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Bedside assessment of the effects

of positive end-expiratory pressure on lung
inflation and recruitment by the helium
dilution technique and electrical impedance
tomography

Tommaso Mauri', Nilde Eronia?, Cecilia Turrini', Marta Battistini', Giacomo Grasselli', Roberto Rona?,
Carlo Alberto Volta®, Giacomo Bellani®* and Antonio Pesenti'””

© 2016 Springer-Verlag Berlin Heidelberg and ESICM

Abstract

Purpose: Higher positive end-expiratory pressure might induce lung inflation and recruitment, yielding enhanced
regional lung protection. We measured positive end-expiratory pressure-related lung volume changes by electrical
impedance tomography and by the helium dilution technique. We also used electrical impedance tomography to
assess the effects of positive end-expiratory pressure on regional determinants of ventilator-induced lung injury.

Methods: A prospective randomized crossover study was performed on 20 intubated adult patients: 12 with acute
hypoxemic respiratory failure and 8 with acute respiratory distress syndrome. Each patient underwent protective con-
trolled ventilation at lower (7 [7, 8] cmH,0) and higher (12 [12, 13] cmH,0) positive end-expiratory pressures. At the
end of each phase, we collected ventilation, helium dilution, and electrical impedance tomography data.

Results: Positive end-expiratory pressure-induced changes in lung inflation and recruitment measured by electrical
impedance tomography and helium dilution showed close correlations (R* = 0.78, p < 0.001 and R> = 0.68, p < 0.001,
respectively) but with relatively variable limits of agreement. At higher positive end-expiratory pressure, recruitment
was evident in all lung regions (p < 0.01) and heterogeneity of tidal ventilation distribution was reduced by increased
tidal volume distending the dependent lung (p < 0.001); in the non-dependent lung, on the other hand, compliance
decreased (p < 0.001) and tidal hyperinflation significantly increased (p < 0.001). In the subgroup of ARDS patients
(but not in the whole study population) tidal hyperinflation in the dependent lung regions decreased at higher posi-
tive end-expiratory pressure (p = 0.05), probably indicating higher potential for recruitment.
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Take-home message: Higher positive end-expiratory pressure induces
changes in lung inflation, alveolar recruitment, and improvement (or
worsening) of the main determinants of ventilator-induced lung injury.
Combination of the helium dilution technique with electrical impedance
tomography allows continuous assessment of PEEP effects at the bedside
and could help personalized titration of mechanical ventilation.
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injury; these merit close monitoring.

Conclusions: Close correlations exist between bedside assessment of positive end-expiratory pressure-induced
changes in lung inflation and recruitment by the helium dilution and electrical impedance tomography techniques.
Higher positive end-expiratory pressure exerts mixed effects on the regional determinants of ventilator-induced lung

Keywords: Acute respiratory distress syndrome, Mechanical ventilation, Positive end-expiratory pressure, Ventilator-
induced lung injury, Lung volume measurements, Electrical impedance

Introduction

Positive end-expiratory pressure (PEEP) is a key ele-
ment of protective mechanical ventilation [1], being cur-
rently recommended for all intubated patients with acute
hypoxemic respiratory failure and the acute respira-
tory distress syndrome (ARDS) [2]. PEEP was originally
introduced after its ability to revert arterial hypoxemia
[3], but, since then, several other physiological effects
have been disclosed, both protective and deleterious for
the lungs [4, 5]. In fact, optimal setting of PEEP remains
a topic of much controversy [2], and three large clini-
cal trials showed no difference in the mortality of ARDS
patients treated with lower vs. higher PEEP levels [6-8].
As personalized critical care medicine advances [9], the
same applies to mechanical ventilation: physiologic stud-
ies as well as post hoc analysis of large trials showed that
the assessment of specific effects of higher PEEP (e.g.,
improved oxygenation) on a per patient basis might bet-
ter guide PEEP selection [10, 11]. To this end, optimal
PEEP level should induce lung recruitment (which pro-
tects the lungs by decreasing stress and strain) [12] while
avoiding worsening of the main determinants of venti-
lator-induced lung injury (VILI) (e.g., cyclic tidal hyper-
inflation) [13]. Thus, continuous bedside assessment of
end-expiratory lung inflation, alveolar recruitment, and
regional determinants of VILI at different PEEP levels
might greatly enhance setting of personalized ventilation.

In this study, we compared bedside assessment of end-
expiratory lung inflation and alveolar recruitment [14] by
electrical impedance tomography (EIT), a non-invasive,
radiation-free, dynamic lung imaging technique [15] with
the helium dilution technique [16]. Indeed, at variance
from the helium dilution technique, EIT yields continu-
ous measures of lung volumes change, while, at variance
from EIT, the helium dilution technique measures abso-
lute values of end-expiratory lung volume (EELV). We
reasoned that these techniques might represent a clini-
cally useful combination for bedside advanced respira-
tory monitoring.

As secondary study objectives, we assessed by EIT the
effects of higher PEEP on regional determinants of VILI
such as tidal hyperinflation [17, 18], heterogeneity of
tidal ventilation distribution [17], and the inhomogeneity

of ventilation—perfusion matching. In particular, the
last of these was estimated by EIT to quantify an often-
neglected cause of VILI: poor pairing of the regional
ampleness of ventilation and perfusion that increases the
risk of regional excessive minute ventilation and lung tis-
sue alkalosis [19, 20]. Tissue alkalosis, indeed, has been
shown to cause alveolar cells necrosis, alveolar-epithelial
barrier disruption, and edema [21].

In keeping with previous studies [17, 22, 23], we
enrolled both intubated acute hypoxemic respiratory
failure and ARDS patients, as alveolar collapse and dere-
cruitment characterize both conditions [17, 24] and both
populations benefit from application of lung protective
ventilation strategies [25, 26].

This study has previously been presented at an interna-
tional meeting and published as an abstract [27].

Materials and methods

Study population

We conducted a prospective randomized crossover study
on 20 intubated patients admitted to the general intensive
care unit (ICU) of San Gerardo Hospital, Monza, Italy.
Inclusion criteria were patients deeply sedated and para-
lyzed as per clinical decision; PaO,/FiO, <300 mmHg
with clinical positive end-expiratory pressure (PEEP)
>5 ¢cmH,O. Exclusion criteria were age < 18 years, severe
hemodynamic instability, evidence of cardiogenic pul-
monary edema, history of chronic obstructive pulmo-
nary disease, pregnancy, contraindications to the use of
EIT (e.g., presence of pacemaker or automatic implant-
able cardioverter defibrillator), inability to place the EIT
belt (e.g., presence of surgical wounds dressing). The
ethical committee of San Gerardo Hospital, Monza, Italy
approved the study and consent was obtained according
to local regulations.

Clinical data

We collected sex, age, simplified acute physiology score
II value at ICU admission, infectious vs. non-infectious
and primary vs. extrapulmonary etiology of the acute res-
piratory failure, days of intubation, diagnosis of ARDS,
and in-hospital mortality. Diagnosis of ARDS was based
on the Berlin definition [28]: onset of the respiratory



1578

failure over 1 week or less; bilateral opacities consistent
with pulmonary edema on CT scan or chest radiograph;
PaO,/FiO, <300 mmHg with a minimum of 5 cmH,0O
PEEP; lung edema not fully explained by cardiac failure
or fluid overload. Thus, in the present study, the only
difference between patients with acute hypoxemic res-
piratory failure and ARDS was presence of unilateral vs.
bilateral opacities.

EIT monitoring

We placed an EIT dedicated belt containing 16 elec-
trodes around the patient’s chest at the fifth or sixth
intercostal space, and connected it to an EIT monitor
(PulmoVista® 500, Drager Medical GmbH, Liibeck, Ger-
many). EIT data were generated by application of small
alternating electrical currents rotating around patient’s
thorax, continuously registered at 20 Hz during all study
phases and stored for offline analysis, as previously
described [17].

Study protocol
Patients were connected to a ventilator (Evita, Dréiger
Medical GmbH, Liibeck, Germany) and volume control
ventilation was set as follows: tidal volume (Vt) 6-8 mL/
kg of predicted body weight (PBW), clinical PEEP, FiO,
to obtain a SpO, level >90 %, and respiratory rate (RR)
set to obtain arterial pH of 7.30-7.45. Patients were kept
supine and the backrest of the bed was positioned at an
angle >30°.

After checking for stability, we performed the study
which consisted of two randomized crossover steps (i.e.,
all patients undergoing both phases) lasting 20 min each:

1. Clinical PEEP (PEEP,,)
2. Clinical PEEP + 5 cmH,O (PEEPy,)

Vt, FiO,, and RR were not modified and we did not
set a maximum plateau pressure (Pplat) limit during the
PEEP;q, step.

Gas exchange, hemodynamics, ventilation, and helium
dilution data

During the last minutes of each phase, we assessed arte-
rial blood gases and hemodynamics and we performed
end-inspiratory and end-expiratory occlusions to meas-
ure Pplat, Vt, and total PEEP (PEEP,,,). We also measured
EELV by the simplified helium dilution technique, as pre-
viously described [16]. Measures of EELV by the helium
dilution technique at each PEEP level were performed in
triplicate and averaged. Then, from analysis of ventilation
tracings during occlusions, we calculated the respiratory
system static compliance (Crs) as Vt/(Pplat — PEEP, ).
Finally, from helium dilution data, we calculated

1. Changes in the end-expiratory lung inflation at
higher PEEP (AEELVy,), as the difference between
the EELV measurements obtained at the two PEEP
levels by helium dilution technique

2. Lung recruitment at higher PEEP (RECR;y,), as the
increase in end-expiratory lung inflation measured
by the helium dilution technique minus the change
in end-expiratory inflation predicted from the res-
piratory system compliance measured at PEEP,,,
lie, RECR,, = AEELV,, — AEELV,,, = AEELV,,,
— (PEEP,,,Crs x APEEP)], as previously described
(14, 29]

EIT data

We horizontally split the EIT images into two contiguous
regions of interests (ROI) of the same size: non-depend-
ent from halfway up (ROL,,, 4,,) and dependent from
halfway down (ROly,,). Then, from offline analyses of
EIT data obtained during the last minutes of each study
phase, we measured

1. Changes in end-expiratory lung inflation at higher
PEEP (AEELVyyp), as previously described [17].
Briefly, we measured change in end-expiratory lung
impedance between the two PEEP levels and multi-
plied it by the ratio between Vt expressed in milli-
liters and the corresponding tidal impedance varia-
tion, both measured at PEEP, . Non-dependent and
dependent AEELV; was also measured by the same
method using regional end-expiratory impedance
changes, tidal volumes, and tidal impedance varia-
tions [17].

2. Lung recruitment at higher PEEP measured
across the whole imaging field (RECRg), as
the increase in end-expiratory inflation meas-
ured by EIT minus the change in end-expiratory
lung inflation predicted from the respiratory sys-
tem compliance measured at PEEP,, [i.e., REC-
Rg;r = AEELVy; — AEELV,,, = AEELVy,; — (PEE-
P,,wCrs x APEEP)], as previously described [14, 29].

3. The Vt distending non-dependent and depend-
ent lung regions, (Vt,,, 4ep and Vtge, respectively)
(Fig. 1).

4. The heterogeneity of ventilation distribution, dynam-
ically assessed along inspiration [i.e., intratidal
ventilation heterogeneity (ITVy)], as previously
described [17]. Briefly, we defined ITV,, as the aver-
age value of the Vt,o, 4ep/ Viqe, ratios along inspira-
tion when Vt was divided into eight equal-volume
parts.

5. The heterogeneity of tidal ventilation distribution at
end inspiration (Vty,,), defined as the Vi, gep/Vtdep
ratio [10].
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Fig. 1 Lung ventilation and perfusion assessed by electrical impedance tomography. Examples of regional distribution of the ampleness of pulmo-
nary ventilation (left) and perfusion (right) measured by electrical impedance tomography in one representative study patient. Electrical impedance
tomography continuously measures regional impedance changes within the thorax by injection of alternating micro-currents spinning around a
belt of multiple electrodes positioned at the fifth or sixth intercostal space. When a low-pass filter is applied to raw electrical impedance tomogra-
phy data with the upper limit set above the patient’s respiratory rate and below the heart rate, impedance changes correspond to changes in chest
gas content. In this way, regional distribution of tidal ventilation in gravitationally dependent and non-dependent lung regions can be monitored
(green no ventilation, light blue to purple scalar representation of ventilated pixels). Instead, when a band-pass filter is applied with the lower limit
set above the respiratory rate and higher limit above the heart rate, impedance changes typically show two peak values, corresponding to heart
filling and to lung perfusion respectively (Video 1 online). In this study, pixels with maximal activity during the first peak were visually recognized
and removed from the imaging field as pertaining to the heart (white area in the upper part of the right image), while pixel-level impedance changes
measured at the second peak within the newly generated imaging field were regarded as pixel-level lung perfusion (green non-perfused pixels,
yellow to red scalar representation of perfused pixels)

6. The regional Crs values, measured as Vt,,, 4o OF
Vtgep divided by the difference between end-inspira-
tory Pplat and PEEP, (Crs,, 4¢, and Crsgey, respec-
tively) [17]. Decreased Crs,, g, at PEEPy;,, might
indicate increased risk of regional tidal hyperinflation
while increased Crsg,,, might correlate with regional
recruitment.

. Lung recruitment at higher PEEP in non-dependent
and dependent lung regions (RECR;r non-dep and
RECRg,r dep) as the regional increase of AEELV
minus the change in end-expiratory inflation in the
same area predicted from regional respiratory sys-
tem compliances measured at PEEP,,, [ie, REC-
Rpp non-dep = AEELVgr non-dep - (PEEP,.
Crspongep X APEEP) and RECRg;r dep = AEELVyy
dep — (PEEP,,,Crsy., x APEEP)] [14, 29].

. Tidal hyperinflation at each PEEP level, as previously
described [17, 18]. Briefly, the pixel-level tidal hyper-
inflation was calculated as

Tidal hyperinflation,;;y; (% )

[(PEEPbestcrspixel - PEEPcurrentchpixel) X 100]
PEEPbestcrspier

PEEP,, indicating the level associated with the
highest pixel-level Crs. Then, cumulated tidal

hyperinflation for the whole imaging field (1024 pix-
els) was computed as

Tidal hyperinflation (% )
_ 21024 Tidal hyperinflation ;o X PEEPpestCrspixel

pixel=1
1024
Zpixel=1 PEEPbestcrspixel

Regional values of tidal hyperinflation were obtained
by the same formulas considering only the pixels
included in ROL,,, 4., and ROL,.

We exploited a new index of the regional homogene-
ity of ventilation—perfusion matching (V/Py,,), cor-
responding to the R? coefficient of the linear regres-
sion constructed by plotting the pixel-level impedance
changes related to ventilation against the pixel-level
impedance changes related to lung perfusion, both
assessed by EIT (Fig. 1). Briefly, pixel-level lung per-
fusion was measured by EIT as the cyclic impedance
change related to cardiac activity within the lungs:
after application of band-pass filtering to raw EIT data
(i.e., lower limit set above respiratory rate and higher
limit above heart rate), heart-related impedance
changes correspond to the first peak of global imped-
ance change, while lung perfusion corresponds to the
second peak (Video 1 in the online data supplement).
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Thus, to calculate V/Pyy,,,, pixels with maximal activ-
ity during the first peak were visually recognized and
removed from the imaging field as pertaining to the
heart [30], while pixel-level impedance changes meas-
ured at the second peak within the newly generated
imaging field were regarded as pixel-level lung perfu-
sion (Fig. 1 and Video 1 online).

Statistical analysis

Sample size was chosen to detect an R* correlation coef-
ficient between AEELV measured by EIT and helium
technique of at least 0.6 with power of 0.8 and alpha
0.05. Comparisons between two groups of normally dis-
tributed variables were performed by repeated measure
t test, while non-normally distributed variables were
compared by Wilcoxon signed rank test. Normality was
tested by the Shapiro—Wilk test. Association between
two variables was assessed by linear regression. Agree-
ment between measures of AEELV and recruitment
assessed by helium dilution technique and EIT was ana-
lyzed by Bland—Altman and standardized residuals plots.
Moreover, the intraclass correlation coefficient (ICC),
which provides a scalar measure of concordance between
the two methods, was calculated: the value 1 represents
perfect agreement, and 0 as no agreement at all. A level
of p < 0.05 (two-tailed) was considered as statistically
significant. Normally distributed data are indicated as
mean =+ standard deviation, while median and interquar-
tile range are used to report non-normally distributed
variables. Statistical analyses were performed by Sigma-
Plot 11.0 (Systat Software Inc., San Jose, CA, USA).

Results

Patients’ characteristics

Patients’ characteristics are listed in Table 1. Patients
were 62 + 12 years old and 8 (40 %) were women. Eti-
ology of respiratory failure was infectious in 13 patients
(65 %) and primary in nine patients (45 %). All patients
were enrolled early in the course of the disease within
1 week from intubation. In seven patients (35 %) PaO,/
FiO, values were between 200 and 300 mmHg while all
other 13 patients (65 %) presented PaO,/FiO, values
between 100 and 200 mmHg. Eight patients (40 %) ful-
filled the Berlin definition of ARDS (Table 1) and seven
patients (35 %) died during their hospital stay.

Assessment of changes in end-expiratory lung inflation
and recruitment induced by PEEP by helium and EIT

As expected, increasing PEEP from 7 [7, 8] cmH,O to
12 12, 13] cmH,O (p < 0.001) (Table 2) significantly
increased absolute values of end-expiratory lung infla-
tion, as assessed by the helium dilution technique

(2038 + 636 vs. 1551 £ 556 mL, p < 0.001). Bedside
measures of the changes in lung inflation assessed by
helium (AEELV},) and by EIT (AEELVy,;) disclosed very
similar values (486 + 193 vs. 460 &+ 177 mL, p = 0.66)
(Table 2) and the correlation between AEELVy, and
AEELVy;; was highly significant (R* = 0.78, p < 0.001)
(Fig. 2a). Moreover, ICC between measures of AEELVy,
and AEELVy; was 0.867, indicating very good agree-
ment. To further exploit the correlation between the two
methods, we calculated Bland—Altman analysis (Fig. 2b)
that revealed mean difference of —3 + 98 mL and lim-
its of agreement between —190 and 189 mL, which indi-
cates some variability. Similarly, when we assessed lung
recruitment by subtraction of the measured values of
AEELVy, and AEELVp;r minus the expected value of
AEELV, calculated as (PEEP,,,Crs x APEEP), the two
techniques disclosed highly correlated results (linear
regression: R? = 0.68, p < 0.001; ICC = 0.812) (Table 2;
Fig. 2d) and relatively variable limits of agreement (mean
difference —26 mL, limits of agreement —211 to 160 mL)
(Fig. 2e). Higher PEEP induced regional recruitment
assessed by EIT both in non-dependent and dependent
lung (Table 3), with the non-dependent regions showing
non-significantly higher values (p = 0.257).

Effects of higher PEEP levels on regional determinants

of VILI

As in previous studies, increasing PEEP induced signifi-
cant redistribution of tidal volume from non-dependent
towards dependent lung regions. Indeed, at PEEP),;, the
tidal volume reaching ventral non-dependent lung (Vt,,.
dep) significantly decreased (p < 0.001) and tidal ventila-
tion of the dependent region (Vt,,) increased (p < 0.001)
(Table 3). As a consequence, higher PEEP level decreased
heterogeneity of tidal ventilation distribution measured
along inspiration (ITVy,,, p < 0.001) and at the end of it
(Vtyep P < 0.001) (Table 3; Fig. 3a).

However, at higher PEEP, compliance of the non-
dependent lung regions decreased and EIT-based val-
ues of tidal hyperinflation increased in the same region
(p < 0.001 vs. PEEP,, for both) (Table 3; Fig. 3c, d).
Tidal hyperinflation induced by higher PEEP was con-
firmed also by increased PaCO, values in the presence
of unchanged minute ventilation (Table 2), likely indi-
cating increased dead space. Interestingly, tidal hyper-
inflation was significantly higher at PEEP},;, even in the
presence of mean plateau pressure largely within recom-
mended protective limits (Table 2). The compliance of
the dependent dorsal lung did not change significantly
(p = 0.14, Table 3) suggesting marginal recruitment and,
as regional Vt,,, increased (Table 3), this might have led
to increased regional transpulmonary pressure and lung
stress.
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Table 1 Main characteristics of the study population

1 M 58 45 Primary, infec- 1 Y 7 168 N
tious

2 M 62 66 Extrapulmo- 1 N 5 196 Y
nary, non-
infectious

3 M 54 45 Extrapulmo- 2 N 7 230 Y
nary, non-
infectious

4 F 72 42 Extrapul- 1 Y 8 166 N
monary,
infectious

5 M 58 23 Primary, non- 1 N 5 279 N
infectious

6 F 65 41 Extrapul- 1 Y 8 171 N
monary,
infectious

7 M 68 50 Primary, infec- 2 Y 8 140 Y
tious

8 M 86 81 Extrapulmo- 1 N 5 290 Y
nary, non-
infectious

9 F 66 59 Extrapul- 6 Y 10 190 Y
monary,
infectious

10 F 74 65 Extrapul- 5 N 7 172 Y
monary,
infectious

1M M 76 67 Primary, infec- 1 N 7 136 N
tious

12 M 70 56 Extrapul- 2 N 8 219 N
monary,
infectious

13 F 76 50 Extrapulmo- 1 Y 9 139 Y
nary, non-
infectious

14 M 45 58 Primary, infec- 1 N 7 190 N
tious

15 F 67 27 Extrapulmo- 1 N 7 260 N
nary, non-
infectious

16 M 50 39 Primary, infec- 1 Y 5 290 N
tious

17 F 38 33 Primary, infec- 1 N 8 284 N
tious

18 F 40 45 Primary, infec- 1 N 8 188 N
tious

19 M 58 27 Extrapulmo- 1 N 7 153 N
nary, non-
infectious

20 M 55 35 Primary, infec- 5 Y 10 105 N
tious

Mean£SD  8F/12M  62+12 48+ 15 9 primary/11 241 8Y/12N 7£1 199 £ 57 7Y/13N
extrapul-
monary, 13
infectious/7
non-infec-
tious

SAPS Il simplified acute physiology score Il, ICU intensive care unit, ARDS acute respiratory distress syndrome, PEEP positive end-expiratory pressure, PaO,/FiO, oxygen
partial arterial tension/inspired oxygen fraction
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Table 2 Ventilation, lung inflation, and recruitment
at lower and higher PEEP

PEEP (cmH,0) 7(7-8) 12 (12-13) <0.001
PaO,/FiO, (mmHg) 199 £+ 57 203 £ 60 0.54
FiO, 0.50 (0.45-0.55) 0.50 (0.45-0.55) 1.00
Vt (mL/Kg PBW) 7.0 (6.0-7.3) 6.8 (6.0-7.2) 0.94
Vi (ml) 462 (367-496) 462 (364-498) 0.94
RR (bpm) 18 (16-23) 18 (16-23) 1.00
MVe (L/min) 8.1 (6.5-9.9) 8.2 (6.6-9.7) 0.72
Pojar (cmH,0) 16 (14-19) 22 (19-25) <0.001
PaCO, (mmHg) 4245 44 4+ 4 <0.01
AEELV}e (ML) Baseline 486 £ 193 <0.001
AEELVgr (ML) Baseline 460 £ 177 <0.001
RECRye (ML) Baseline 227 + 166 <0.001
RECRgr (ML) Baseline 202 + 144 <0.001

Data are expressed as mean = standard deviation for normally distributed
variables and as median (interquartile range) for non-normally distributed ones

PEEP positive end-expiratory pressure, PaO,/FiO, oxygen partial arterial tension/
inspired oxygen fraction, Vt tidal volume, PBW predicted body weight, RR
respiratory rate, MVe expired minute ventilation, P, plateau pressure, PaCO,
carbon dioxide partial arterial pressure, AEELV};, change of end-expiratory lung
volume at PEEP,, measured by helium dilution technique, AEELV,r change of
end-expiratory lung volume measured by electrical impedance tomography,
RECRy, lung recruitment assessed by helium dilution technique, RECR;r lung
recruitment assessed by electrical impedance tomography

* p value by paired t test or by Wilcoxon signed rank test, as appropriate

Finally, at higher PEEP level, homogeneity of the venti-
lation—perfusion matching assessed in the whole imaging
field (i.e., V/Py,,,) significantly improved in comparison
to PEEP,,,, (p < 0.05) (Fig. 3b; Table 3). In particular, by
regional analysis, improved homogeneity of ventilation—
perfusion matching induced by higher PEEP was more
relevant in the non-dependent lung (Table 3).

Differences between acute hypoxemic respiratory failure
and ARDS patients

Interestingly, in the correlations as well as in the Bland—
Altman and standardized residuals plots of AEELV
and recruitment, we could not identify any systematic
bias for acute hypoxemic respiratory failure vs. ARDS
patients (Fig. 2¢c, f). Considering only the subgroup of
ARDS patients (n = 8, Tables 1 and 2 online), at variance
from the whole study population, at higher PEEP PaCO,
increase was not significant (p = 0.131), global Crs val-
ues decreased non-significantly (p = 0.204), and tidal
hyperinflation in the dependent lung regions decreased
(p = 0.05). Study results, instead, did not differ in the
subgroup of acute respiratory failure patients with unilat-
eral lung infiltrates (n = 12, data not shown) vs. the whole
population. Thus, with the limits of the small sample size,
we might hypothesize that, at higher PEEP levels, the

risk of non-dependent tidal hyperinflation and increased
dorsal stress was lower in the ARDS subgroup, maybe
indicating more potential for recruitment (expected in
diffuse bilateral vs. unilateral patterns [31]).

Discussion
Study main findings are (1) in intubated acute hypox-
emic respiratory failure and ARDS patients, EIT may
represent an accurate method to continuously monitor
changes in end-expiratory lung inflation and recruitment
at the bedside and a valuable addition to punctual meas-
ure of absolute EELV by helium dilution technique; (2)
higher PEEP might increase lung protection by inducing
recruitment across all lung regions and improving homo-
geneity of ventilation distribution and of ventilation—per-
fusion matching; (3) at the same time, higher PEEP might
increase the risk of cyclic tidal hyperinflation in the
non-dependent lung regions and of elevated stress in the
dependent ones even at relatively low plateau pressure.
VILI is a severe complication of mechanical ventilation,
adding further morbidity and mortality to the underlying
acute lung condition [32]. In recent years, attention was
drawn to increased lung strain (i.e., the Vt/EELV ratio) as
key determinant of VILI [33-35]. In fact, higher regional
strain is associated with increased inflammation and lung
edema [33-35]. When PEEP is increased, lung inflation
increases both by re-aeration of partially or completely
collapsed alveolar units (i.e., recruitment) or by additional
gas volume added to previously open lung [29]. If recruit-
ment represents a significant amount of the change in
lung aeration, higher PEEP might be regarded as rela-
tively reducing strain, potentially granting enhanced lung
protection [12]. Thus, tracking end-expiratory inflation
changes and recruitment at the bedside might represent
a valuable method to identify optimal PEEP setting. In
this study, we compared an EIT-based method to meas-
ure changes in end-expiratory lung inflation and recruit-
ment with the helium dilution technique [16], showing
tight correlations but relative variability in the limits of
agreement. However, helium dilution technique showed
relatively large limits of agreement with chest CT scan
[16], probably because it can only measure EELV in lung
regions accessible to ventilation. EIT, instead, can meas-
ure EELV changes also in non-ventilated lung regions
and the variability that we reported might reflect tighter
rather than looser agreement between chest EIT and
CT scan. Although both helium dilution technique and
EIT have limits (see below), our data might suggest that,
knowing the tidal volume, helium dilution technique
could allow bedside monitoring of lung inflation and
strain at a given PEEP level; then, EIT could track infla-
tion, strain, and recruitment in a continuous fashion at
varying PEEP levels [36].
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Fig. 2 Comparison between helium dilution technique and electrical impedance tomography: end-expiratory lung inflation and recruitment. Top
panels correlation between changes in end-expiratory lung volume (AEELV) assessed by electrical impedance tomography (EIT) and by the helium
dilution technique (a) in 20 acute hypoxemic respiratory failure and ARDS patients; Bland—Altman plot b showing limits of agreement between the
two measures and ¢ standardized residuals plot apparently showing no evident systematic bias. Lower panels: linear regression (d), Bland-Altman

plot (e), and standardized residuals plot (f) of lung recruitment (RECR) assessed by electrical impedance tomography (EIT) and by helium dilution

technigue. In this study, recruitment was defined as re-aeration of partially or totally collapsed lung units at higher PEEP and measured by subtract-
ing expected changes of end-expiratory lung inflation based on respiratory system compliance measured at PEEP,,, from actual changes assessed

Pathogenesis of VILI is multifactorial, and, other than
strain, the following mechanisms might play a (more or
less neglected) role: (1) increased regional transpulmo-
nary pressures and lung stress [37]; (2) multiplication of
the lung distending forces by regional inhomogeneities
[38]; (3) cells apoptosis and necrosis induced by regional
tissue hypocapnic alkalosis secondary to excessive min-
ute ventilation [19-21]; (4) regional tidal hyperinflation
causing direct mechanical disruption of cells’ membrane
and inflammation [13]. In this study, higher PEEP level
(around 12 ¢cmH,0) seemed to impact the aforemen-
tioned VILI mechanisms in comparison to lower PEEP
(ca. 7 cmH,0) both in positive and detrimental directions.
On the one hand, higher PEEP increases the homogeneity
of ventilation and, as the extent of lung inhomogeneities

is inversely related to regional ventilation homogeneity
[39], our data generates the hypothesis that higher PEEP
might enhance regional lung protection by decreasing the
presence of regional inhomogeneities and stress raisers
[38]. Moreover, the homogeneity of lung ventilation—per-
fusion matching was improved at higher PEEP, especially
in the non-dependent lung, which might seem counterin-
tuitive. However, in this study, recruitment (which should
enhance ventilation—perfusion matching [40]) tended to
be more represented in the non-dependent lung regions
and redirection of tidal ventilation to the dependent lung
might have increased ventilation—perfusion homogene-
ity by limiting excessive minute ventilation in the non-
dependent regions. We might hypothesize that, at higher
PEEP, the risk of regional hypocapnic alkalosis and its
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Table 3 Regional effects of higher PEEP on the determi-
nants of ventilation-induced lung injury

RECRgr non-dep (mL) Baseline 145 £ 95 <0.01
RECRg dep (mL) Baseline 61 +68 <0.001
Vo dep (ML) 305 + 77 284476 <0.001
Vigep (ML) 132 £38 150 £ 38 <0.001
TV et 23(21-29) 1.8(1.7-26) <0.001
Vet 22(18-27) 18(14-25 <0001
Crs (mL/cmH,0) 52+15 48 + 15 <0.001
CrSnon-dep (ML/cmH,0) 37£13 31£12 <0.001
Crsgep (ML/CmMH,0) 155 16£5 0.14
Tidal hyperinflation (%) 59+£40 174£59 <0.001
Tidal hyperinflation o gep (%) 28 £2.7 206+68 <0.001
Tidal hyperinﬂationdep (%) 1294102 10.7 £ 6.3 0.49
V/Phiom 0.34£0.22 042 £0.22 <0.05
V/Py o NON-dep 0434023 054+022 <0001
V/Pom dep 031+023 034£028 0.57

Data are expressed as mean =+ standard deviation for normally distributed
variables and as median (interquartile range) for non-normally distributed ones

RECRgr lung recruitment assessed by electrical impedance tomography, non-dep
non-dependent lung regions, dep dependent lung regions, Vt tidal volume,
TV, intratidal ventilation distribution heterogeneity index, Vt,, ventilation
distribution heterogeneity index at the end of inspiration, Crs respiratory system
compliance, V/P,,,,,, ventilation/perfusion homogeneity index

* p value by paired t test or by Wilcoxon signed rank test, as appropriate

detrimental effects on non-dependent alveoli might be
reduced [19-21]. On the other hand, higher PEEP wors-
ened mechanics of the non-dependent lung, likely by
increasing end-expiratory lung inflation and shifting the
regional respiratory system closer to total lung capacity
and to the right unfavorable part of its pressure—volume
curve [41]. As a consequence, cyclic tidal hyperinflation
increased in the same region, even at apparently “safe”
plateau pressure, and the stiffer non-dependent regions
forcefully redistributed Vt towards the dependent ones.
However, the dorsal recruitment obtained by this shift
was relatively small, Crsy,, did not change significantly,
and this likely led to increased transpulmonary pressure
in the dependent lung. Thus, at higher PEEP, both the
non-dependent lung (through higher tidal hyperinflation)
and the dependent one (through higher stress) might be
at increased risk of mechanical injury to alveolar cells and
structures [13, 37]. Our data seem to suggest that, rather
than finding an universal strategy for PEEP setting, accu-
rate respiratory monitoring to detect the most appropri-
ate PEEP level for each patient (e.g., the one obtaining
reduced lung strain with improvement and/or minimal
worsening of the main determinants of VILI) could be the
key for selection of optimal PEEP level.

In this study, higher PEEP was not associated with
improved oxygenation, even in the presence of alveolar

recruitment and improved homogeneity of ventilation—
perfusion matching. However, PEEP affects oxygenation
by mechanisms different from recruitment [29]; moreo-
ver, the index we developed only indicates more homo-
geneous coupling of the regional ampleness of ventilation
and perfusion, while the total amount of perfusion reach-
ing non-ventilated zones (ie., pulmonary shunt—one
of the main determinants of hypoxemia) might have
remained unchanged.

Our study has several limitations. (1) The sample size is
relatively small; however, we continuously recorded a vari-
ety of physiological tracings and parameters, allowing
accurate assessment of the pathophysiological pattern of
each patient. (2) Study phases were relatively short but we
hypothesized that its length was enough to obtain stable
physiological measures [10, 17]. (3) We enrolled both acute
hypoxemic respiratory failure and ARDS patients, which
might have introduced some heterogeneity; however, study-
ing the effects of higher PEEP on lung strain seems clinically
relevant for both conditions [25, 26]. (4) EIT measures only
a portion of the lungs, corresponding roughly to half of their
size; however, on the basis of the present and previous data,
this seems a clinically acceptable compromise [15]. Moreo-
ver, both EIT and helium dilution technique have relatively
low resolution, but we reasoned that the advantage of being
bedside, radiation-less, and continuous greatly enhances
their clinical validity and translation. (5) We did not meas-
ure the potential for lung recruitment at very high airway
pressures, for which no EIT-based approach was validated,
but we rather chose to study inflation and recruitment at
PEEP values that are more commonly used in clinical prac-
tice [42]. (6) We did not use two prespecified protocols to
set lower vs. higher PEEP, but rather compared clinical vs.
clinical + 5 cmH,O PEEP (which might be regarded as
a real-life PEEP test). We decided to implement this prag-
matic design because we wanted to test the helium dilution
technique and EIT in real life and achieve maximum exter-
nal validity. (7) The method we used to quantify recruit-
ment assumes linear behavior of the respiratory system
compliance between the two PEEP levels and was originally
validated measuring EELV change by the nitrogen washin—
washout method [14] (which has previously been shown to
correlate with EIT measures of lung volume changes [36]).

In conclusion, in intubated acute hypoxemic respira-
tory failure and ARDS patients, combination of helium
dilution technique and EIT may allow continuous bed-
side monitoring of the absolute values of lung inflation
and recruitment and of the main determinants of VILI. To
this end, higher PEEP might be associated with recruit-
ment of non-dependent and dependent lung regions,
decreased ventilation heterogeneity, and increased homo-
geneity of regional ventilation—perfusion matching, all of
which might be regarded as potentially reducing the risk
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Fig. 3 Effects of higher PEEP on the determinants of ventilator-induced lung injury. Higher PEEP induced mixed effects on regional determinants
of ventilator-induced lung injury: in fact, heterogeneity of ventilation distribution (Vtep/Vt
tion—perfusion distribution (V/Py,) improved (b) suggesting lung protection, while compliance of non-dependent regions (Crs,,,, 4e,,) and tidal
hyperinflation of the non-dependent lung worsened (¢, d) indicating higher risk of barotrauma. See text for detailed methods used to quantify
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of VILL. Contemporarily, higher PEEP seems to increase
tidal hyperinflation of the non-dependent lung regions
and increase tidal stress in the dependent ones, thus
increasing the risk of VILI. Careful bedside assessment
of the effects of PEEP on lung inflation, recruitment, and
regional determinants of VILI might be essential for per-
sonalized PEEP titration and to fully exploit the beneficial
effects of PEEP on patient outcome.
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