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Abstract 

Background  The superimposed pressure is the primary determinant of the pleural pressure gradient. 
Obesity is associated with elevated end-expiratory esophageal pressure, regardless of lung disease severity, 
and the superimposed pressure might not be the only determinant of the pleural pressure gradient. The study aims 
to measure partitioned respiratory mechanics and superimposed pressure in a cohort of patients admitted to the ICU 
with and without class III obesity (BMI ≥ 40 kg/m2), and to quantify the amount of thoracic adipose tissue and muscle 
through advanced imaging techniques.

Methods  This is a single-center observational study including ICU-admitted patients with acute respiratory failure 
who underwent a chest computed tomography scan within three days before/after esophageal manometry. The 
superimposed pressure was calculated from lung density and height of the largest axial lung slice. Automated deep-
learning pipelines segmented lung parenchyma and quantified thoracic adipose tissue and skeletal muscle.

Results  N = 18 participants (50% female, age 60 [30–66] years), with 9 having BMI < 30 and 9  ≥ 40 kg/m2. Groups 
showed no significant differences in age, sex, clinical severity scores, or mortality. Patients with BMI ≥ 40 exhibited 
higher esophageal pressure (15.8 ± 2.6 vs. 8.3 ± 4.9 cmH2O, p = 0.001), higher pleural pressure gradient (11.1 ± 4.5 
vs. 6.3 ± 4.9 cmH2O, p = 0.04), while superimposed pressure did not differ (6.8 ± 1.1 vs. 6.5 ± 1.5 cmH2O, p = 0.59). 
Subcutaneous and intrathoracic adipose tissue were significantly higher in subjects with BMI ≥ 40 and correlated 
positively with esophageal pressure and pleural pressure gradient (p < 0.05). Muscle areas did not differ 
between groups.

Conclusions  In patients with class III obesity, the superimposed pressure does not approximate the pleural 
pressure gradient, which is higher than in patients with lower BMI. The quantity and distribution of subcutaneous 
and intrathoracic adiposity also contribute to increased pleural pressure gradients in individuals with BMI ≥ 40. This 
study introduces a novel physiological concept that provides a solid rationale for tailoring mechanical ventilation 
in patients with high BMI, where specific guidelines recommendations are lacking.
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Background
The global prevalence of obesity is expected to 
rise significantly, leading to its classification as an 
ongoing pandemic. Individuals with class III obesity 
(BMI ≥ 40  kg/m2), also known as severe obesity, 
present a significant burden for healthcare systems 
due to increased morbidity, mortality, and associated 
costs [1, 2]. Patients with a BMI ≥ 40 kg/m2 also face a 
heightened risk of developing severe acute respiratory 
failure, representing a clinical challenge for intensivists 
[3, 4].

Subjects with severe obesity are often excluded 
by most clinical trials that investigate strategies for 
ventilatory management [5–10]. As a result, the 
most recent guidelines on acute respiratory distress 
syndrome (ARDS), one of the most severe forms of 
hypoxemic respiratory failure, do not provide specific 
recommendations for patients with obesity, where 
the standard ventilatory management might not be as 
effective as for patients with lower BMI [11, 12]. Although 
current guidelines discourage routine recruitment 
maneuvers and high positive end-expiratory pressure 
(PEEP), maintaining higher airway pressure might be 
beneficial in patients with severe obesity. In fact, the 
adipose load directly affects respiratory mechanics, 
leading to lung and airways collapse [13]. However, the 
physiological targets for ventilatory adjustments in 
obesity are poorly defined.

In subjects with normal weight, the pleural pressure 
(Ppl) has a positive gradient along the vertical axis 
(i.e., lower in non-dependent, higher in dependent 
lung regions), with this gradient being greater in the 
presence of ARDS [14]. The superimposed pressure, 
the hydrostatic pressure exerted by the lungs at a given 
level, is considered the driving force of the Ppl gradient 
and possibly a target for the treatment of lung collapse. 
In a landmark study, Yoshida et  al. demonstrated 
that the superimposed pressure highly approximates 
the vertical Ppl gradient in both normal and injured 
lungs [15]. However, in subjects with obesity, the end-
expiratory esophageal pressure (Pes), a surrogate for Ppl 
in dependent pleural regions, is higher regardless of the 
presence of lung disease [16, 17].

The superimposed pressure might not be the primary 
Ppl determinant in patients with obesity, as believed for 
non-obese patients. We hypothesized that in patients 
with class III obesity, the vertical Ppl gradient does 
not approximate the superimposed pressure. We also 
hypothesized that other factors, such as adipose tissue 
and muscle distribution in the chest contribute to the 
increased Ppl gradient in these subjects. If true, non-
pulmonary factors may dictate the severity of lung 
collapse and responses to PEEP in severe obesity.

In the present study, we partitioned respiratory 
mechanics and measured superimposed pressure in a 
cohort of patients admitted to the ICU, and we quantified 
the amount of thoracic adipose tissue and muscle on 
routine chest computed tomography (CT) scan using a 
validated deep-learning image analysis pipeline [18, 19].

Methods
Study design and study population
This is a single-center study approved by Mass 
General Brigham Institutional Review Board (protocol 
#2020P003196) and conducted at Massachusetts General 
Hospital (Boston, USA). Data were prospectively 
collected from 2016 to 2022 and retrospectively analyzed 
for the present study. The need for informed consent 
was waived, given the retrospective nature of the study. 
All the subjects enrolled in the study were evaluated by 
the lung rescue team (LRT), a consult team involved 
in the ventilatory management of patients with acute 
respiratory failure where conventional treatments had 
failed [20].

The literature shows that a BMI ≥ 40  kg/m2 marks an 
inflection point where respiratory physiology undergoes 
the most pronounced changes compared to lower BMI 
[21, 22]. To better characterize the respiratory mechanics 
abnormalities associated with severe obesity, we 
categorized the study population into two distinct groups 
based on their BMI: non-obese individuals (BMI < 30 kg/
m2) and individuals with class III obesity (BMI ≥ 40  kg/
m2).

Patients included in the present study had acute 
respiratory failure and were intubated and paralyzed, 
for whom the LRT performed an advanced respiratory 
mechanics assessment with esophageal manometry. 
Inclusion also required that patients underwent a CT 
scan of the chest within three days before or after LRT 
evaluation. Patients were excluded from the present 
study if: they were younger than 18  years old; they had 
class I or class II obesity (BMI between 30 and 39.9 kg/
m2); the difference of PEEP at the time of the CT scan and 
esophageal manometry was greater than four cmH2O.

Study procedures
The LRT assessment has been previously described 
[20]. Briefly, sedation and paralysis were optimized 
before each assessment, with patients being ventilated 
in volume-control mode. Vital signs, mechanical 
ventilation settings, and arterial blood gas variables 
were recorded. Demographic data, ICU admission 
diagnosis, cause of respiratory failure, length of 
mechanical ventilation, and mortality scores, such 
as Simplified Acute Physiology Score (SAPS II) and 
the Acute Physiology and Chronic Health Evaluation 
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(APACHE II), were also retrieved. Complete 
calculations for partitioned respiratory mechanics 
and Ppl gradient are reported in the supplementary 
material. We also reported in Figure E1 (supplementary 
material) an illustrative tracing of parameters recorded 
during each LRT assessment, i.e., flow, tidal volume, 
airway pressure, and esophageal pressure.

CT image analysis
A detailed description of all image analyses is provided 
in the supplementary material. Briefly:

•	 Lung segmentation. All CT chest images underwent 
a segmentation process using a previously validated 
automated deep-learning image analysis pipeline 
[19, 23, 24]. Briefly, this is a multi-resolution, 
unsupervised convolutional neural network, that 
provides accurate and consistent segmentation 
across all the images.

•	 Superimposed pressure measurement. The 
superimposed pressure (SP) was assessed from lung 
density analysis using two different approaches. The 
first measurement was performed at the highest 
anteroposterior section of the lungs (SPglobal). In 
the second approach, the superimposed pressure 
was also measured at a regional level to analyze 
its distribution along the entire length of the 
lungs. This was done by dividing the lung into ten 
equal vertical sections craniocaudally (SPregional). 
Figure  E2 (supplementary material) illustrates 
SPglobal and SPregional measurements in two subjects 
with BMI < 30 and ≥ 40 kg/m2, respectively.

•	 Quantification of subcutaneous adipose tissue 
and muscle on axial images. Body composition 
analysis was performed at the level of the T5, 
T8, and T10 thoracic vertebral level using a fully 
automated deep learning image analysis pipeline. 
Figure  E3 (supplementary material) illustrates the 
segmentation of cross sectional areas of skeletal 
muscle tissue and subcutaneous adipose tissue 
in two subjects with BMI < 30 and ≥ 40  kg/m2, 
respectively.

•	 Intrathoracic adipose tissue volume. The adipose 
tissue within the endothoracic fascia from the top 
of the sternal manubrium to the caudal border of 
the diaphragm. Figure  E3 (supplementary material) 
illustrates the three-dimensional distribution of 
intrathoracic adipose tissue volume in two subjects 
with BMI < 30 and ≥ 40 kg/m2, respectively.

Figure  1 provides a schematic representation of the 
above-described analyses performed on CT scans.

Statistical analysis
The study sample size was calculated based on Pes 
values recorded in our prior studies, which suggest 
the end-expiratory Pes to be on average 8 ± 4 standard 
deviation (SD) cmH2O higher in subjects with 
BMI ≥ 40  kg/m2 compared to subjects without obesity 
[16, 17, 21]. Therefore, a sample size of at least n = 16 
(with 8 participants in each group) was required to 
achieve a statistical power of 95% for detecting a 
difference with an effect size (d) of 2 at a significance 
level (α) of 0.05.

Continuous variables are expressed as mean ± standard 
deviation (SD) or median [interquartile range] according 
to their distribution. Categorical variables are expressed 
as count (n) and percentage (%). Continuous variables 
were compared between two groups by Student T-test 
or Wilcoxon test, while two-way ANOVA for repeated 
measures compared continuous variables between more 
than two groups. In case of a between-group difference, 
pairwise comparisons were performed with paired 
Student’s t-tests after post hoc Bonferroni correction. 
Categorical variables were compared through the 
Fisher’s Exact test. Intraclass correlation coefficients 
were computed on a random sample of five subjects 
to characterize inter- and intrareader reliability for 
intrathoracic adipose tissue segmentation.

We correlated two continuous variables, computing 
Pearson or Spearman r coefficients, according to the 
normality of the variables. Linear regressions and the 
relative 95% Confidence intervals (CI) were reported 
in each correlation graph. We tested the associations of 
variables that quantify intrathoracic and subcutaneous 
adipose tissue and muscle (independent variable) with 
end-expiratory Pes (dependent variable) in multivariate 
analysis models, controlling for age, sex, and clinical 
severity (SAPS II).

A p < 0.05 was deemed statistically significant. 
Statistical analysis was performed using GraphPad Prism 
(version 9, GraphPad Software, San Diego, California, 
USA) and STATA (version 18.0, StataCorp, Texas, USA).

Results
Patient characteristics
Eighteen participants were included, among whom 9 
(50%) were female, with a median age of 60 [30–66] 
years and a BMI of 35 [25–48] kg/m2. All patients 
suffered from acute respiratory failure with a PaO2/
FiO2 of 171 ± 67  mmHg at the time of LRT procedures. 
Respiratory failure was due to a medical or surgical 
condition in 67% and 33% of cases, respectively, with 
SAPS II and APACHE II scores on study day of 40.9 ± 9.4 
and 18.9 ± 8.9, respectively. Table  E1 and Table  E2 in 



Page 4 of 12Spina et al. Critical Care          (2024) 28:306 

supplementary material report complete demographics 
and clinical characteristics of the overall population.

The study population was divided into patients with 
BMI < 30 or ≥ 40  kg/m2, with 9 subjects in each group 
(BMI of 25 [23–28] and 48 [42–54] kg/m2, respectively, 
p < 0.001). No statistically significant difference was 
detected between groups regarding age, sex, clinical 
scores severity, ICU, and intra-hospital mortality. 
Complete demographics and clinical characteristics for 
each group are summarized in Table  1. Table  E3 in the 
supplementary material provides the PEEP values applied 
during both imaging and esophageal manometry, and the 
time between the latter and the CT scan for each subject. 
Figure E4 in the supplementary material shows chest CT 
images in the coronal and axial planes demonstrating 
lung morphology and degree of injury in all subjects 
included in the study.

Respiratory mechanics
Patients with a BMI < 30 kg/m2 had an FiO2 of 0.7 ± 0.2 
and a PaO2/FiO2 of 163 ± 56 mmHg. When esophageal 

manometry was performed, these patients had a total 
PEEP of 9 ± 4 cmH2O, a driving pressure of 14.8 ± 4.9 
cmH2O, and an end-expiratory Pes of 8.3 ± 4.9 cmH2O. 
The overall respiratory system elastance was 49.7 ± 21 
cmH2O/l, which was mainly attributable to high lung 
elastance. The elastance ratio (Elung/Ers) was 0.8 ± 0.1.

In patients with a BMI ≥ 40  kg/m2, the FiO2 was 
0.8 ± 0.3, and PaO2/FiO2 was 179 ± 79  mmHg, none of 
which was significantly different than the other study 
group. Also, the driving pressure was not different 
(11.2 ± 3.8 cmH2O). However, these patients had 
a significantly higher total PEEP of 15 ± 3 cmH2O 
(p = 0.04) compared to the group with BMI < 30 kg/m2, 
and the end-expiratory Pes was significantly increased 
to 15.8 ± 2.6 cmH2O (p = 0.001). The overall respiratory 
system elastance was 30.9 ± 12 cmH2O /l, significantly 
lower than in the BMI < 30 kg/m2 group (p = 0.03). The 
chest wall elastance did not differ significantly between 
the groups (p = 0.77), and the elastance ratio (Elung/Ers) 
was similar at 0.7 ± 0.1.

Superimposed pressure

Adipose and muscle tissue areas Intrathoracic adipose tissue volume

Lung segmentation

T5

T8

T10

Fig. 1  Schematic representation of analyses performed on computed tomography (CT) scans. Top left: segmentations of lung performed 
through a multi-resolution, unsupervised convolutional neural network model. This process allows for precise individualization of lung tissue 
and for differentiating it from surrounding tissues. Top right: superimposed pressure measurement at the highest anteroposterior section 
of the lungs, calculated using lung density (derived from CT numbers in Hounsfield units, HU) and lung height (distance between the ventral 
border and the esophageal level, red arrows). Bottom left: segmentation images for muscle and adipose tissue at T5, T8, and T10 thoracic vertebral 
levels, with skeletal muscle tissue cross sectional area depicted in red and subcutaneous adipose tissue cross sectional area in green. Bottom right: 
three-dimensional distribution of adipose tissue volume within the thoracic cavity
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Complete respiratory and hemodynamic variables 
recorded on the study day are summarized for each 
group in Table 2.

Superimposed pressure
We compared the global superimposed pressure (i.e., 
measured at the highest anteroposterior section of 
the lungs) and the Ppl gradient between patients with 
BMI < 30 and those with BMI ≥ 40 (Fig.  2). While the 
superimposed pressure was not different between the two 
groups, 6.5 ± 1.5 (BMI < 30  kg/m2) vs. 6.8 ± 1.1 cmH2O 
(BMI ≥ 40 kg/m2), p = 0.59, patients with severe obesity 
had a Ppl gradient significantly higher than patients with 
lower BMI (6.3 ± 4.9 vs. 11.1 ± 4.5 cmH2O, p = 0.04).

We also calculated the regional superimposed 
pressure (i.e., measured for each thoracic section after 
dividing the lungs into ten equal-thickness vertical 
sections craniocaudally). The superimposed pressure 
distribution in the overall population is shown in Fig.  3 
(A), which suggests a progressively higher pressure in 
the craniocaudal axis until section eight (corresponding 
on average to 16–17 cm of the entire craniocaudal length 
of the lungs). The morphology of regional superimposed 
pressure distribution in patients with BMI < 30 and those 
with BMI ≥ 40 is illustrated in Fig. 3, B.

Quantification of thoracic adipose tissue and muscle
We quantified subcutaneous adipose tissue and muscle at 
three thoracic spinal levels: T5, T8, and T10. The cross-
sectional area of the subcutaneous adipose tissue was 
significantly higher at each thoracic level in patients with 
BMI ≥ 40 kg/m2, p < 0.05, after multiple comparison tests 
between the two study groups (Fig.  4, A). At T10, the 
subcutaneous adipose tissue correlated positively with 
BMI (r = 0.92, p < 0.0001) (Fig.  4, B) and with the end-
expiratory Pes (r = 0.76, p = 0.001) (Fig. 4, C). In contrast, 
muscle cross-sectional area did not differ between 
subjects with BMI < 30 vs ≥ 40 kg/m2 at T5, T8, and T10 
(p > 0.0.5 between groups) (Fig. 4, D). We also found no 
significant correlation of muscle cross-sectional area 
with BMI (r = 0.01, p = 0.96) (Fig. 4, E) and with the end-
expiratory Pes (r = 0.18, p = 0.46) (Fig. 4, F).

We also quantified intrathoracic adipose tissue 
volume. Patients with BMI ≥ 40  kg/m2 had on average, 
666.2 ± 285.4 cm3 of adipose tissue, as compared to 
patients with BMI < 30  kg/m2, who had a volume of 
298.5 ± 194.7 cm3, p = 0.05 (Fig.  5, A). The intrathoracic 
adipose tissue volume positively correlated with the end-
expiratory Pes (r = 0.55, p = 0.02) (Fig. 5, B). The intraclass 
correlation coefficients for the intra- and inter-reader 
reliability analyses were 0.99 (95% CI 0.97, 1.00) and 0.98 
(95% CI: 0.83, 1.00), respectively.

BMI <30 BMI 40
0

5

10

15

20

cm
H

2O

Superimposed pressure

Pleural pressure gradient

ns

Fig. 2  Superimposed pressure (black) and pleural pressure 
gradient (white) reported as mean ± 95%CI. P = ns (non-significant) 
for superimposed pressure and *p = 0.04 for pleural pressure gradient 
between patients with BMI < 30 and ≥ 40 kg/m2. BMI = body mass 
index

Table 1  Demographics and clinical characteristics of the study 
cohorts

Data reported as mean (± SD) (standard deviation) or median [IQR] (interquartile 
range)

BMI body mass index, ICU intensive care unit, LOS length of stay, SAPS Simplified 
Acute Physiology Score, APACHE Acute Physiology and Chronic Health 
Evaluation, CT computed tomography, PEEP positive end-expiratory pressure

BMI < 30
n = 9

BMI ≥ 40
n = 9

p-value

Age, years 60 [23–68] 58 [53–62] 0.96

Male, n (%) 5 (55) 4 (45) 1.0

Race, n (%) 0.12

White 3 (33) 7 (78)

Black or African American 4 (45) 1 (11)

Asian 1 (11) 0 (0)

Not reported 1 (11) 1 (11)

Ethnicity, n (%) 1.0

Not hispanic or latino 8 (89) 7 (78)

Hispanic 0 (0) 1 (11)

Not reported 1 (11) 1 (11)

Actual body weight, kg 71.3 ± 13.9 140.3 ± 18.7  < 0.001

Ideal body weight, kg 63.3 ± 10.9 64.3 ± 12.4 0.87

BMI, kg/m2 25 [23–28] 48 [42–54]  < 0.001

Reason for ICU admission, n (%) 0.62

Medical 7 (77) 5 (55)

Surgical 2 (23) 4 (45)

ICU LOS, days 25 [22–34] 19 [13–40] 0.33

Hospital LOS, days 41 [28–48] 29 [17–41] 0.15

Ventilation days 24 [13–35] 18 [13–38] 0.93

Ventilator free days 0 [0–15] 0 [0–10] 0.96

ICU mortality, n (%) 4 (45) 6 (67) 0.64

Alive at hospital discharge, n (%) 5 (55) 3 (33) 0.64

Tracheostomy, n (%) 2 (22) 1 (11) 1.0

SAPS II 40.2 ± 5.1 41.6 ± 12.7 0.77

APACHE II 19.1 ± 7.3 18.8 ± 10.8 0.94

Days between chest CT scan 
and study

1 [0–1] −2 [−1 to 2] 0.31

PEEP during chest CT scan, cmH2O 8 ± 5 14 ± 4 0.02
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We examined the association between variables 
that quantify adipose tissue and the Ppl gradient. 
While the Ppl gradient was positively correlated with 
the subcutaneous adipose tissue at T10 (r = 0.54, 
p = 0.03), no significant association was recorded 
with the intrathoracic adipose tissue volume (r = 0.31, 
p = 0.22) (Fig.  5, C and D). Also, we did not find any 
other significant association between either adipose or 
muscle tissue with chest wall elastance. Correlations 
between chest wall elastance and adipose tissue volume, 

subcutaneous adipose tissue, and muscle tissue at T10 
are reported in Figure E5 of the supplementary material.

Finally, we examined the relationship between 
adipose tissue and muscle and end-expiratory Pes in a 
multivariate model that controlled for other possible 
confounding factors, such as age, sex, and clinical 
severity of illness. Both subcutaneous adipose tissue 
cross-sectional area at T10 and intrathoracic adipose 
tissue volume showed a positive and significant 
association with end-expiratory Pes, while no 
association was found with muscle cross-sectional area 

Table 2  Respiratory and hemodynamics variables on study day for each study group

Data reported as mean ± SD (standard deviation) or median [IQR] (interquartile range)

BMI body mass index, SpO2 peripheral oxygen saturation, PaO2 partial pressure of oxygen in the arterial blood, PaCO2 partial pressure of carbon dioxide in the arterial 
blood, FiO2 fraction of inspired oxygen, PEEP positive end-expiratory pressure, Pes esophageal pressure

BMI < 30
n = 9

BMI ≥ 40
n = 9

p-value

Vitals

SpO2, % 97 ± 1 96 ± 3 0.39

Heart rate, beats/min 91 ± 21 80 ± 25 0.34

Systolic arterial blood pressure, mmHg 108 ± 14 123 ± 22 0.13

Diastolic arterial blood pressure, mmHg 51 ± 5 52 ± 11 0.65

Mean arterial blood pressure, mmHg 70 ± 6 76 ± 13 0.24

Arterial blood gas

pH 7.33 ± 0.09 7.35 ± 0.09 0.75

PaO2, mmHg 99 [89–107] 106 [76–178] 0.96

PaCO2, mmHg 49 ± 9 45 ± 8 0.28

Base Excess, mEq/l 0.3 ± 5.1 0.9 ± 6.5 0.83

Respiratory variables

FiO2 0.7 ± 0.2 0.8 ± 0.3 0.56

PaO2/FiO2, mmHg 163 ± 56 179 ± 79 0.64

Tidal volume, ml 315 ± 69 368 ± 38 0.06

Tidal volume/Ideal body weight, ml/kg 5.1 ± 1.1 5.9 ± 0.9 0.13

Respiratory rate, breaths/min 27 ± 6 25 ± 6 0.58

Minute volume, l/min 8.3 ± 2.1 9.2 ± 2.1 0.36

Ventilatory ratio 1.8 ± 0.6 1.8 ± 0.6 0.94

External PEEP, cmH2O 8 ± 4 14 ± 3 0.03

Total PEEP, cmH2O 9 ± 4 15 ± 3 0.04

End-expiratory Pes, cmH2O 8.3 ± 4.9 15.8 ± 2.6 0.001

End-inspiratory Pes, cmH2O 11.1 ± 5.5 18.9 ± 2.9 0.002

Driving pressure, cmH2O 14.8 ± 4.9 11.2 ± 3.8 0.11

Inspiratory transpulmonary pressure, cmH2O 12.6 ± 5.3 7.4 ± 2.6 0.02

Expiratory transpulmonary pressure, cmH2O 0.7 ± 5.5 -0.6 ± 4.1 0.59

Driving transpulmonary pressure, cmH2O 12 ± 4.7 8 ± 3.4 0.06

Elastance, cmH2O/l

Respiratory system 49.7 ± 21 30.9 ± 12 0.03

Lung 40.4 ± 19.9 22.3 ± 11.2 0.03

Chest wall 9.2 ± 5.3 8.6 ± 3.5 0.77

Elastance lung/elastance respiratory system 0.8 ± 0.1 0.7 ± 0.1 0.12
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at T10. Complete results of the models are provided in 
Tables E4, E5, and E6 in the supplementary material.

Discussion
This study demonstrated that in patients with class III 
obesity suffering from acute respiratory failure: (I) the Ppl 
gradient was significantly higher than the superimposed 
pressure; (II) the subcutaneous and intrathoracic 
adipose tissue was a primary determinant in generating 
high levels of pleural pressure; and (III) the chest wall 
elastance was not different compared to non-obese 
subjects and was not influenced by either adipose tissue 
or muscle.

This is the first study to investigate the superimposed 
pressure resulting from class III obesity and its 
relationship with Ppl gradients. We found that the 
extent of these two variables does not coincide 
in this subpopulation of patients. This result is at 
variance with our findings in lower-weight patients 
and challenges previous studies where Ppl gradient 
matched superimposed pressure measured on CT scan 
imaging [15]. Furthermore, our CT data suggest that the 
quantity of adipose tissue, either cross sectional area of 
subcutaneous adipose tissue or intrathoracic adipose 
tissue volume, might be the dominant factor generating 
high intrapleural pressures in severe obesity. In addition 
to providing novel information on the mechanisms 
leading to the known pleural pressure abnormalities 
in patients with severe obesity, the current study may 
help explain differences in physiological responses to 
standardized respiratory treatment between patients 
with class III obesity and the population with lower 
weight.

Pleural pressure distributions result from the 
interaction between the mechanical and geometric 
characteristics of the lungs and chest wall, resulting in 
a vertical Ppl gradient [25]. The gradient is increased 
in lung diseases such as ARDS, where the lungs are 
edematous, and their weight is abnormally high [14]. In 
fact, studies showed the correlation between lung weight 
and Ppl gradients, which are augmented when the lungs 
are injured [26]. However, the effects of severe obesity 
and thoracic adipose tissue on Ppl gradients and their 
interaction with lung characteristics are less understood. 
The weight of the lungs might not be the only 
determinant of the Ppl gradient in subjects with severe 
obesity, where increased adipose tissue in the chest and 
abdomen compresses the lungs. This study investigated 
the mechanisms that generate high Pes in patients with 
class III obesity. We used chest CT scan to quantify the 
pressure exerted by the lungs and to quantify thoracic 
adipose tissue and muscle.

The weight of the lungs can be estimated in terms 
of superimposed pressure, which we compared to 
the extent of the Ppl gradient. This gradient has been 
extensively investigated in animal models [15, 27, 28] 
and experimental settings [29]. However, it cannot be 
directly measured in the clinical setting. The Pes has 
been shown to reflect the Ppl at the esophagus level (i.e., 
dependent lung regions). We indirectly estimated the 
Ppl also according to the elastance-ratio method [Pplat × 
(Elung/Ers)], which is considered a reliable approximation 
of the Ppl in the non-dependent lung regions [15, 30]. 
Therefore, we calculated the Ppl gradient and confirmed 
that in patients with BMI < 30  kg/m2, the extent of 
the superimposed pressure and the Ppl gradient are 
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comparable. However, in individuals with a BMI ≥ 40 kg/
m2, the Ppl gradient was significantly higher than the 
superimposed pressure. This finding prompted us to 
investigate other mechanisms associated with such a 
higher Ppl gradient in subjects with severe obesity.

We focused on the quantity of adipose and muscle 
tissues at the chest level, which have been less 
investigated in prior studies than the abdominal adipose 
tissue [31, 32]. We utilized a method based on imaging 
deep-learning analysis that has been previously validated 
and shown to be accurate and reliable [18]. We found 
that muscle does not increase in subjects with high BMI 
or correlate with any respiratory mechanics variables. On 
the other hand, subcutaneous and intrathoracic adipose 
tissue were significantly higher in subjects with class III 
obesity. Both subcutaneous adipose tissue cross-sectional 
area and intrathoracic adipose tissue volume positively 
correlated with the absolute values of end-expiratory 
Pes. Moreover, the subcutaneous adipose tissue area at 
T10 also correlated with the Ppl gradient, suggesting that 
a compressive effect by adipose tissue may contribute 
to the increased esophageal pressure values recorded 

in subjects with severe obesity. This explanation is also 
compatible with the observation that chest wall elastance 
was not increased in individuals with higher BMI, 
contradicting previous findings that subjects with obesity 
had stiffer chest walls. However, our data are aligned with 
results by others [16, 17, 21, 33, 34] and can be explained 
by a prevalent mechanism of mass loading exerted by 
thoracic adiposity on intrathoracic structures [35].

The present study has important clinical and research 
implications that should be considered when caring for 
critically ill patients with an elevated BMI. First, the 
study provides evidence that thoracic adiposity and not 
only the pulmonary characteristics themselves heavily 
influence pleural mechanics. We might speculate that 
the adipose tissue distribution (thoracic vs. abdominal) 
and its quantity might correlate with the extent of the 
Ppl gradient. We envision that imaging might predict 
the extent of such gradient, based on adipose tissue 
quantity and its specific distribution in the body, and 
therefore help clinicians setting mechanical ventilation, 
even in the absence of advanced tools such as 
esophageal pressure monitoring and electric impedance 
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tomography. Second, increased intrathoracic/pleural 
pressure causes airway and alveolar collapse and 
requires specific therapeutic responses. Efforts aimed 
at counteracting the increased intrathoracic pressure, 
such as keeping high PEEP levels and performing 
recruitment maneuvers, have a strong rationale 
with respect to our findings [22, 36, 37]. We further 
provide evidence supporting the need for randomized 
prospective trials on ventilatory management 
specifically targeting patients with severe obesity. 
Third, our results may help explain why patients with 
severe obesity tend to have more severe hypoxemia 
than expected based on the mere extent of lung disease. 
In fact, patients with BMI ≥ 40  kg/m2 had comparable 
arterial oxygenation but received higher PEEP than 
non-obese subjects in our study. However, lung 
elastance was lower in the subjects with severe obesity, 
while the superimposed pressure (an index associated 
with interstitial edema) was comparable between the 
two groups. The fact that subjects with higher BMI are 
more hypoxic than expected based on lung conditions 

might contribute to the equivocal effects of obesity on 
ARDS mortality [38, 39].

A few recent studies investigated mechanical 
ventilation settings in patients with obesity. Li et al. tested 
the benefits of recruitment maneuvers and PEEP titration 
based on respiratory system compliance in patients 
undergoing laparoscopic bariatric surgery [40]. The 
authors reported a lower incidence of atelectasis in the 
intervention study group, where PEEP was, on average, 
15 cmH2O, as compared to 8 cmH2O in controls [40]. The 
benefits of providing higher respiratory pressures were 
also tested in the post-extubation period by means of 
non-invasive ventilation (NIV). De Jong et al. conducted 
the EXTUB-OBESE multicenter randomized controlled 
trial, where patients with obesity were assigned to NIV 
or standard oxygen therapy after extubation in the ICU 
[41]. The study demonstrated that subjects with obesity 
had fewer treatment failures (a composite outcome) as 
compared to control subjects. Other recent observational 
studies focused on the impact of obesity on respiratory 
mechanics. For instance, Beloncle et  al. measured 
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esophageal pressure and the presence of airway closure 
in a cohort of patients admitted to the ICU, with or 
without obesity, and with or without ARDS [42]. The 
authors found that patients with obesity and ARDS had 
a higher degree of complete airway closure than non-
obese. Moreover, the study also reported higher end-
expiratory Pes, regardless of the presence of ARDS, and 
no difference in chest wall elastance between groups, 
which aligns with our findings. The presence of complete 
airway closure has also been confirmed by Coudroy 
et  al., who found its presence up to 65% in subjects 
with ARDS and BMI ≥ 40  kg/m2 [43]. The study also 
found a positive and significant correlation between 
BMI and end-expiratory Pes, confirming our results 
shown in Table  2. The importance of considering the 
unique physiologic features of obesity has been recently 
highlighted by Chen et al. in a prospective observational 
multicenter study [44]. The authors reported that 
individuals with obesity and ARDS had higher survival 
rates when mechanical ventilation was set to keep end-
expiratory transpulmonary pressure equal to or higher 
than 0 cmH2O. Taken together, these studies suggest that 
standard ventilatory strategies might fail when caring 
for patients with obesity, especially with extreme BMI. 
The abdominal adipose tissue load has been advocated 
by most investigators as the key factor for increased 
esophageal pressure [45]. The role of thoracic adiposity 
has been less investigated, and our study suggests that its 
quantity and distribution might have a relevant impact 
on respiratory mechanics.

The study has some strengths. It introduces a novel 
physiologic concept; as shown, the Ppl gradient does not 
approximate the superimposed pressure in patients with 
class III obesity. The study utilized advanced imaging 
techniques that allowed us to precisely quantify the 
amount of thoracic adipose tissue. Finally, the study 
provides Pes measurements that were carefully recorded 
and analyzed offline, according to the experience proved 
by our research group on this subject.

The study also has some limitations. Its design is 
retrospective, although all respiratory mechanics data 
are prospectively collected and analyzed by a dedicated 
team at our institution. The sample size is relatively 
small, and the risk for increased type II error (i.e., if 
no differences between study groups are recorded 
when instead there are) should be acknowledged. 
However, we calculated the sample size to achieve 
a statistical power of 95% relative to the primary 
endpoint (end-expiratory Pes), which is higher than 
the conventional minimum (80%) and decreases the 
likelihood of type II error by providing more solid and 
credible results. We also hope that the present study 

might foster future studies with larger sample sizes in 
order to corroborate our findings. The chest CT scan 
was performed on a day different from esophageal 
manometry for some patients. However, we limited this 
timeframe to a maximum of three days. It should also 
be acknowledged that performing a CT scan in patients 
with very high BMI is technically challenging and 
sometimes unsafe for critically ill patients. Also, the 
PEEP level during imaging differed from the PEEP level 
during esophageal manometry for some subjects. For 
this reason, we allowed a maximum PEEP difference 
of four cmH2O. We reported a table with differences in 
both days and PEEP levels for each subject to provide 
the highest transparency to the study. Another possible 
limitation is the estimation of the pleural pressure in 
the non-dependent regions of the lungs through the 
elastance ratio method. We know this approach has not 
been thoroughly investigated in subjects with obesity; 
however, to date, it is the only way to estimate the Ppl 
gradient at the bedside. Our study further encourages 
new studies that can confirm the validity of the 
elastance ratio method also in the obese population.

We acknowledge another important limitation of 
the study. Subjects with BMI ≥ 40  kg/m2 had higher 
PEEP levels than the other study group, which might 
represent a selection bias of the study that could limit 
the generalizability of our findings. This reflects the 
management of patients with morbid obesity at our 
Institution, where a dedicated LRT often utilizes non-
standard mechanical ventilation parameters, such as 
higher PEEP and recruitment maneuvers in patients 
with very high BMI, with the goal of optimizing lung 
recruitment and improving clinical outcomes [36]. 
However, we believe that the influence of PEEP on 
Pes and Ppl gradient might have been limited, given 
prior findings on large animals and human cadavers 
with lung injury that showed constant Ppl gradient 
at increasing levels of PEEP [15]. Furthermore, only 
20–30% of higher PEEP was likely transmitted to the 
pleural cavity, given the Elung/Ers of about 0.7–0.8 in 
both groups. Based on the Elung/Ers one could estimate 
the expected influence of different PEEP levels on Pes 
and Ppl gradient, which we found to be relatively minor. 
Moreover, previous studies demonstrated that absolute 
values of Pes are significantly elevated in spontaneously 
breathing subjects with class III obesity before and after 
starting CPAP, suggesting a minimal effect of applied 
external PEEP [21]. Finally, we acknowledge that 
electric impedance tomography might have provided 
further information about ventilation distribution. 
This could have detected overdistension of the non-
dependent lung regions, especially when high PEEP 
levels were used in patients with high BMI.
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Conclusions
In patients with class III obesity (i.e., BMI ≥ 40  kg/
m2), the superimposed pressure does not approximate 
the Ppl gradient, which we found to be higher than in 
patients with lower BMI. The elevated Ppl gradient 
indicates that mechanisms beyond superimposed 
pressure, such as the quantity and distribution of 
subcutaneous and intrathoracic adipose tissue, 
contribute to increased Ppl gradients in individuals 
with severe obesity. These findings underscore 
the necessity for tailored ventilatory strategies in 
patients with class III obesity to mitigate the elevated 
intrathoracic pressure and its adverse effects on lung 
volumes and airway closure. Implementing these 
customized approaches can enhance respiratory 
outcomes and overall clinical management for patients 
with severe obesity.
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