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Abstract

Background: Since the response to lung recruitment varies greatly among patients receiving mechanical ventila-
tion, lung recruitability should be assessed before recruitment maneuvers. The pressure—volume curve (PV curve)
and recruitment-to-inflation ratio (R/I ratio) can be used bedside for evaluating lung recruitability and individualing
positive end-expiratory pressure (PEEP). Lung tissue recruitment on computed tomography has been correlated with
normalized maximal distance (NMD) of the quasi-static PV curve. NMD is the maximal distance between the inspira-
tory and expiratory limb of the PV curve normalized to the maximal volume. However, the relationship between the
different parameters of hysteresis of the quasi-static PV curve and R/I ratio for recruitability is unknown.

Methods: We analyzed the data of 33 patients with severe coronavirus disease 2019 (COVID-19) who received inva-
sive mechanical ventilation. Respiratory waveform data were collected from the ventilator using proprietary acquisi-
tion software. We examined the relationship of the R/l ratio, quasi-static PV curve items such as NMD, and respiratory
system compliance (C,).

Results: The median R/l ratio was 0.90 [interquartile range (IQR), 0.70-1.15] and median NMD was 41.0 [IOR, 37.1-
44.1]. The NMD correlated significantly with the R/I ratio (rho=0.74, P<0.001). Sub-analysis showed that the NMD
and R/I ratio did not correlate with C, at lower PEEP (— 0.057, P=0.75; and rho=0.15, P=041, respectively). On the
contrary, the ratio of C,, at higher PEEP to C,, at lower PEEP (C, ratio (higher/lower)) moderately correlated with NMD
and R/l ratio (rho=0.64, P<0.001; and rho=0.67, P<0.001, respectively).

Conclusions: NMD of the quasi-static PV curve and R/I ratio for recruitability assessment are highly correlated. In
addition, NMD and R/I ratio correlated with the C ratio (higher/lower). Therefore, NMD and R/l ratio could be poten-
tial indicators of recruitability that can be performed at the bedside.
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Background
Patients with COVID-19 may require mechanical ven-
tilation if they develop acute respiratory distress syn-
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edema (“baby lung”) [3, 4]. This means that the increased
mechanical stress and strain on the reduced lung area
increases the risk of ventilator-induced lung injury [5].
The open lung strategy for lung recruitment and individ-
ualized titration of PEEP to prevent alveolar collapse is
expected to physiologically increase the well-aerated lung
area, reduce atelectrauma; and improve lung compliance,
intrapulmonary shunting, and oxygenation. However,
the prognostic benefits in terms of ventilation-free days
and mortality have not yet been demonstrated [6-9].
Therefore, there is ongoing controversy regarding the
use of lung recruitment and the setting of optimal PEEP
for patients with ARDS. This strategy may be useful in
patients with moderate or severe ARDS with a PaO,/F,0O,
ratio (P/F ratio) of <200 mmHg [10-12].

As the response to the recruitment maneuver (RM)
varies greatly among patients [13], one should assess lung
recruitability before the RM to avoid overdistension of
the open lung and negative cardiovascular effects [10, 11,
14]. Lung recruitability refers to the ability to re-aerate
the non-aerated and poorly aerated lung tissue [14, 15].
The gold standard for the assessment of recruitability is
the analysis of the lung area using computed tomography
(CT) when PEEP changes [13, 16]. However, CT evalu-
ation cannot be used routinely because of the consider-
able resources and risks involved in transporting patients
on mechanical ventilation. The pressure—volume curve
(PV curve) [15, 17] and recruitment-to-inflation ratio
(R/T ratio) [14] can be used bedside for evaluating lung
recruitability and individualing PEEP. Although there is
a correlation between the R/I ratio and lung ultrasono-
graphic findings [18], there is no study that validates the
correlation between the R/I ratio and CT. Contrarily, the
items of hysteresis generated by the low-flow quasi-static
PV curve with a pressure setting of 5-45 ¢cm H,O cor-
relate with lung tissue recruitment on CT [17]. However,
the relationship between the different parameters of hys-
teresis and R/I ratio is unclear. Therefore, the aim of this
study was to evaluate the relationship between recruita-
bility assessments based on the low-flow quasi-static PV
curve and R/I ratio.

Methods

Study design

This was a retrospective, single-center cohort study
of patients with COVID-19 who underwent invasive
mechanical ventilatory management in the intensive care
unit (ICU) of the Department of Emergency Medicine,
Sapporo Medical University, Sapporo, Hokkaido, Japan,
between January 1, 2021, and September 30, 2021. This
study was conducted in accordance with the principles
of the Declaration of Helsinki and was approved by the
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Ethics Committee of our institution (Approval number:
332-1138) on December 21, 2021. Since the study was
retrospective in design, the need for informed consent
was waived, and the patients and their families were
guaranteed the opportunity to opt out.

Patient population

All patients were diagnosed with COVID-19 by either
polymerase chain reaction or quantitative antigen test-
ing of nasal swabs and received mechanical ventilation
using a Hamilton C6® ventilator (Hamilton Medical AG,
Rhiziins, Switzerland). At our institution, based on the
Japanese COVID-19 practice guidelines, ventilation is
initiated for patients with COVID-19 who cannot main-
tain a SpO, of 93% with noninvasive oxygen therapy [19].
As part of ventilatory management, the lung RM was
introduced at our institution, along with prone position,
neuromuscular blockade, and high PEEP for ventilated
patients with COVID-19, in accordance with the guide-
lines of the American Thoracic Society, European Society
of Intensive Care Medicine, and Society of Critical Care
Medicine [20]. RM was performed after evaluation of the
PV curve and R/I ratio as recruitability assessment.

The inclusion criteria were as follows: (1) 18 years of
age or older, (2) COVID-19 patients who were venti-
lated using Hamilton C6® during the study period, and
(3) patients who underwent the quasi-static PV curve
and the R/I ratio evaluated simultaneously with Datalog-
ger 5.00 (Hamilton Medical AG, Rhiziins, Switzerland).
Patients who were younger than 18 years of age or whom
respiratory data were not recorded by Datalogger 5.00
were excluded from the study.

The PV curve and the R/I ratio were assessed under
assist/control ventilation with sedation and neuromuscu-

lar blockade (Additional file 1: Fig. S1).

PV curve and airway closure

A quasi-static PV curve was drawn using a ventilator
automatic tool (P/V tool; Hamilton Medical AG, Bona-
duz, Switzerland) for low-flow inflation from 0-40 cm
H,O and low-flow deflation from 40-0 cm H,O with a
constant pressure variation of 2 cm H,O/s. The evalua-
tion parameters of hysteresis in the PV curve included
the volume difference between the inspiratory and expir-
atory limbs at 20 cm H,O (termed, distance at 20 cm
H,0), which has been conventionally used [21]; the nor-
malized distance at 20 cm H,O, which is the distance at
20 cm H,0O weighted by the maximal volume (V,,,,); the
maximal volume difference between the inspiratory and
expiratory limbs at the same pressure (maximal distance);
and the normalized maximal distance (NMD), which is
the maximal distance weighted by the V. (Fig. 1) [17].
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Fig. 1 The respiratory system quasi-static pressure—volume curve
and recruitment-to-inflation ratio. The respiratory system quasi-static
pressure—volume curve was recorded using an automatic ventilator
tool for low-flow inflation from 0 to 40 cm H,O and low-flow deflation
from 40 to 0 cm H,O, with a constant pressure variation of 2 cm
H,O/s. The evaluation parameters in the pressure-volume curve
were as follows: volume difference between the inspiratory and
expiratory limbs at 20 cm H,O (distance at 20 cm H,0); normalized
distance at 20 cm H,0O, which is the distance at 20 cm H,O weighted
by the maximal volume (V,,,,,); maximal volume difference between
the inspiratory and expiratory limbs at the same pressure (maximal
distance); and normalized maximal distance, which is the maximal
distance weighted by the V, .,

Airway closure, which can sometimes occur in ARDS,
is a phenomenon in which the airway and alveoli cannot
communicate with each other without the application of
a certain amount of pressure, termed the airway open-
ing pressure (AOP) [22]. AOP was identified as the lower
inflection point in the PV curve with compliance as low
as 1.5-2.5 mL/cm H,O above 5 cm H,O [23, 24].

R/l ratio

By using the single-breath method to reduce the PEEP
from higher to lower pressure (typically from 15 or 18 cm
H,O to 5 or 8 cm H,O) in a single breath and to calculate
respiratory system compliance (C,) at lower PEEP, we
recorded the tidal change in end-expiratory lung volume
between the two PEEP levels (measured AEELV) and
estimated the predicted AEELV in the absence of recruit-

ment effect by PEEP. The recruited volume (AV,,.) was

rec
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calculated by subtracting the predicted from the meas-
ured AEELV. The pressure contributing to recruitment
(AP,.) was defined as the difference between the higher
and lower PEEP, or as the difference between higher
PEEP and AOQP, if it existed. Further, compliance of the
recruited lung (C,..) was the value obtained by dividing
AV, by AP ... The R/I ratio can be calculated as a ratio
of Cy. to C, at lower PEEP (5 or 8 cm H,O, or above
AOP), which is considered as a surrogate for the com-
pliance of the ‘baby lung’ The higher the R/I ratio, the
greater the lung recruitability [14].

Procedure of recruitability assessment

The patients were ventilated for at least 2 min with a high
PEEP, a single-breath maneuver was performed to reduce
PEEP (from 15 or 18 to 5 or 8 cm H,0), and the plateau
pressure was measured at least 2 min later. This was
adopted on the basis that the change in end-expiratory
volume stabilizes at 2 min with increasing or decreas-
ing PEEP [25]. The respiratory rate was reduced to 8—10
breaths/min before this procedure to limit auto-PEEP.
Recruitability assessment was evaluated in the supine flat
position.

Data collection and measurements
We retrospectively collected patient data from the hos-
pital’s electronic medical records documented at the
time of admission and assessment of recruitability. The
baseline patient characteristics obtained at admission
were age, sex, height, body weight, body mass index
(BMI), pre-existing conditions, and Acute Physiology
and Chronic Health Evaluation II score. The following
respiratory parameters were obtained at the time of the
recruitability assessment: P/F ratio, duration of ventila-
tion, the Sequential Organ Failure Assessment score,
tidal volume divided by predicted body weight, PEEP,
plateau pressure, and respiratory system compliance.
Airway pressure and flow were measured using the
proximal pneumotachograph of the ventilator (single-
use flow sensor, PN 281,637; Hamilton Medical AG,
linear between — 260 and+260L/min with a£10%
or£20 mL/s error of measure) placed between the
endotracheal tube and Y-piece. Respiratory waveform
data were collected from the ventilator using proprietary
acquisition software (Datalogger 5.00, Hamilton Medical
AG, Rhiazins, Switzerland).

Data analysis

Data are expressed as median and interquartile range
(IQR). The correlation between different variables was
assessed using Spearman’s rank correlation coeffi-
cient with 95% confidence interval (CI). Analyses were
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performed using R software version 4.1.2 (The R Founda-
tion for Statistical Computing, Vienna, Austria).

The primary outcome was the correlation between the
items of the different recruitability indicators (R/I ratio
vs. NMD, maximal distance, distance at 20 cm H,O, and
normalized distance at 20 ¢cm H,O). Furthermore, to
evaluate the relationship between recruitability and C,,
which correlates with the amount of normally aerated
tissue [4], the correlation between the items of compli-
ance (C,, at higher and lower PEEP, and the ratio of C,, at
higher PEEP [15 or 18 cm H,O] to C, at lower PEEP [5
or 8 cm H,0] [termed, C, ratio (higher/lower)]) and the
main items of recruitability (R/I ratio, NMD) were also
examined.

Results

Enrollment and baseline characteristics

During the study period, 87 Japanese patients with
COVID-19 were mechanically ventilated, and recruita-
bility assessments were performed on 80 patients. As
illustrated in the flowchart (Fig. 2), 40 patients who
underwent the quasi-static PV curve and the R/I ratio
were enrolled. Seven patients were excluded from the
analysis since the data were not collected by DataLog-
ger. The baseline patient characteristics are presented in
Table 1.

Recruitability assessment of NMD and R/l ratio

The NMD of the PV curve correlated significantly with
the R/I ratio (rho=0.74 [95% CI 0.52 to 0.87], P<0.001,
Fig. 3A). The relationship between maximal distance
and the R/I ratio (rho=0.31 [95% CI — 0.054 to 0.64],
P=0.076, Fig. 3B) and between distance at 20 cm H,O
and the R/I ratio (rho=0.31 [95% CI — 0.086 to 0.62],
P=0.082, Fig. 3C) were not correlated. Moderate correla-
tion was observed between normalized distance at 20 cm

Mechanically ventilated COVID-19 patients
from January 2021 to December 2021
(87)

|

Recruitability assessments
(80)

l

Simultaneous evaluation of
PV curve and R/I ratio with Hamilton C6
were enrolled (40)

Not using DataLogger
@)

Analysed patients (33)

Fig. 2 Flowchart of the study patients
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H,O and the R/I ratio (tho=0.70 [95% CI 0.44 to 0.86]
P<0.001, Fig. 3D). Analysis of the patients whose air-
way pressure at maximal distance in the PV curve were
below 20 cm H,O showed a strong correlation between
the NMD and R/I ratio (#=23, rho=0.80 [95% CI 0.58
to 0.91], P<0.001, Additional file 2: Fig. S2). Additional
file 4: Table S4 shows the correlation matrix of recruita-
bility items.

Relationship between compliance and recruitability items

C, at higher PEEP in the procedure of R/I ratio did not
correlate with NMD (rho=0.14, P=0.43) and R/I ratio
(rho=0.27, P=0.13) (Additional file 3: Fig. S3). On the
contrary, C, ratio (higher/lower) moderately corre-

lated with NMD and R/I ratio (respectively, rho=0.64,
P<0.001 and rho =0.67, P<0.001) (Fig. 4).

Discussion

In this study, we found a significantly higher correlation
between NMD and R/I ratio than between distance at
20 cm H,0 and R/I ratio. In addition, NMD and R/I ratio
did not correlate with compliance of respiratory system
but correlated with C ratio (higher/lower).

This study indicated a correlation between the R/I ratio
and the NMD of hysteresis. Though the PV curve is avail-
able in only a limited number of ventilators (e.g., Hamil-
ton C6®) [26], the R/I ratio is available in any ventilator;
however, it has not been validated with reference to CT
and hysteresis which correlated with lung recruitment
on CT scan [17]. As shown in Additional file 4: Table S4,
apart from normalized distance at 20 cm H,O which is
similar in nature to NMD, the R/I ratio correlates best
with NMD among recruitability items, such as distance at
20 cm H,O. Unfortunately, the correlation between NMD
and R/I ratio was not perfect. One possible explanation is
that the maximal distance and C,,. are similar yet differ-
ent phenomena. This is because the maximal distance is
the maximum volume difference between the inspiratory
and expiratory curves of the PV curve, while C,. is the
volume recruited by PEEP. Furthermore, since the corre-
lation coefficient between NMD and R/I ratio was higher
in the patients whose airway pressure at maximal dis-
tance in the PV curve were below 20 cm H,O (Additional
file 2: Fig. S2), the R/I ratio could indicate a pressure vol-
ume relationship at 15 cm H,O or 18 cm H,0O and may
be unsuitable for evaluation at higher pressures. Hence,
the PV curve represented by NMD is considered more
informative than the R/I ratio. However, the R/I ratio may
be preferable when pressure limitation is desired, such as
in cases of barotrauma.

The R/I ratio and the NMD did not correlate with Cq at
lower PEEP and C, at higher PEEP. Gattinoni et al. pro-
posed that for COVID-19 pneumonia, Type L with low
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Table 1 Patient characteristics, respiratory mechanics, and recruitability assessment

P,O,/F0O, at recruitability assessment, mmHg
SOFA score at recruitability assessment
Respiratory data at recruitability assessment

Parameter n=33
Age, years 57 [50-64]
Sex, M, n (%) 21(63.6)
Height,cm 168.0 [156.0-172.0]
Body weight, kg 74.3[62.0-85.0]
Body mass index, kg/m? 27.5[23.8-29.0]
Pre-existing conditions, n (%)
COPD 12 (36.4)
Hypertension 12 (364)
Diabetes 26 (78.8)
Receiving high-flow nasal cannula before invasive mechanical ventilation, n (%) 12 (36.4)
Receiving prone position after invasive mechanical ventilation, n (%) 32(97.0)
Interval between onset and admission 10 [6-11]
Severity of ARDS at admission, n (%)
Mild 5(15.2)
Moderate 18 (54.6)
Severe 8(24.2)
KL-6 at admission 571[318-841]
APACHE I at admission 13 [8-15]
Interval between start of mechanical ventilation and recruitability assessment, days 0[0-1]

116.0 [90.0-183.0]
3[2-7]

TV, ml/kg (PBW) 6.2[58-7.4]
PEEP cm H,0 1514, 15)
P €M H,0 25 [23-29]

C mL/cm H,0

Recruitability assessment

Airway opening pressure >5 cm H,0, n (%)
Higher PEEP for R/l ratio, cm H,O

Set tidal volume for R/l ratio, mL

VT exhaled at higher PEEP for R/ ratio, mL

36.6 [30.1-44.4]

7(21.2)

15 [15-15]
400 [400-400]
390 [380-400]

Lower PEEP for R/I ratio, cm H,0 5[5-5]
VT exhaled from higher to lower PEEP, mL 1145 [959-1280]
Plateau pressure at lower PEEP for R/l ratio, cm H,0 15[14-18]

AV o, ML

R/l ratio

Distance at 20 cm H,O, mL

Maximal distance, mL

Airway pressure at maximal distance, cm H,0O
Maximal volume (V,.,), mL

Normalized distance at 20 cm H,0, %

Normalized maximal distance, %

334.3[260.0-451.4]
0.90[0.70-1.15]
810 [645-970]

845 [670-995]
19.5[17.9-20.4]
2065 [1710-2625]
39.9[35.8-42.6]
41.0[37.1-44.1]

Data are presented as median [IQR] n (%), where n is the total number of patients with COVID-19 in the relevant data minus the missing values

COVID-19 coronavirus disease 2019, COPD chronic obstructive pulmonary disease, ARDS acute respiratory distress syndrome, KL-6 Krebs von den Lungen-6, APACHE
I Acute Physiologic Assessment and Chronic Health Evaluation I, SOFA Sequential Organ Failure Assessment, TV tidal volume, PEEP, positive end-expiratory pressure,
ppiat Plateau pressure, C,; respiratory system compliance, R// ratio recruitment-to-inflation ratio
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recruitability indicated high compliance (low elastance)
and Type H with high recruitability indicated low com-
pliance (high elastance) [27]; yet no such correlation
was derived from our study. In this study, there were
cases with low recruitability and low compliance (less
than 30 mL/cm H,0), and cases with high recruitability
and normal compliance. This discussion is indicative of
the heterogeneous nature of ARDS and would require
further validation. The authors believe that compliance

alone is inconsistent with the evaluation of recruitability,
and therefore, R/I and NMD should be used to actively
evaluate recruitability.

C, ratio (higher/lower) indicates the degree of
improvement in C, at a higher PEEP (such as 15 cm
H,0) compared to C,, at lower PEEP (such as 5 cm H,0).
The correlation of NMD and R/I ratio with the C ratio
(higher/lower) is consistent with the concept of recruita-

bility in terms of improved compliance. A previous study
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has also shown better compliance with higher PEEP than
a lower PEEP in the group with high recruitability on CT
[13]. Hence, NMD and R/I ratio could be potential indi-
cators of recruitability.

Limitations

This research has several limitations. First, this is a sin-
gle-center retrospective observational study. The sam-
ple size was small and not all patients were evaluated.
Second, to improve the accuracy of the data, seven
patients were excluded from the analysis because their
information was not collected by Datalogger. Third, this
study set the time for measuring the plateau pressure in
the single-breath method of R/I ratio to at least 2 min
based on a previous study [25]. However, other studies
have shown that lung volume equilibrium may require
more time [28]. This point should be verified in a future
prospective study. Fourth, due to infection control
issues, we lacked CT data with varying PEEP as a ref-
erence for assessing lung recruitability. In future stud-
ies, it would be worthwhile to compare the R/I ratio
and PV curve using CT as a reference. Fifth, contrary to
the report by Chen et al. (Servo-I, GETINGE) [14], we
used low-flow, constant-pressure inflation and a proxi-
mal pneumotachograph (PN 281637; Hamilton Medi-
cal AG). We observed that airway closure does indeed
occur even with a pressure-constant, quasi-static PV
curve. Future studies are needed to determine if the

detected AOPs are equivalent to flow-constant and
pressure-constant quasi-static PV curves.

Conclusions

NMD of the quasi-static PV curve and R/I ratio for
recruitability assessment are highly correlated. In addi-
tion, NMD and R/I ratio correlated with the C, ratio
(higher/lower). Therefore, NMD and R/I ratio could be
potential indicators of recruitability that can be per-
formed at the bedside.
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Additional file 1: Figure S1. Combined procedure of recruitability assess-
ment including the recruitment-to-inflation ratio and pressure-volume
curve.
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Additional file 2: Figure S2. Correlation between the NMD and the R/I
ratio in the patients within 20 cm H,O of airway pressure at maximum
distance in the PV curve. Analysis in the patients within 20 cm H,O of
airway pressure at maximum distance in the PV curve showed a strong
correlation between the NMD and the R/l ratio (n = 23, rho = 0.80 [95% Cl
0.58t0 0.91], P < 0.001).

Additional file 3: Figure S3. Scatter diagrams between recruitability
assessment and respiratory system compliance (C,). The relationship
between the NMD and C; at higher PEEP (A), and between the R/l ratio
and C at higher PEEP (B) were all both correlated.

Additional file 4: Table S4. Matrix of Spearman’s correlation coefficients

of recruitability items.

Acknowledgements

We would like to thank Editage (www.editage jp) for English language editing.
We thank all the staff at Advanced Critical Care and Emergency Center, Sap-
poro Medical University Hospital for their commitment to patient care.

Author contributions

RN wrote the manuscript. RN, NB, KO, NY, KT, and KH designed the study. YG, Yl,
KW, SK, and RK helped in writing the manuscript. RN, YI, and KS collected data.
RN and ST analyzed the data. NB, SK, SU, and EN have revised the manuscript.
All authors read and approved the final manuscript.

Funding
The authors received no specific funding for this work.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate

This study was approved by the ethics committee of Sapporo Medical Univer-
sity (332-1138) on December 21, 2021. The requirement for patient’s informed
consent was waived due to the retrospective design of the study.

Consent for publication
Not applicable.

Competing interests
SK has a contract of consultation with Hamilton Medical. All other authors
have no competing interests.

Author details

'Department of Emergency Medicine, Sapporo Medical University School

of Medicine, South 1, West 16, 291, Minami 1-Jo Nishi 16-Chome, Chuo-Ku,
Sapporo, Hokkaido 060-8556, Japan. “Division of Intensive Care, Department
of Anesthesiology and Intensive Care Medicine, Jichi Medical University
School of Medicine, Shimotsuke, Tochigi 329-0498, Japan. 3Department

of Intensive Care Medicine, School of Medicine, Sapporo Medical University,
Sapporo, Hokkaido, Japan. *Division of Radiology and Nuclear Medicine, Sap-
poro Medical University Hospital, Sapporo, Japan. °Department of Diagnostic
Radiology, Sapporo Medical University School of Medicine, Sapporo, Japan.
®Center for Medical Education, Sapporo Medical University, Sapporo, Japan.
’Department of Clinical Engineering, Sapporo Medical University Hospital,
Sapporo, Japan.

Received: 6 October 2022 Accepted: 2 November 2022
Published online: 12 November 2022

References
1. Alhazzani W, Meller MH, Arabi YM, Loeb M, Gong MN, Fan E, et al. Surviv-
ing sepsis campaign: guidelines on the management of critically ill adults

Page 8 of 9

with coronavirus disease 2019 (COVID-19). Crit Care Med. 2020;48:440-
69. https://doi.org/10.1097/CCM.0000000000004363.

COVID-ICU Group on behalf of the REVA Network and the COVID-ICU
Investigators. Clinical characteristics and day-90 outcomes of 4244 criti-
cally ill adults with COVID-19: a prospective cohort study. Intensive Care
Med. 2021;47:60-73. https://doi.org/10.1007/500134-020-06294-x.
Gattinoni L, Tonetti T, Quintel M. Regional physiology of ARDS. Crit Care.
2017;21:312. https://doi.org/10.1186/513054-017-1905-9.

Gattinoni L, Pesenti A. The concept of “baby lung!" Intensive Care Med.
2005;31:776-84. https://doi.org/10.1007/500134-005-2627-z.

Meyer NJ, Gattinoni L, Calfee CS. Acute respiratory distress syndrome.
Lancet. 2021,398:622-37. https://doi.org/10.1016/S0140-6736(21)
00439-6.

CuiY, Cao R, Wang Y, Li G. Lung recruitment maneuvers for ARDS patients:
a systematic review and meta-analysis. Respiration. 2020,99:264-76.
https://doi.org/10.1159/000501045.

Santa Cruz R, Villarejo F, Irrazabal C, Ciapponi A. High versus low positive
end-expiratory pressure (PEEP) levels for mechanically ventilated adult
patients with acute lung injury and acute respiratory distress syndrome.
Cochrane Database Syst Rev. 2021. https://doi.org/10.1002/14651858.
CD009098.pub3.

Writing Group for the Alveolar Recruitment for Acute Respiratory
Distress Syndrome Trial (ART) Investigators, Cavalcanti AB, Suzumura EA,
Laranjeira LN, Paisani DM, Damiani LP, et al. Effect of lung recruitment and
titrated positive end-expiratory pressure (PEEP) vs low PEEP on mortal-
ity in patients with acute respiratory distress syndrome: a randomized
clinical trial. JAMA. 2017;318:1335-45. https://doi.org/10.1001/jama.2017.
14171.

Hodgson CL, Cooper DJ, Arabi Y, King V, Bersten A, Bihari S, et al. Maximal
recruitment open lung ventilation in acute respiratory distress syndrome
(PHARLAP). A phase II, multicenter randomized controlled clinical trial.
Am J Respir Crit Care Med. 2019,200:1363-72. https://doi.org/10.1164/
rccm.201901-01090C.

Banavasi H, Nguyen P, Osman H, Soubani AO. Management of ARDS—
what works and what does not. Am J Med Sci. 2021;362:13-23. https://
doi.org/10.1016/j.amjms.2020.12.019.

. Pelosi P, Ball L, Barbas CSV, Bellomo R, Burns KEA, Einav S, et al. Personal-

ized mechanical ventilation in acute respiratory distress syndrome. Crit
Care. 2021;25:250. https://doi.org/10.1186/513054-021-03686-3.

Evans L, Rhodes A, Alhazzani W, Antonelli M, Coopersmith CM, French C,
et al. Surviving sepsis campaign: international guidelines for manage-
ment of sepsis and septic shock 2021. Intensive Care Med. 2021;47:1181-
247. https://doi.org/10.1007/500134-021-06506-y.

Gattinoni L, Caironi P, Cressoni M, Chiumello D, Ranieri VM, Quintel M,

et al. Lung recruitment in patients with the acute respiratory distress syn-
drome. N Engl J Med. 2006;354:1775-86. https://doi.org/10.1056/NEJMo
a052052.

Chen L, Del Sorbo L, Grieco DL, Junhasavasdikul D, Rittayamai N, Soliman
I, et al. Potential for lung recruitment estimated by the recruitment-to-
inflation ratio in acute respiratory distress syndrome. a clinical trial. Am

J Respir Crit Care Med. 2020;201:178-87. https://doi.org/10.1164/rccm.
201902-03340C.

Demory D, Arnal JM, Wysocki M, Donati S, Granier |, Corno G, et al.
Recruitability of the lung estimated by the pressure volume curve hyster-
esis in ARDS patients. Intensive Care Med. 2008;34:2019-25. https://doi.
0rg/10.1007/500134-008-1167-8.

Coppola S, Pozzi T, Gurgitano M, Liguori A, Duka E, Bichi F, et al. Radiologi-
cal pattern in ARDS patients: partitioned respiratory mechanics, gas
exchange and lung recruitability. Ann Intensive Care. 2021;11:78. https://
doi.org/10.1186/513613-021-00870-0.

Chiumello D, Arnal JM, Umbrello M, Cammaroto A, Formenti P, Mistraletti
G, et al. Hysteresis and lung recruitment in acute respiratory distress
syndrome patients: a CT scan study. Crit Care Med. 2020;48:1494-502.
https://doi.org/10.1097/CCM.0000000000004518.

Stevic N, Chatelain E, Dargent A, Argaud L, Cour M, Guérin C. Lung
recruitability evaluated by recruitment-to-inflation ratio and lung
ultrasound in COVID-19 acute respiratory distress syndrome. Am J

Respir Crit Care Med. 2021;203:1025-7. https://doi.org/10.1164/rccm.
202012-4447LE.

Kutsuna S. Clinical manifestations of coronavirus disease 2019. JMA.
2021;4:76-80. https://doi.org/10.31662/jmaj.2021-0013.


http://www.editage.jp
https://doi.org/10.1097/CCM.0000000000004363
https://doi.org/10.1007/s00134-020-06294-x
https://doi.org/10.1186/s13054-017-1905-9
https://doi.org/10.1007/s00134-005-2627-z
https://doi.org/10.1016/S0140-6736(21)00439-6
https://doi.org/10.1016/S0140-6736(21)00439-6
https://doi.org/10.1159/000501045
https://doi.org/10.1002/14651858.CD009098.pub3
https://doi.org/10.1002/14651858.CD009098.pub3
https://doi.org/10.1001/jama.2017.14171
https://doi.org/10.1001/jama.2017.14171
https://doi.org/10.1164/rccm.201901-0109OC
https://doi.org/10.1164/rccm.201901-0109OC
https://doi.org/10.1016/j.amjms.2020.12.019
https://doi.org/10.1016/j.amjms.2020.12.019
https://doi.org/10.1186/s13054-021-03686-3
https://doi.org/10.1007/s00134-021-06506-y
https://doi.org/10.1056/NEJMoa052052
https://doi.org/10.1056/NEJMoa052052
https://doi.org/10.1164/rccm.201902-0334OC
https://doi.org/10.1164/rccm.201902-0334OC
https://doi.org/10.1007/s00134-008-1167-8
https://doi.org/10.1007/s00134-008-1167-8
https://doi.org/10.1186/s13613-021-00870-0
https://doi.org/10.1186/s13613-021-00870-0
https://doi.org/10.1097/CCM.0000000000004518
https://doi.org/10.1164/rccm.202012-4447LE
https://doi.org/10.1164/rccm.202012-4447LE
https://doi.org/10.31662/jmaj.2021-0013

Nakayama et al. Annals of Intensive Care

20.

21

22.

23.

24.

25.

26.

27.

28.

(2022) 12:106

Fan E, Del Sorbo L, Goligher EC, et al. An official American thoracic
society/European society of intensive care medicine/society of critical
care medicine clinical practice guideline mechanical ventilation in adult
patients with acute respiratory distress syndrome. am J Respir Crit Care
Med. 2017;195(9):1253-63. https://doi.org/10.1164/rccm.201703-0548ST.
Hamilton Medical. Bedside tip: Assessing lung recruitability. https://www.
hamilton-medical.com/ja/News/Newsletter-articles/Article~2018-08-
08~Bedside-tip%3A-Assessing-lung-recruitability~9219b3c5-9ab1-4b38-
8a34-81721ad6461d~.html Accessed 26 2022.

Chen L, Del Sorbo L, Grieco DL, Shklar O, Junhasavasdikul D, Telias |, et al.
Airway closure in acute respiratory distress syndrome: an underesti-
mated and misinterpreted phenomenon. Am J Respir Crit Care Med.
2018;197:132-6. https://doi.org/10.1164/rccm.201702-0388LE.

Brault C, Zerbib Y, Kontar L, Carpentier M, Maizel J, Slama M. Positive end-
expiratory pressure in COVID-19-related ARDS: do not forget the airway
closure. J Crit Care. 2021;64:141-3. https://doi.org/10.1016/j.jcrc.2021.04.
005.

Grieco DL, Anzellotti GM, Russo A, Bongiovanni F, Costantini B,
D'Indinosante M, et al. Airway closure during surgical pneumoperito-
neum in obese patients. Anesthesiology. 2019;131:58-73. https://doi.org/
10.1097/ALN.0000000000002662.

Garnero A, Tuxen D, Corno G, Durand-Gasselin J, Hodgson C, Arnal JM.
Dynamics of end expiratory lung volume after changing positive end-
expiratory pressure in acute respiratory distress syndrome patients. Crit
Care. 2015;19:340. https://doi.org/10.1186/513054-015-1044-0.

Valente Barbas CS. Lung recruitment maneuvers in acute res-

piratory distress syndrome and facilitating resolution. Crit Care Med.
2003;31(Suppl):S265-71. https://doi.org/10.1097/01.CCM.0000057902.
29449.29.

Gattinoni L, Chiumello D, Caironi P, et al. COVID-19 pneumonia: different
respiratory treatments for different phenotypes? Intensive Care Med.
2020;46(6):1099-102. https://doi.org/10.1007/500134-020-06033-2.
Eronia N, Mauri T, Maffezzini E, et al. Bedside selection of positive end-
expiratory pressure by electrical impedance tomography in hypoxemic
patients: a feasibility study. Ann Intensive Care. 2017;7(1):76. https://doi.
0rg/10.1186/513613-017-0299-9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 9 of 9

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1164/rccm.201703-0548ST
https://www.hamilton-medical.com/ja/News/Newsletter-articles/Article~2018-08-08~Bedside-tip%3A-Assessing-lung-recruitability~9219b3c5-9ab1-4b38-8a34-81721ad6461d~.html
https://www.hamilton-medical.com/ja/News/Newsletter-articles/Article~2018-08-08~Bedside-tip%3A-Assessing-lung-recruitability~9219b3c5-9ab1-4b38-8a34-81721ad6461d~.html
https://www.hamilton-medical.com/ja/News/Newsletter-articles/Article~2018-08-08~Bedside-tip%3A-Assessing-lung-recruitability~9219b3c5-9ab1-4b38-8a34-81721ad6461d~.html
https://www.hamilton-medical.com/ja/News/Newsletter-articles/Article~2018-08-08~Bedside-tip%3A-Assessing-lung-recruitability~9219b3c5-9ab1-4b38-8a34-81721ad6461d~.html
https://doi.org/10.1164/rccm.201702-0388LE
https://doi.org/10.1016/j.jcrc.2021.04.005
https://doi.org/10.1016/j.jcrc.2021.04.005
https://doi.org/10.1097/ALN.0000000000002662
https://doi.org/10.1097/ALN.0000000000002662
https://doi.org/10.1186/s13054-015-1044-0
https://doi.org/10.1097/01.CCM.0000057902.29449.29
https://doi.org/10.1097/01.CCM.0000057902.29449.29
https://doi.org/10.1007/s00134-020-06033-2
https://doi.org/10.1186/s13613-017-0299-9
https://doi.org/10.1186/s13613-017-0299-9

	Correlation between the hysteresis of the pressure–volume curve and the recruitment-to-inflation ratio in patients with coronavirus disease 2019
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study design
	Patient population
	PV curve and airway closure
	RI ratio
	Procedure of recruitability assessment
	Data collection and measurements
	Data analysis

	Results
	Enrollment and baseline characteristics
	Recruitability assessment of NMD and RI ratio
	Relationship between compliance and recruitability items

	Discussion
	Limitations

	Conclusions
	Acknowledgements
	References




