (Ppl) and
worsening atelectasis during mechanical ventilation in patients with acute
respiratory distress syndrome (ARDS).

Objectives: To determine the effects of a lung recruitment
maneuver (LRM) in the presence of elevated Ppl on hemodynamics,
left and right ventricular pressure, and pulmonary vascular resistance.
We hypothesized that elevated Ppl protects the cardiovascular
system against high airway pressure and prevents lung
overdistension.

Methods: First, an interventional crossover trial in adult subjects with ARDS
and a body mass index> 35 kg/m2 (n= 21) was performed to explore the
hemodynamic consequences of the LRM. Second, cardiovascular function was
studied during low and high positive end-expiratory pressure (PEEP) in a
model of swine with ARDS and high Ppl (n= 9) versus healthy swine with
normal Ppl (n= 6).

Measurements and Main Results: Subjects with ARDS and obesity
(body mass index = 576 12 kg/m2) after LRM required an increase in PEEP
of 8 (95% confidence interval [95% CI], 7–10) cm H2O above traditional
ARDS Network settings to improve lung function, oxygenation and V

:
/Q
:

matching, without impairment of hemodynamics or right heart function.
ARDS swine with high Ppl demonstrated unchanged transmural left
ventricular pressure and systemic blood pressure after the LRM protocol.
Pulmonary arterial hypertension decreased (8 [95% CI, 13–4] mmHg), as did
vascular resistance (1.5 [95% CI, 2.2–0.9] Wood units) and transmural right
ventricular pressure (10 [95% CI, 15–6] mmHg) during exhalation. LRM and
PEEP decreased pulmonary vascular resistance and normalized the V

:
/Q
:
ratio.

Conclusions:High airway pressure is required to recruit lung atelectasis in
patients with ARDS and class III obesity but causes minimal overdistension.
In addition, patients with ARDS and class III obesity hemodynamically
tolerate LRM with high airway pressure.

Clinical trial registered with www.clinicaltrials.gov (NCT 02503241).
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In acute respiratory distress syndrome
(ARDS), mechanical ventilation should be
titrated to avoid ventilator-induced lung
injury and to minimize the adverse effects
of positive pressure ventilation on
cardiovascular function (1–5). Although
ARDS is primarily a pulmonary disease,
patients with ARDS develop multiorgan
failure as a consequence of hemodynamic
impairment (6–8). Recent clinical trials and
animal studies showed that inappropriately
set mechanical ventilation in ARDS leads to
pulmonary edema, heart failure, and
cardiac arrest (9–11).

Patients with class III obesity (body
mass index [BMI]> 40 kg/m2) have been
historically excluded from randomized
clinical trials investigating mechanical
ventilation strategies for ARDS (12–14).
The prevalence of adults with obesity
in the United States is around 40%
(approximately 100 million people), 8%
of whom have class III obesity (15).
In obesity, the upward displacement of
the diaphragm caused by increased
abdominal load leads to loss of lung
volume (16, 17). Both physiologic and
retrospective studies in patients with
obesity have demonstrated the importance
of a lung recruitment maneuver (LRM)
(18, 19). In a retrospective study by Florio
and colleagues (20), an LRM in patients
with ARDS and obesity improved survival,
and with increased airway pressure,
vasoactive agents were weaned more
quickly. Contrary to commonly held
hemodynamic concerns regarding high
airway pressure in patients without obesity,
we have observed that an LRM and high
values of positive end-expiratory pressure
(PEEP) in patients with ARDS and class III
obesity does not lead to hemodynamic
compromise, reverses atelectasis, and
improves oxygenation without lung
parenchymal overdistension (18, 21).

Pleural pressure (Ppl) can be
considered a surrogate for intrathoracic
pressure. The difference between heart-
chamber pressure and Ppl is known as
transmural pressure (Ptm), whereas the
difference between airway pressure and Ppl
is known as transpulmonary pressure (PL).
In patients without obesity, Ppl is relatively
low or negative (25 to 5 cm H2O) (22), and
an excessive increase in airway pressure will
increase PL, leading to lung overdistension,
and will increase Ptm, leading to increased
right ventricular afterload and decreased
left ventricular preload.

In patients with obesity, Ppl is high (up
to 25–30 cm H2O) (17). We hypothesized
that recruitment of the lungs and airway
pressure titrated according to best
respiratory compliance are well tolerated
hemodynamically because high Ppl protects
the transmission of elevated airway
pressure on the heart and great vessels and
prevents lung overdistension (23). We
designed a two-part study to investigate the
impact of an LRM and high PEEP on
cardiac function and on pulmonary and
systemic hemodynamics in patients with
ARDS and obesity. In the first part, we

conducted an interventional crossover trial
in adult patients with ARDS and obesity
to describe the hemodynamic consequences
of an LRM. During similar PEEPs,
a secondary analysis of regional lung
mechanics and overdistension was
performed comparing our study patients
(with ARDS and obesity) to patients from
the ART (Alveolar Recruitment for ARDS
Trial) (with ARDS and without obesity) (9).
In the second part, we used a swine model
of ARDS and increased abdominal load
(24) to observe how reversing atelectasis
with high airway pressures affects
cardiovascular function.

Some of these results have been
previously reported in the form of an
abstract (25).

Methods

Clinical Study: Preparation,
Procedures, and Measurements
Patients admitted to the ICU with a
diagnosis of ARDS and a BMI> 35 kg/m2

who required positive-pressure ventilation
were enrolled. The monitoring procedures
were similar to those previously described
(18): 1) esophageal manometry was used
to estimate PL (26), 2) electrical impedance
tomography (EIT) was used to measure
the regional distribution of ventilation
(27, 28) and lung perfusion (27, 29)
(see Figure E1A in the online supplement),
and 3) transthoracic echocardiography
(TTE) was used to measure tricuspid
annular plane systolic excursion (TAPSE)
and tricuspid systolic excursion velocity (S’)
as surrogates for right ventricular function
(30).

Clinical Study: Ventilator
Interventions
The prospective interventional study had
two steps (see Figure E2A): 1) mechanical
ventilation guided by the ARDS Network
(ARDSnet) (31) and 2) a sequence of
procedures (LRM→ decremental PEEP
trial→ second LRM→ optimal PEEP) to
recruit lung atelectasis (LungRECRUITED)
(32).

During the first 4 hours after study
procedures, fluid intake, urinary output, and
the vasoactive–inotropic score (VIS) were
monitored. Ventilation-free days, mortality,
and hospital and ICU length of stay were
followed for 28 days.

At a Glance Commentary

Scientific Knowledge on the
Subject: Obesity is characterized by
high pleural pressure (Ppl) causing
atelectasis and hypoxia. A lung
recruitment maneuver (LRM) with
high airway pressure improves
oxygenation and respiratory
mechanics when compared with the
Acute Respiratory Distress Syndrome
(ARDS) Network positive end-
expiratory pressure and FIO2

tables in
patients with ARDS and obesity.
However, excessively high airway
pressure has been shown to cause lung
injury and hemodynamic instability.
The effects on the cardiovascular
system of high airway pressure in the
presence of high Ppl in patients with
ARDS and obesity have not been fully
elucidated.

What This Study Adds to the Field:
In a crossover study in patients with
ARDS and class III obesity, an LRM
improved respiratory mechanics,
recruited atelectasis, and prevented
overdistension while maintaining
hemodynamic stability. In a swine
model of ARDS and high Ppl, high
pulmonary vascular resistance was
reduced after LRM, whereas left
ventricular pressures remained
unaltered despite high airway pressure.
Taken together, these results suggest
that, in the presence of recruitable
lungs and class III obesity, high Ppl
protects against the potential negative
effects of high airway pressure on the
pulmonary and cardiovascular
systems.
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ARDS Patients without Obesity
We obtained data from the five patients
monitored with EIT (enrolled in the ART
trial at the University of São Paulo) to
describe the differential effect of LRM on
lung regions in patients with ARDS without
and with obesity. Overdistension and
collapse were compared, and regional
pressure–volume (P–V) curves were built
for dependent and nondependent lung
regions.

Statistical Analysis of the Clinical
Study
The primary aim was to assess the
cardiovascular response to an LRM in
patients with ARDS and obesity.

Continuous variables are expressed as
the mean6 SD or median (interquartile
range). The differences between the two
phases (mechanical ventilation guided by
the ARDS Network and LungRECRUITED)
were compared by using the Student’s t test
or Wilcoxon signed-rank test for paired
samples, depending on data distribution.
Categorical variables are expressed as the
count (n) and proportion (percentage).

Finally, we performed a descriptive
comparison of the response of lung
mechanics to recruitment using EIT data
from both our study and ART trial subjects.
For detailed methods, see the online
supplement.

Experimental Study: Preparation,
Procedures, and Measurements
Swine were instrumented and monitored in
a manner similar to that applied to the
patients (esophageal manometry and EIT)
(33). In addition, pressure catheters were
placed in each heart ventricle to directly
measure right ventricular systolic pressure
(RVSP), left ventricular systolic pressure
(LVSP), right ventricular diastolic pressure
(RVDP), and left ventricular diastolic
pressure (LVDP). The Ptm was calculated
for the right and left ventricles during
systole and diastole under expiratory and
inspiratory pauses (11).

ARDS Induced in Swine with High Ppl
The swine model combined two previously
described models: one of ARDS (33–35) and
one of obesity (21).

ARDS was induced by lung lavage and
injurious ventilation. Obesity was simulated
by application of external abdominal
weights, which, by increasing the abdominal

loading, increased Ppl (see Figure E1B). The
study protocol had two phases: 1) low
airway pressure to promote alveolar
derecruitment (LungCOLLAPSED) and 2)
LungRECRUITED (32) (see Figure E2C).

Healthy Swine with Normal Ppl
After completing our study on swine with
ARDS and high Ppl, six swine without
induced ARDS and with normal Ppl were
studied as a control group. We used the
same PEEPs (median values) administered
to the intervention group (see Figure E2B):
1) low airway pressure ventilation with
PEEP= 7 cm H2O and 2) an LRM followed
by PEEP = 19 cm H2O.

Statistical Analysis of the Swine Study
The primary aim of the swine study was to
assess the cardiovascular response to an
LRM in swine with ARDS and high Ppl, as
well as in the control group.

Continuous variables are expressed as
the mean6 SD. The differences between
the two phases (LungCOLLAPSED vs.
LungRECRUITED and low airway pressure
ventilation with PEEP= 7 cm H2O vs. an
LRM followed by PEEP= 19 cm H2O) were
compared using the Student’s t test. For
detailed methods, see the online
supplement.

Results

Clinical Study
From April 2016 to July 2017, 21 subjects
consented, with two subjects not meeting
criteria for ARDS (36). A total of 19 subjects
with ARDS and obesity (BMI of 576 12
kg/m2, lowest BMI = 40 kg/m2) completed
the study. At the time of enrollment, 12
subjects (63%) had already required
vasoactive drugs (Table 1).

The LungRECRUITED Approach
Homogenized Ventilation of the Lungs
by Reducing Lung Collapse and
Avoiding Overdistension
The LungRECRUITED approach successfully
opened previously closed lung parenchyma
and promoted more homogeneous
ventilation, with a reduction in lung
collapse of 31% without causing additional
overdistension. There was an improvement
in respiratory system compliance (Crs) with
a decrease in driving pressure after
LungRECRUITED. The PaO2

/FIO2
ratio

increased by 129 mm Hg at LungRECRUITED
(Table 2).

Compared with Patients with ARDS
without Obesity, an LRM in Patients
with ARDS and Class III Obesity Led
to Less Overdistension
At similar PEEP values, overdistension was
higher for patients with ARDS and without
obesity, whereas lung collapse was higher
with ARDS and obesity (Figures 1A
and 1B). To characterize regional
overdistension and collapse, P–V curves
were built for region of interest 1 (ROI-1),
the nondependent ROI, and the dependent
ROI (ROI-3). In patients with ARDS and
class III obesity, the P–V shape was linear
for ROI-1, suggesting an absence of
overdistension up to a pressure of 25 cm
H2O, and showed exponential positive
growth for ROI-3, suggesting poor
compliance of the atelectatic lung (Figures
1C and 1D). In patients with ARDS without
obesity, the P–V curve showed exponential
negative decay in ROI-1, suggesting
overdistension in this nondependent
region, and in ROI-3, the P–V curve
assumed a linear shape, suggesting a highly
heterogenous lung (Figures 1E and 1F).

Table 1. Patient Characteristics and
Clinical Outcomes

Age, yr 52614
M 8 (42)
BMI, kg/m2 57612
Underlying cause of ARDS
Septic shock 10 (53)

Due to pneumonia 5
Due to skin infection 5

Pneumonia 4 (21)
Trauma and/or postsurgery

status
5 (26)

Vasoactive drugs at study onset 12 (63)
APACHE II score 226 8
Creatinine, mg/dl 2.361.3
Reintubation 4 (21)
Tracheostomy 5 (26)
Pneumothorax 0 (0)
Ventilator free, d 16611
ICU LOS, d 126 6
Hospital LOS, d 22611
28-d mortality 3 (16)

Definition of abbreviations: APACHE II = Acute
Physiologic and Chronic Health Evaluation II;
ARDS=acute respiratory distress syndrome;
BMI =body mass index; LOS= length of stay.
N=19 patients. Data are presented as the
mean6SD, n, or n (%).
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LungRECRUITED Did Not Affect Right
Heart Function, Vasoactive
Medication Requirement, or Net Fluid
Balance
TAPSE and S’ remained unchanged after
LungRECRUITED, suggesting that right heart
function was not impaired with higher
airway pressures (Figure 2).

The mean arterial pressure (MAP)
and heart rate remained unchanged
during the study procedure and at 4 hours
after the procedure. Among the 12
subjects requiring inotropic and
vasoactive agents before study enrollment,
the VIS remained unchanged during the
study procedure and at 4 hours after the
procedure. The seven subjects who did not
require vasoactive support before
enrollment never required such
medication during the study procedure or
at 4 hours after the procedure. No subject
required a fluid bolus at LungRECRUITED.
The net fluid balance at 4 hours after the
procedure was negligible. These
physiologic and clinical data show that
LungRECRUITED was well tolerated
hemodynamically (Table 3).

LungRECRUITED Improved Relative V
:

/Q
:

Matching and Regional Crs
In the setting of alveolar recruitment in
the gravitationally dependent region of the

lung, the relative V
:
/Q
:
ratio in ROI-2 and

ROI-3 increased after LungRECRUITED.
However, the relative V

:
/Q
:
ratio of the

anterior portion of the lung, ROI-1,
decreased after LungRECRUITED (Figure 3A).
The regional Crs increased in ROI-2 and
ROI-3 and remained unchanged in ROI-1,
correlating with these changes in
ventilation (Table 2).

Clinical Outcomes
Among the 19 patients of the study cohort,
9 (47%) failed extubation, 5 (26%) were
tracheostomized, and no pneumothorax was
observed. The 28-day mortality rate was
16% (3 patients), despite an elevated Acute
Physiology and Chronic Health Evaluation
II score (estimated mortality of 30–40%)
(37) (Table 1).

Experimental Study
We performed our study on the
experimental model of ARDS with high Ppl
on nine swine between October and
November 2017. A study of a control group
of six swine without induced ARDS and
normal Ppl was performed between January
and February 2020. (Major findings on the
control group are presented in Tables 4, E1,
and E2.)

Swine Study of ARDS with High
Ppl and Pulmonary Hypertension
After the abdominal loading, esophageal
pressure increased an average of 5.3 cmH2O
(95% confidence interval, 4.6–5.9;
P, 0.01). As expected (4), pulmonary
hypertension developed after ARDS onset,
with a mean pulmonary arterial pressure
(mPAP) of 406 10 mm Hg and a
pulmonary vascular resistance (PVR) of
5.56 2.1 Wood units.

The PaO2
/FIO2

ratio dropped from
4886 34 mm Hg before injury to
726 32 mm Hg after injury.

Swine Lungs with ARDS and High
Ppl Are Highly Recruitable
The LungRECRUITED strategy
recruited lung parenchyma with a
positive PL throughout the entire
respiratory cycle (Figure 4B). Recruitment
was also demonstrated by a reduction in
the collapse fraction from LungCOLLAPSED

to LungRECRUITED, together with a
significant decrease in the shunt
fraction of 25% and a PaO2

/FIO2
ratio

increase of 125 mm Hg. In addition,
there was an improvement in Crs
at LungRECRUITED, with a decrease in
driving pressure of 6 cm H2O (see Table
E1).

Table 2. Clinical Study: Respiratory Mechanics, Oxygenation, Collapse and Overdistension, and Regional Crs

LungARDSnet
[Mean6SD or Median

(IQR)]

LungRECRUITED
[Mean6SD or Median

(IQR)] Difference (CI)*
P

Value

VT, ml/IBW 6.36 0.9 6.36 0.8 0.1 (-0.1 to 0.2) 0.23
RR, bpm 25.16 6.0 25.266.0 0.1 (-0.1 to 0.3) 0.33
PEEP, cm H2O 136 1 2163 8 (7 to 10) ,0.01
PesEXP, cm H2O 17.16 4.5 19.565.1 2.4 (1.3 to 3.4) ,0.01
PLE, cm H2O 24.364.2 1.46 3.6 5.7 (4.3 to 7.2) ,0.01
Plateau pressure, cm H2O 25.66 3.9 30.464.5 4.8 (3.4 to 6.3) ,0.05
DP, cm H2O 136 4 96 2 24 (-6 to 22) ,0.01
Crs, ml/cm H2O 33 (24 to 41) 41 (31 to 51) 11 (5 to 14) ,0.01
PaO2

/FIO2
1796 108 308690 129 (64 to 194) ,0.01

Collapse determined by EIT, % (n=18) 386 11 76 6 231 (-36 to 225) ,0.01
Overdistension determined by EIT, % (n=18) 76 7 96 6 2 (-2 to 6) 0.33
Regional Crs, DZ/cm H2O (n=10)
ROI-1 8.96 4.7 7.362.8 21.7 (-3.6 to 0.2) 0.07
ROI-2 19.16 8.1 25.568.4 6.3 (4.3 to 8.4) ,0.01
ROI-3 5.16 2.8 1063.2 4.9 (2.9 to 6.9) ,0.01

Definition of abbreviations: bpm=beats per minute; CI = confidence interval; Crs = respiratory system compliance; DZ=delta impedance; DP=driving
pressure; EIT = electrical impedance tomography; IBW= ideal body weight; IQR= interquartile range; LungARDSnet =mechanical ventilation guided by the
Acute Respiratory Distress Syndrome Network; LungRECRUITED = a sequence of procedures (lung recruitment maneuver→decremental PEEP
trial→ second lung recruitment maneuver→optimal PEEP) to recruit lung atelectasis; PEEP=positive end-expiratory pressure; PesEXP = end-expiratory
pleural pressure; PLE = end-expiratory transpulmonary pressure; ROI = region of interest; RR= respiratory rate.
N=19 patients.
*A median of differences and 98.08% CI are shown for Crs; mean differences and 95% CIs are shown for other categories.
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The LungRECRUITED Strategy
Decreased PVR and Did Not
Alter Systemic Vascular
Resistance or Systemic Perfusion
in Swine
After the LungRECRUITED strategy,
with an average PEEP increase of
11 cm H2O, the elevated baseline
value of PVR decreased by 1.5 Wood
units with a decrease of mPAP. The
MAP was unchanged throughout the

study protocol, and systemic vascular
resistance (SVR) was also unaltered.
The requirements for inotropes
and vasopressors were minimal and
did not change between LungCOLLAPSED
and LungRECRUITED. Despite a 0.7-L/min
decrease in Q

:
from LungCOLLAPSED

to LungRECRUITED, the mixed venous
oxygen saturation improved significantly,
suggesting adequate systemic perfusion
(see Table E2).

The LungRECRUITED Approach Did Not
Alter Baseline Physiologic Transmural
RVDP, Decreased Elevated RVSP,
and Did Not Impair Left Ventricular
Function
Despite elevated RVDP numbers,
transmural RVDP was not abnormally
elevated at either LungCOLLAPSED or
LungRECRUITED because of the persistent
elevation in Ppl. However, the transmural
RVDP decreased after LungRECRUITED.
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Figure 1. Clinical study of patients with acute respiratory distress syndrome (ARDS) and class III obesity versus patients with ARDS without obesity.
Overdistension and collapse during a similar sequence of positive end-expiratory pressure (PEEP) and regional pressure–volume (P–V) curves for the most
nondependent and the most dependent regions of interest (ROIs) are shown. (A) Overdistension and (B) collapse measured by using electrical impedance
tomography in patients with ARDS and class III obesity versus patients with ARDS without obesity are shown. A mixed linear model was used for
overdistension (P=0.002 for interaction) and collapse (P,0.001 for interaction), and for similar PEEP, overdistension was higher in patients with ARDS
and without obesity and collapse was higher in patients with ARDS and class III obesity. Regional P–V curves were built for the most non–gravity-
dependent ROI (ROI-1) and the most dependent ROI (ROI-3) (see Figure E1). The regional variations in EELV were calculated by using electrical
impedance tomography for each PEEP (see online supplement). ROI-1 are shown in (C) patients with ARDS and class III obesity and in (E) patients with
ARDS without obesity. Of note, for similar PEEP values, the P–V curve shape was different: in patients with ARDS and class III obesity, it was linear, and in
patients with ARDS and without obesity, it showed positive exponential growth (mixed linear model, P=0.002 for interaction). ROI-3 are shown in (D)
patients with ARDS and class III obesity and in (F) patients with ARDS without obesity. Again, for similar PEEPs, P–V curve shapes were different. In patient
with ARDS and class III obesity, the curve showed exponential negative decay, whereas in patients with ARDS without obesity, it was linear (mixed linear
model, P=0.001 for interaction). Data are presented as the mean6SD (confidence interval). EELV=end-expiratory lung volume.
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Because of an increased PVR at
LungCOLLAPSED, RVSP was elevated. After
LungRECRUITED, the reduction of
PVR translated to a reduction of the
transmural RVSP by 10 mm Hg (Figure 4
and Table 4).

The stable left ventricular pressures
mirrored the unaltered SVR and MAP
after LungRECRUITED. The LVSP was

unaffected between LungCOLLAPSED and
LungRECRUITED. Similarly, the transmural
LVDP did not change after LungRECRUITED.
These findings are consistent with
preserved and unaltered left ventricular
function from LungCOLLAPSED to
LungRECRUITED (Figure 4 and Table 4).

The increased airway pressure at
LungRECRUITED resulted in an increase in

central venous pressure (CVP) of 2 mm Hg,
without significant changes in the
transmural CVP. The same trend applied for
the wedge pressure: absolute values
increased without changes in the transmural
wedge pressure (see Table E2).

In contrast, in the control group with
normal Ppl, MAP, LVSP, and transmural
LVSP were reduced significantly by
increasing PEEP from 7 to 19 cm H2O.
Despite a slight increase in RVSP and
RVDP after the LRM protocol in the
control subjects, the corresponding
transmural RVSP and transmural RVDP
did not change (Table 4).

Improved Homogeneity of Ventilation with
LungRECRUITED Improved V

:

/Q
:

Matching
In the setting of significant recruitment of
the gravitationally dependent lung after
LungRECRUITED, the ratio of V

:
/Q
:
in

ROI-3 almost doubled (0.56 0.3 at
LungCOLLAPSED to 0.96 0.2 at
LungRECRUITED). However, the ratio of V

:
/Q
:

in the initially overventilated ROI-1
demonstrated a trend toward a reduction of
the V

:
/Q
:
ratio (2.16 0.8 at LungCOLLAPSED

to 1.66 0.6 at LungRECRUITED). The ratio of
V
:
/Q
:
of the ROI-2 remained mostly

unchanged (1.16 0.1 at LungCOLLAPSED vs.
0.96 0.2 at LungRECRUITED) (Figure 3B).

Discussion

In this study of ARDS with class III obesity,
we hypothesized that recruiting the lung and
applying PEEP titrated to the best Crs would
be hemodynamically tolerated in the setting
of elevated Ppl. Our hypothesis is based on
the novel concept that obesity protects the
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Figure 2. Clinical study. Transthoracic echocardiography in patients with acute respiratory distress
syndrome (ARDS) and class III obesity. The right heart function was evaluated for each study phase:
mechanical ventilation guided by the ARDS Network (LungARDSnet) and a sequence of procedures
(lung recruitment maneuver→decremental positive end-expiratory pressure trial→ second lung
recruitment maneuver→optimal positive end-expiratory pressure) to recruit lung atelectasis
(LungRECRUITED). (A) TAPSE was measured in 17 patients, and there was no significant difference
between phases. (B) S9 was measured in 11 patients, and there was no significant difference
between phases. (C) CVP was measure in nine patients for each study phase. Data are presented as
the mean6SD. *LungARDSnet versus LungRECRUITED: P=0.03; mean of differences, 3; 95%
confidence interval, 0.4–5.6. CVP=central venous pressure; S9= tricuspid systolic excursion velocity;
TAPSE= tricuspid annular plane systolic excursion.

Table 3. Clinical Study: Vasopressors, Hemodynamics, and Fluid in Patients with ARDS and Obesity

LungARDSnet (PEEP= 13 cm H2O) LungRECRUITED (PEEP= 21 cm H2O)

Hemodynamic Assessment after
LungRECRUITED

2 h 4 h

VIS (n=12) 12 (6–26) 12 (6–27) 13 (4–22) 12 (3–20)
Total fluids, ml — — 3016 235 5866 234
Total urinary output, ml — — 110 (85–270) 230 (160–755)
Total fluid balance, ml — — 1006 345 1466 517
HR, bpm 89621 86622 866 19 886 22
MAP, mm Hg 7567 80612 776 14 776 10

Definition of abbreviations: ARDS=acute respiratory distress syndrome; bpm=beats per minute; HR=heart rate; LungARDSnet =mechanical ventilation
guided by the Acute Respiratory Distress Syndrome Network; LungRECRUITED = a sequence of procedures (lung recruitment maneuver→decremental
PEEP trial→ second lung recruitment maneuver→optimal PEEP) to recruit lung atelectasis; MAP=mean arterial pressure; PEEP=positive end-expiratory
pressure; VIS = vasoactive–inotropic score.
N=19 patients. Data presented as the mean6SD or median (interquartile range).
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cardiovascular system against high
ventilator pressures and prevents
nondependent lung overdistension with
elevated Ppl. Prior studies investigating
heart–lung interactions in ARDS (as well as
in non-ARDS settings) did not investigate
the influence of high Ppl (38–41). We
conducted a two-part study, both of
critically ill patients with ARDS and obesity
and of a swine model.

In our clinical investigation, we
observed that LungRECRUITED was
hemodynamically well tolerated in critically
ill patients and improved lung mechanics.
In contrast to using an LRM in patients
with ARDS with recruitable lungs and
without obesity (from the ART trial), LRM
in patients with ARDS and class III obesity
caused minimal lung overdistension during
similar PEEP settings (Figure 1).

In our swine model of ARDS with
elevated Ppl, we determined that
LungRECRUITED did not lower left
ventricular pressure (as it did in healthy
control subjects) and decreased PVR.

In both settings of ARDS with high Ppl
(clinical and experimental), the
LungRECRUITED strategy significantly
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Figure 3. Clinical and swine studies. Relative V
:

/Q
:

ratio per region of interest (ROI) in patients with
acute respiratory distress syndrome (ARDS) and class III obesity and swine with induced ARDS and
high pleural pressure. Relative V

:

/Q
:

ratio in 3 ROIs (see Figure E1 for ROI selection). (A) Patients with
ARDS and class III obesity (10 patients underwent the V

:

/Q
:

test with electrical impedance
tomography). The ROIs changed the ratio toward a more balanced matching from LungARDSnet to
LungRECRUITED. *ROI-1: P=0.0195; median of differences, 20.36; 97.85% confidence interval (CI),
21.73 to 0.02. †ROI-2: P=0.0195; median of differences, 0.11; 97.85% CI, 20.05 to 0.26. ‡ROI-3:
P=0.0195; median of differences, 0.15; 97.85% CI, 0.03 to 0.36. (B) Swine with induced ARDS and
high pleural pressure (9 swine underwent the V

:

/Q
:

test with electrical impedance tomography). *ROI-3:
P=0.0056; mean of differences, 0.4; 95% CI, 0.2 to 0.7. Data are presented as the mean6SD.
LungARDSnet =mechanical ventilation guided by the ARDS Network; LungCOLLAPSED= low airway
pressure to promote alveolar derecruitment; LungRECRUITED = a sequence of procedures (lung
recruitment maneuver→decremental positive end-expiratory pressure trial→ second lung
recruitment maneuver→optimal positive end-expiratory pressure) to recruit lung atelectasis.

Table 4. Swine Study

Healthy Swine with Normal Ppl LungPEEP7
LungPEEP19

Mean Difference (95% CI) P Value

Right ventricle, mm Hg (n=6)
RVSP 276 6 336 6 6 (2 to 10) 0.02
Transmural RVSP 226 6 236 6 1 (23 to 6) 0.39
RVDP 86 4 156 5 7 (4 to 10) ,0.01
Transmural RVDP 2.76 4.3 5.46 5.0 2.7 (20.7 to 6.1) 0.09

Left ventricle, mm Hg (n= 6)
LVSP 1046 9 786 12 226 (242 to 210) ,0.01
Transmural LVSP 986 8 686 12 230 (247 to 214) ,0.01
LVDP 96 5 156 6 6 (3 to 8) ,0.01
Transmural LVDP 3.96 4.9 4.76 7.8 0.8 (21.9 to 3.6) 0.49

ARDS Swine with High Ppl LungCOLLAPSED LungRECRUITED Mean Difference (95% CI) P Value

Right ventricle, mm Hg (n=9)
RVSP 506 8 436 3 27 (212 to 23) ,0.01
Transmural RVSP 426 8 326 3 210 (215 to 26) ,0.01
RVDP 146 3 146 1 0 (22 to 3) 0.67
Transmural RVDP 5.36 3.4 2.86 1.7 22.6 (24.5 to 20.6) 0.02

Left ventricle, mm Hg (n= 8)
LVSP 1396 19 1356 14 24 (218 to 6) 0.37
Transmural LVSP 1306 19 1236 14 27 (217 to 3) 0.14
LVDP 266 11 256 9 21 (23 to 1) 0.37
Transmural LVDP 176 11 136 9 24 (27 to 21) 0.02

Definition of abbreviations: ARDS=acute respiratory distress syndrome; CI = confidence interval; LungCOLLAPSED= low airway pressure to promote alveolar
derecruitment; LungPEEP7

= low airway pressure ventilation with a PEEP of 7 cm H2O; LungPEEP19
= lung recruitment maneuver followed by a PEEP

of 19 cm H2O; LungRECRUITED = a sequence of procedures (lung recruitment maneuver→decremental PEEP trial→ second lung recruitment
maneuver→optimal PEEP) to recruit lung atelectasis; LVDP= left ventricular diastolic pressure at expiration; LVSP= left ventricular systolic pressure at
expiration; PEEP=positive end-expiratory pressure; Ppl = pleural pressure; RVDP= right ventricular diastolic pressure at expiration; RVSP= right
ventricular systolic pressure at expiration.
Data are presented as the mean6SD or the mean difference (95% CI). The swine study measured ventricular pressures and respective transmural pressures
at two PEEP values during an expiratory pause in healthy swine with normal pleural pressure and in swine with induced ARDS with high pleural pressure.
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improved pulmonary mechanics without
significant overdistension and improved
oxygenation without compromising
hemodynamics.

It should be emphasized that in our
swine model of high Ppl, increasing Ppl was
associated with an increase in CVP, wedge
pressure, and both RVDP and LVDP (see
Tables 4 and E2). This can be explained by
considering the entire thorax as a single
space: the upward pressure on the
diaphragm by the abdominal loading will
transmit force across each of the thorax’s
subcompartments, including the heart and
great vessels. CVP, wedge pressure, and
ventricular diastolic pressure represent the
vascular subcompartments at resting state
and best depict the transmission of
increased Ppl. However, when Ptm values
were calculated (which account for Ppl
values), transmural RVDP and transmural
LVDP were not elevated.

In addition to the perturbations on
resting pressures within the cardiovascular
system caused by the high Ppl, we also
increased PVR through the ARDS model
(4). As is depicted in Figures 3 and 4 and
Tables E1 and E2, atelectasis caused by
ventilation with negative Ppl in ARDS
induced significant V

:
/Q
:
mismatch with a

large shunt fraction; severe hypoxemia; and,
ultimately, increased PVR with pulmonary
hypertension and elevated RVSP. When the
lung parenchyma was recruited (as
suggested by a 40% decrease in EIT-
observed atelectasis) and optimal Crs was
achieved (as suggested by a 6–cm H2O
decrease in driving pressure), the following
physiologic improvements occurred:
normalization of the V

:
/Q
:
ratio with

decreased shunt fraction, a greater-than-
threefold increase in the PaO2

/FIO2
ratio,

and a substantial drop in PVR, mPAP, and
RVSP.

The relationship between lung volumes
and PVR has been well elucidated (42–44).
The further lung volume is from a patient’s
ideal functional residual capacity, the
greater the PVR. Thus, either increases or
decreases in lung volume affect PVR and, as
a result, right ventricular pressure and right
heart function. As expected, our findings
demonstrated that LungCOLLAPSED was
associated with atelectasis (i.e., lower than
ideal lung volume) and high PVR. Only
after LungRECRUITED did PVR, mPAP, and
RVSP decrease. Although we did not record
cardiac chamber pressures in the clinical
portion of the study, right heart function
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Figure 4. Swine study. Effect of different numbers of transpulmonary pressure (PL; during respiratory
cycles and during an expiratory pause) on the transmural (TM) right ventricular (RV) and left ventricular
(LV) pressure in one healthy swine with normal pleural pressure and in one swine with induced acute
respiratory distress syndrome (ARDS) with high pleural pressure due to increased abdominal loading.
(A) Healthy swine with normal pleural pressure. PL, TM RV pressure, and TM LV pressure at low-
airway-pressure ventilation with positive end-expiratory pressure (PEEP) = 7 cm H2O (LungPEEP7

) and
after a lung recruitment maneuver followed by PEEP=19 cm H2O (LungPEEP19

) are shown. TM RV
pressure remained unaltered, and TM LV pressure showed a significant drop during the increase in PL

from LungPEEP7
to LungPEEP19

(black arrow). (B) Swine with induced ARDS with high pleural pressure
due to increased abdominal loading. PL, TM RV pressure, and TM LV pressure at LungCOLLAPSED
and LungRECRUITED are shown. TM RV pressure expressively dropped (black arrow), and TM LV
pressure did not change with the increase in PL. LungCOLLAPSED= low airway pressure to
promote alveolar derecruitment; LungRECRUITED = a sequence of procedures (lung recruitment
maneuver→decremental PEEP trial→ second lung recruitment maneuver→optimal PEEP) to recruit
lung atelectasis.
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was undisturbed by LungRECRUITED, as
indicated by TTE findings.

With respect to left heart function and
the systemic circulation, an average increase
in PEEP of 11 cm H2O after LungRECRUITED
did not reduce LVSP or lead to an increase
in SVR. Had the large increase in PEEP
decreased venous return to the heart, we
would have expected these changes to
occur. In both the swine and clinical
studies, there was no increase in the need
for vasoactive medication or fluid
administration after LungRECRUITED.

Although it was expected that high
Ppl would warrant high airway pressure
to recruit collapsed lung, it was
surprising that this ventilation strategy
(i.e., LungRECRUITED) (45, 46) substantially
improved right heart pressures and did not
cause hemodynamic instability. We believe
that two major components led to these
findings. First, the lungs in our swine model
and in our clinical study were safely
recruitable, and the LungRECRUITED strategy
significantly improved lung function.
Second, as mentioned above, the increased
Ppl in class III obesity protected the
cardiovascular system against what
otherwise would have been dangerously
high airway pressure and prevented large
swings in intrathoracic pressure. Had the
lungs in our study not been recruitable, our
intervention with high airway pressure
could have further injured the lungs
(1, 46–48). Had the Ppl not been elevated,
we would have expected to observe
hemodynamic collapse (49).

Our findings stand in contrast to those
in the lean patients presented here from the

ART trial, in whom similar airway pressure
values led to significant overdistension in
the nondependent lung regions (despite an
improvement in overall Crs). Class III
obesity prevents the overdistension from
occurring with a high Ppl. In our subgroup
analysis of five patients from the ART trial,
overdistension of nondependent lung
begins at a PEEP of 10–15 cm H2O.
Clinically, we suggest on the basis of the
findings of our study that an LRM in
patients with class III obesity is safe to
perform when regional compliance can be
monitored.

Study Limitations
This study has limitations. First, our study
population comprised patients with class III
obesity, not covering completely the obesity
spectrum. Second, during the clinical study,
the subjects were not monitored with
pulmonary arterial catheters because their
placement is no longer part of routine
intensive care (50). Nonetheless, we
performed TTE at predetermined times
(before and after ventilator procedures) and
assessed MAP, heart rate, VIS, and net fluid
balance, which provide useful clinical
information to follow hemodynamics and
cardiac function. In the experimental study,
the porcine model with elevated Ppl is a
highly recruitable model, although it may
not perfectly mimic the gradual onset and
distribution seen in an individual with
obesity. However, the findings of previous
studies using computed tomography, EIT,
respiratory system mechanics, and
oxygenation were consistent with the
observed changes owing to an increased Ppl

(18, 19, 21). The aim of the animal study
was to compare the hemodynamic response
to ventilation in a high-Ppl animal model
with that in a low-Ppl model at the same
PEEP values.

Conclusions
Using an LRM with high airway pressure in
patients with ARDS has shown in some
patients to be detrimental to hemodynamic
stability. High Ppl due to obesity further
contributes to atelectasis, worsening shunt
fraction and oxygenation in patients with
ARDS. In a crossover study in patients with
ARDS and class III obesity, an LRM
improved respiratory function and
prevented lung overdistension while
maintaining hemodynamic stability. In a
swine model of ARDS and high Ppl, PVR
was reduced after an LRM, whereas left
ventricular pressures remained unaltered at
high airway pressure. Taken together, these
results suggest that the presence of
recruitable lungs and obesity with high
Ppl protects from the potential negative
effects of high airway pressure on the
cardiovascular system. n
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