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Abstract

Introduction: Positive end-expiratory pressure (PEEP) titration is crucial for improving oxygenation and preventing ventilator-induced
lung injury in acute hypoxemic respiratory failure. Electrical impedance tomography (EIT) offers real-time, bedside monitoring of lung
ventilation distribution, potentially guiding individualized PEEP settings.

Aim: The aim of this study was to assess the effect of EIT-based PEEP titration on respiratory mechanics and gas exchange in critically
ill mechanically ventilated patients with acute hypoxemic respiratory failure.

Materials and methods: A prospective, interventional study was conducted from April 2022 to January 2024, including adult patients
with acute hypoxemic respiratory failure on invasive mechanical ventilation. Continuous EIT monitoring was performed with electrode
belts positioned at the fourth to fifth intercostal space. Patients were divided into two groups, low and high recruiters, based on the ab-
solute reduction of the collapse percentage in the dorsal lung segments measured by EIT when increasing PEEP from 6 mbar to 20 mbar.
EIT data, respiratory mechanics parameters and arterial blood gases were obtained during PEEP titration maneuvers. Optimum PEEP
based on EIT was defined as the crossing point of the collapse and overdistention curves, generated during decremental PEEP trial.

Results: A total of 45 patients with a mean age of 54.33 years were included in the study. In low recruiters, the EIT-based PEEP was
lower (9.18+2.11) than baseline PEEP (10.73+3.07) (p=0.0008). In high recruiters, the EIT-based PEEP was higher (13.91+2.45) than
baseline PEEP (10.22+2.24) (p=0.0006). A statistically significant positive correlation was found between BMI and EIT-based PEEP. The
crossing point method of PEEP titration led to improvement of oxygenation in high recruiters and improvement of respiratory mechan-
ics parameters in low recruiters.

Conclusion: Asa non-invasive and radiation-free monitoring tool EIT allows personalization of PEEP titration with minimum alveolar
collapse and overdistention.
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INTRODUCTION

Acute hypoxemic respiratory failure (AHRF) is among
the most common causes of death in intensive care units
worldwide.l'! Invasive mechanical ventilation is the cor-
nerstone in the treatment of this group of patients and se-
lecting parameters that do not correspond to the needs of
the diseased lung can lead to further damage of the lung
parenchyma. Protective ventilation can not only prevent
mechanical lung injury, but also reduce the risk of system-
ic release of cytokines, which is associated with the devel-
opment of multiorgan failure.?l’ Application of positive
end-expiratory pressure (PEEP) increases airway pressure
and modifies pleural and transpulmonary pressure, result-
ing in blood volume alteration into the pulmonary circula-
tion. PEEP in itself is neither beneficious nor detrimental
to end-organ hemodynamics, but its hemodynamic effects
vary.?! Because of the heterogenous characteristics of the
injured lung, the response to pressure differs significantly
among patients and finding the best compromise between
alveolar recruitment and overdistention is still challeng-
ing.!"! However, no validated bedside method is available
for identifying the optimal level of PEEP in mechanically
ventilated patients.

Electrical impedance tomography (EIT) is a non-inva-
sive, radiation-free monitoring tool that can be used con-
tinuously at the bedside to visualize the regional distribu-
tion of lung volumes and assess the effects of therapeutic
maneuvers on lung volume changes.”! EIT gives informa-
tion about alveolar recruitment and overdistention in dif-
ferent regions of interest at the selected PEEP levels.!®! The
dynamic information provided can be used by clinicians to
assess lung recruitability at the bedside and find the PEEP
level at which there is optimal alveolar recruitment with
minimum overdistention.

AIM

The aim of this study was to assess the effect of EIT-based
PEEP titration on respiratory mechanics and gas exchange
in critically ill mechanically ventilated patients with acute
hypoxemic respiratory failure.

MATERIALS AND METHODS

We conducted a prospective, interventional study from
April 2022 to January 2024 including a total of 45 patients
admitted to the adult intensive care unit. The inclusion
criteria were the following: 1) age >18 years; 2) acute hy-
poxemic respiratory failure with PaO,/FiO, <300; and 3)
invasive mechanical ventilation. The exclusion criteria were
as follows: 1) age >75 years, 2) exacerbation of chronic ob-
structive pulmonary disease; 3) pregnancy; 4) pacemak-
er or implantable cardioverter-defibrillator; 5) wounds,
burns, bandages or drainages limiting electrode belt place-

ment; 6) cardiogenic cause for respiratory failure; and 7)
lack of informed consent. We performed continuous EIT
monitoring using the EIT device Drager PulmoVista 500,
Driger Medical GmbH. The electrode belts were placed at
the fourth to fifth intercostal space.

In all patients, EIT recording was started at the mode
of ventilation selected by the attending physician. EIT re-
cording was performed for 10 minutes at the baseline ven-
tilation settings. Respiratory mechanics parameters (PEEP,
plateau pressure, and driving pressure AP) were recorded
and blood-gas analysis was obtained for measurement of
baseline PaO,/FiO, ratio and baseline PaCO,.

After initial data recording, PEEP in all patients was re-
duced from clinically selected level to 6 mbar, then in the
pressure-controlled ventilation (PCV) mode of ventilation
PEEP was stepwise increased to 20 mbar (6 to 10 to 15 to
20 mbar). Every step lasted 2 minutes. Driving pressure re-
mained constant (AP=15 mbar), the maximum inspiratory
pressure (Pinsp) reached was 35 mbar. Intolerance to a PEEP
level was recorded if mean arterial pressure (MAP) could
not be kept above 65 mmHg, despite vasopressor use, or
SpO, was below 83%. If a previous step was tolerated, PEEP
was reduced to the previous level, and the trial continued.
Based on the absolute reduction in the collapse percent-
age in the dorsal lung segments measured by EIT when
increasing PEEP from 6 mbar to 20 mbar (or to the high-
est tolerated level), patients were divided into two groups
- with low and high recruitability (ACollapse <20% - low
recruitability; ACollapse >20% - high recruitability).

In the next step, ventilation was switched to vol-
ume-controlled mode of ventilation with tidal volume (Vt)
of maximum 6 ml/kg PBW (predicted body weight) and
a maximum P of 35 mbar. Decremental PEEP trial was
performed and PEEP was decreased from 20 to 6 mbar in
steps of 2 mbar with a duration of 2 minutes each. Opti-
mum PEEP based on EIT was defined as the crossing point
of the collapse and overdistention curves, generated during
the decremental PEEP trial. In cases when the crossing
point was between two PEEP levels, the higher PEEP was
chosen. For comparison we also documented the PEEP lev-
el at which the highest respiratory system compliance was
recorded (Crs).

After the optimum EIT-based PEEP was found, patients
were ventilated with the selected PEEP for one hour. After
that the dynamics in the parameters of breathing mechan-
ics were documented and another BGA was obtained for
comparison.

AIL EIT recordings and data were subsequently analyzed
using specialized software (Drager: PV500 Data Analysis
SW130).

Quantitative variables are presented as means, standard
deviation (+SD) and a range. To test whether the data is
normally distributed, the Shapiro-Wilk test was used.
When testing means of paired measurements, dependent
samples t-test was used. For means of two unrelated groups
the independent samples t-test was used. To test for linear
correlation between two sets of data, Pearson’s r correlation
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coeflicient was calculated. For statistical analysis SPSS ver.
29.0.2 and Excel 2013 were used.

RESULTS

In two patients, a PEEP level of 20 mbar was not reached
because of hemodynamic instability. Their highest tolerat-
ed PEEP was 18 mbar and the protocol allowed the decre-
mental PEEP trial to start from this PEEP level. The pro-
tocol was well tolerated by all other patients. The patient
characteristics are shown in Table 1.

The mean value of ACollapse in the total population was
18.71% [6; 33] and is displayed in Fig. 1. Two equally sized
groups were formed - 22 patients with low recruitability
(ACollapse <20%) and 23 patients with high recruitability
(ACollapse >20%). After analyzing the data, a statistically
significant difference was found in age, BMI and SOFA
score between patients in the two groups. High recruiters

Table 1. Patient characteristics

Characteristic '(I‘;iaisp)opulatlon
Age, years 54.33[19; 75]
Sex, M/F 24/21

BMLI, kg/m? 27.38 [22.9; 33.2]
SOFA score at enrollment 5.2712;9]
ARDS, Yes/No 25/20

Ramsey sedation scale at enrollment 4.53[2; 6]
ACollapse, % 18.71 [6; 33]
Recruitability, Low/High 22/23

Baseline PEEP, mbar 10.47 [5; 16]

Baseline PaO,/FiO,

Baseline Crs, ml/mbar

Baseline Pplat, mbar

Baseline driving pressure, mbar
Baseline PaCO,

131.68 [59.6; 245]
38.21 [15; 94]
23.68 [12; 35]
13.22 [6; 22]

41.11 [29; 56]

BMI: body mass index; SOFA: sequential organ failure assess-
ment; ARDS: acute respiratory distress syndrome; Crs: respira-
tory system compliance; Pplat: plateau pressure; Results are dis-
played as means and the range is given in brackets.

Mean = 18,71
Std. Dev.=8522
N=45

Patients (n)
|
/
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| T T T
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Figure 1. ACollapse distribution in the population.

—]

were younger, had higher BMI and a higher SOFA score, as
shown in Table 2.

Baseline PEEP in the total population had a mean value
of 10.47 (mean=10.47+2.66). The mean value of PEEP at
the crossing point on EIT was 11.60 (mean=11.60+3.29)
which was statistically significantly higher than the base-
line PEEP (p=0.006). Dependent samples t-test was used
and no statistically significant difference was found be-
tween baseline PEEP and PEEP level with highest Crs, as
well as between PEEP at the crossing point and PEEP with
highest Crs in the total population (p>0.05) (Fig. 2).

Mean PEEP levels in the two recruitability groups are
displayed in Fig. 3 and Table 3. In the group of low recruit-
ers, PEEP at the crossing point was statistically significant-
ly higher than the PEEP with the highest Crs (p<0.001).
A statistically significant difference in this group was also
reported regarding baseline PEEP compared with PEEP at
the crossing point (p<0.001) and with PEEP with the high-
est Crs (p<0.001), respectively. In the group of high recruit-
ers, statistically significant difference was found regarding
baseline PEEP compared with PEEP at the crossing point
(p<0.001) and with PEEP with highest Crs (p<0.001), re-
spectively. PEEP at crossing point and PEEP with highest

Table 2. Mean age, BMI and SOFA score in the two recruitability groups (Independent samples T-test)

Low recruitability High recruitability

Mean Min/Max Mean Min/Max i
Age 61.59+10.51 35/75 47.39+16.32 19/74 <0.001
BMI 26.36+2.17 23/31 28.35+3.07 23/33 0.005
SOFA Score 4.82+1.99 2/8 5.70+1.72 2/9 0.02
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Figure 2. Comparison between baseline PEEP levels, PEEP at the crossing point and PEEP with highest Crs in the total population.
Differences between each PEEP value with standard deviation are given in boxes.
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Figure 3. Comparison between baseline PEEP levels, PEEP at the crossing point and PEEP with highest Crs in the groups with low and
high recruitability. Differences between each PEEP value with standard deviation are given in boxes.

Table 3. Mean values of baseline PEEP, PEEP at the crossing point and PEEP with highest Crs in the groups with low and high recruit-

ability
Low recruitability High recruitability
Mean . Mean . p
Min/Max Min/Max
X+SD X+SD
Baseline PEEP 10.73+£3.07 5/16 10.224+2.24 5/14 NS
PEEP h i i
atthe crossing point g 194911 6/14 13.91+2.45 8/18 <0.001
on EIT
PEEP with highest Crs 7.18+1.59 6/10 14.70+2.46 8/20 <0.001

compliance were not significantly different in high recruit-
ers (p>0.05). When testing means of paired measurements,
dependent samples t-test was used. For means of the two
unrelated groups, the independent samples t-test was used.

When analyzing the total population, a statistically sig-
nificant positive correlation was found between BMI and
PEEP at the crossing point (Pearson’s r=0.53; p<0.001), as
well as between BMI and PEEP with highest Crs (Pearson’s
r=0.53; p<0.001).

After the decremental PEEP trial, the baseline PEEP was
changed to crossing point PEEP. Table 4 displays the com-
parison between gas exchange and respiratory mechanics
parameters before and after PEEP correction in the total
population. For testing means of paired measurements, de-
pendent samples t-test was used. The comparisons of gas
exchange and respiratory mechanics parameters in low and
high recruitability groups are displayed in Tables 5 and 6,
respectively.
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Table 4. Comparative analysis between gas exchange and respiratory mechanics parameters at baseline and one hour after PEEP cor-

rection in the total population

Values at baseline

Values 1 hour after PEEP correction

Total population )1\;[;;11; Min/Max gz;s‘g Min/Max p
Pa0,/FiO, ratio 131.68+43.92 59.60/245 152.36+53.11 64/288 0.001
Crs (ml/mbar) 38.21+14.82 15/94 43.40+15.29 19/88 0.009
Pplat (mbar) 23.68+5.05 12/36 22.80+4.99 15/36 NS
Driving pressure AP (mbar)  13.22+3.26 5/22 11.11+2.77 4/20 0.006
PaCO, (mmHg) 41.11+£7.08 29/56 39.87+7.11 30/67 NS

Table 5. Comparative analysis between gas exchange and respiratory mechanics parameters at baseline and one hour after PEEP cor-

rection in the low recruitability group (dependent samples t-test)

Values at baseline

Values 1 hour after PEEP correction

Low recruitability ;\(/[iegln) / Min/Max gie;; Min/Max p
Pa0,/FiO, ratio 134.71+51.13 59.60/245 156.36+63.45 64/288 NS
Crs (ml/mbar) 39.68+19.36 15/94 46.25£19.53 19/88 0.01
Pplat (mbar) 23.45+5.16 12/30 19.95+4.07 15/28 <0.001
Driving pressure AP (mbar)  12.73+2.76 5/16 10.77£2.62 6/16 0.006
PaCO, (mmHg) 42.00+8.50 29/56 39.00+6.95 30/51 0.008

Table 6. Comparative analysis between gas exchange and respiratory mechanics parameters at baseline and one hour after PEEP cor-

rection in the high recruitability group (dependent samples t-test)

Values at baseline

Values 1 hours after PEEP correction

High recruitability 1}\(/[;;; Min/Max riegg Min/Max p

PaO,/FiO, ratio 128.78+36.67 74/210 148.52+42.03 68/288 0.01

Crs (ml/mbar) 36.80+8.79 21.80/53 40.67+9.35 22/55 NS

Pplat (mbar) 23.90+5.05 16/36 25.52+4.25 19/36 NS

Driving pressure AP (mbar)  13.68+3.68 6/22 11.43+2.92 4/20 0.03

PaCO, (mmHg) 40.26+5.46 32/54 40.70+7.33 31/67 NS
DISCUSSION tween high and low recruiters, which was also shown by

Since no bedside method has been validated yet, finding
optimal PEEP level in mechanically ventilated patients
with acute hypoxemic respiratory failure is still challeng-
ing for intensivists. The results of this study show that the
clinically selected PEEP based on PEEP-FiO, tables does
not differ significantly between high and low recruiters
and can lead to either alveolar collapse or overdistention,
respectively. On the other hand, EIT at the bedside can be
used during a decremental PEEP trial to identify the cross-
ing point of the collapse and overdistention curves, where
collapse and overdistention are both minimal. PEEP at the
crossing point was statistically significantly different be-

Jonkman and colleagues in a recent study in COVID-19
patients.”) EIT can be used to differentiate between high
and low recruiters based on regional lung ventilation,
which cannot be assessed using basic respiratory mechan-
ics parameters or oxygenation response to high PEEP.
Our study demonstrates that the best respiratory system
compliance method does not match PEEP at the crossing
point and both PEEP levels are significantly different in
low recruiters.

Our results show that changing PEEP based on the
crossing point method can lead to improvement of oxy-
genation in high recruiters and improvement of respiratory
mechanics in low recruiters. A significant correlation was
also found between PEEP level at the crossing point and
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BMI, as well as between PEEP associated with highest Crs
and BMI. This can be explained by the fact that obese pa-
tients have higher pressure from the chest wall, which leads
to lower transpulmonary pressure and lower end-expirato-
ry lung volumes. ®!

A limitation of EIT is that the method uses only one hor-
izontal plane for its measurements. In our study, we placed
the electrode belts within fourth to fifth intercostal space in
all our patients.

One major limitation of our study is that we do not
compare EIT recruitability assessment with other methods
of recruitability assessment. We used EIT to measure the
absolute reduction in alveolar collapse when increasing
PEEP stepwise from 6 to 20 mbar. We named the parame-
ter ACollapse and used it to divide the population into two
groups — with low and high recruitability.

Other major limitation of our study is that outcome was
not studied. In our center, the recommendation is that low
PEEP/high FiO, tables are used for PEEP selection. The
study suggests that PEEP at the crossing point improves
oxygenation and respiratory mechanics in different groups,
but it is still uncertain if it provides the optimal PEEP. Al-
though radiation-free, noninvasive and relatively easy to
use, future larger randomized trials are needed to verify if
EIT can be used routinely by the clinicians to find the opti-
mal PEEP, which will improve outcome.

CONCLUSION

Every mechanically ventilated patient responds different-
ly to positive pressure. EIT shows promising results as a
method used for guiding PEEP titration individually based
on best compromise between alveolar recruitment and
overdistention. Future larger studies are needed to verify if
PEEP at the crossing point is really optimal and improves
outcome.
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Pe3tome

BBepgeHune: TurpopaHye NONOKNUTENIBHOTO HaBleHNsA B KoHle Bbioxa (PEEP) mMeeT pelraiolee 3Ha4eHNe Ui YIydIUeHM
OKCMTeHAlMU ¥ TIPeJJOTBPAllleHNs MOBPEX/IEHNUA NETKUX, BbI3BAHHOIO BEHTIIATOPOM HPY OCTPOJ I'MIOKCHMYECKOJ JbIXaTeTbHOM
HeJJOCTaTOYHOCTHU. DleKTpouMiesaHcHas toMorpadusa (OVT) obecrednBaeT MOHUTOPYHT paclpefie/IeHNs BEHTUWIALMN JETKUX B
PEXMMe peaIbHOTO BpeMeHM y OCTeNMy 60/IbHOTO, TOTEHIMAIbHO HAIIPaB/IAid MHAMBUAYaIbHble HacTpoiiku PEEP.

Lenb: Iennio faHHOrO MccnefoBannsA Obula oneHka BausAHuA tutpoBanna PEEP Ha ocroBe OVT Ha pecIMpaTOpHYI0 MEXaHUKY
U Ta3000MeH Y THKENMOOOMBHBIX IMALMEHTOB C OCTPOJ TIMIOKCHMYECKON JbIXAaTelbHON HENOCTATOYHOCTDIO, HAXOMALIMXCA Ha
MCKYCCTBEHHOI BEHTUIALY TETKNX.

Martepuanbl 1 meToAbl: IIpocnekTBHOEe MHTEPBEHIMOHHOE VICCTIeIOBaHNe IIPOBOAMIOCH ¢ ampens 2022 rofa mo sHBapb 2024
TOfia, BK/II0Yas B3POC/IBIX MAIVIEHTOB C OCTPON I'MIIOKCMYECKON JbIXAaTeNbHON HEOCTaTOYHOCTbIO Ha MHBA3UBHONM MCKYCCTBEHHOI
BeHTUAIMM 7€rkuX. HempepbiBHbli MouuTOpuHr OVIT mpoBopmics ¢ NOMOMIbIO 9/M€KTPOJAHBIX pPEeMHEll, pacHoNOKeHHbIX B
4eTBEPTOM-ILITOM Mexxpebépbe. IlanueHTsl ObUIM pasfeleHbl Ha [Be TPYIIBL, ¢ HU3KUM ¥ BBICOKMM pPEKpyTepaMy, Ha OCHOBE
ab6COMIOTHOTO CHIDKEHMS IIPOLIeHTa KOJUIAICa B JOPCA/IbHBIX CeIMEHTaX JIETKUX, M3MepeHHoro ¢ momoisio VT mpu yBemndeHnn
PEEP ¢ 6 mbar go 20 mbar. JJanusie ST, mapameTpsl pecIMpaTOPHOI MeXaHMKH U Ia3bl apTePUaNIbHOI KPOBU OBUIN IIONTYYeHBI BO
BpeMs Mauépos Tutposauysa PEEP. Ontumansublit PEEP Ha ocHoBe DT 6111 OIpenenéH Kak TouKa Iepecede st KPUBBIX KOIarnca
U TIepepacTsKeH N, TIOMyYeHHBIX BO BpeMs MCIbITaHusA ilekpeMeHTHOro PEEP.

Pesynbratbl: B nccnefoBanme 66110 BKIIOYEHO B 00111elt CTIOKHOCTY 45 MAI[EHTOB CO CPeHUM Bo3pacToM 54.33 roza. Y HUSKUX
pexpyrepos PEEP Ha ocHoBe OUT 6511 Hike (9.18 + 2.11), yem 6asosbiit PEEP (10.73 + 3.07) (p = 0.0008). Y pekpyTepoB ¢ BHICOKMM
nokasarerneM PEEP na ocHoBe VT 6bu1 Bbie (13.91£2.45), yem 6asosbiit PEEP (10.22+2,24) (p=0.0006). CTaTncTH4ecKy 3HaYNMas
MIO/IOKUTENIbHAS KoppenALys 6bu1a ooHapyxena Mexxiy VIMT u PEEP Ha ocHoBe OVIT. MeTox Touku nepecedenus tutposanus PEEP
TIPMBEI K YIYYIIEHNIO OKCUTEHAINN ¥ PEKPYyTEePOB C BBICOKMM IOKa3aTe/leM U YITydIIeHUIO ITapaMeTPOB peCIMpPaTOPHON MeXaHVUKN Y
PeKpyTepOB C HU3KIM ITOKa3aTeeM.

3akntoueHune: Kak HenHBasUBHbII 11 He TPeOyIOMNiT 06IydeHnst MHCTpyMeHT MoHyToprHra VT mo3BoisieT mepcoHam3upoBaTh
turpoBanue PEEP ¢ MMHMMa/IbHBIM a/1bBEOJIAPHBIM KOJUIAIICOM U II€PEPACTAXKEHNEM.
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