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Chapter 1

Introduction

Invasive mechanical ventilation is the cornerstone of respiratory failure treatment. Setting ven-

tilator parameters is a balancing act between providing adequate oxygenation and ventilation

on the one hand, and minimizing lung damage and adverse cardiovascular effects on the other

hand. The application of positive end-expiratory pressure (PEEP) can improve oxygenation

and minimizes lung damage by preventing alveolar collapse, but high PEEP levels can induce

harmful (regional) hyperinflation and increased vascular resistance [1].

Conventionally, PEEP settings are titrated according to the ARDSnet PEEP/FiO2 table, which

makes PEEP levels depend on oxygen demand [2]. While these target values are practical for

clinical use, they do not take into account the large heterogeneity of lung characteristics in

mechanically ventilated patients. For example, the percentage of potentially recruitable lung

is extremely variable among patients with acute respiratory distress syndrome (ARDS) [1].

Accordingly, higher PEEP application improves outcomes only in a subset of patients [3–5].

This observation demonstrates the need for personalized optimization of ventilator settings.

Advanced bed-side monitoring technologies have the potential to support choosing the right

ventilation strategy. Electrical Impedance Tomography (EIT) is such a technology that assesses

the distribution of ventilation and perfusion based on impedance changes measured by an elec-

trode belt placed around the thorax [6]. This enables the evaluation of lung collapse, overdis-

tention and recruitability, providing valuable information for PEEP titration [7, 8]. Esophageal

pressure (Pes) monitoring is a bed-side technology that offers valuable information on the pa-
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tient’s respiratory mechanics. Since esophageal pressure can be considered as a surrogate of

pleural pressure, this monitoring method can distinguish between the pressure drop across

the lung parenchyma and across the chest wall [9]. Consequently, PEEP can be titrated such

that the end-expiratory transpulmonary pressure remains positive, preventing alveolar col-

lapse [10–12].

With EIT and Pes monitoring becoming more available, the question rises what place they

should have in clinical decision making. Both methods provide similar information on the pa-

tient’s lung physiology, but each in a different way. The aim of this thesis is to investigate the

clinical implications of these differences for PEEP titration. The analysis of EIT and Pes record-

ings, however, requires advanced pre-processing to isolate respiratory information. Therefore,

this thesis also aims to provide solutions for the filtering of undesired information from EIT

and Pes recordings.

In chapter 2 and 3, I describe the technology behind EIT and Pes monitoring, as well as how

these technologies can be used for PEEP titration and the available clinical evidence. These

chapters are taken from the literature review I wrote as part of my graduation.

In chapter 4, I propose an algorithm for the suppression of circulatory information in EIT

recordings. In chapter 5, I propose an adjusted version of the same algorithm, making it suit-

able to remove cardiac oscillations from Pes signals.

In chapter 7, I present data on the comparison of PEEP titration guided by EIT and Pes moni-

toring.

Finally, in chapter 8, I include a research proposal for a new study investigating how PEEP can

be titrated not only based on respiratory information, but also on circulatory information.
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Chapter 2

Electrical impedance tomography:

methods to titrate PEEP and its evidence

2.1 The technology

EIT is based on the principle of bioimpedance, which is the ability of tissue to oppose elec-

tric current flow [1]. Since air is not a good conductor of electric current, inflated lung tissue

has higher impedance than deflated lung tissue. EIT measures the tidal change of thoracic

impedance using an electrode belt which is placed around the chest (figure 2.1). A current with

high frequency and low amplitude is applied to a pair of electrodes, while the remaining elec-

trode pairs read the resulting voltage change. The location of the current-generating electrode

pair changes sequentially along the electrode array (figure 2.2). At the end of one sequence, all

electrodes have served as current injectors. This provides sufficient information to reconstruct

a 2D image of the distribution of impedance across the chest [2].

EIT images are based on impedance changes relative to a reference time point. Only thorax

regions that change their impedance are represented in EIT images. Accordingly, differences

in gas and blood content of the thorax can be measured, while preexisting consolidated lung

areas, pleural effusions or large bullae cannot be distinguished with EIT [2].

A global EIT waveform can be obtained by summing the relative impedance changes of all

pixels and plotting this against time [3]. The tidal oscillation of the waveform shows close
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Figure 2.1: Left image: example EIT belt. Right image: patient wearing the EIT belt around the thorax.
Images from Draeger (www.draeger.com/Library/Content/EIT-Mini-Manual.pdf)

correlation with tidal volume change as measured by CT (R2=0.92), demonstrating that EIT

is able to monitor ventilation [4]. Also, the change in end-expiratory lung impedance shows

strong correlation with a change in end-expiratory lung volume as measured by the nitrogen-

washout method (R2=0.95), demonstrating that EIT is able to monitor changes in aeration [5].

EIT provides diagnostic information through functional images and aggregated measures [6].

Functional images are created by applying mathematical operations on the pixel waveforms (i.e.

pixel impedance values plotted against time). Probably the most frequently used functional

image is the tidal variation image, which is created by calculating the difference between the

end-inspiratory and end-expiratory impedance for each individual pixel. By visual expression

of the obtained pixel values in a color scale, the tidal variation image intuitively shows which

lung regions are ventilated the most. Other functional image examples include the volume-

difference image, which compares aeration between two time points, and the ventilation delay

image [6]. Aggregated measures are values that summarize functional EIT images into one or

multiple number(s). Example EIT measures include the anterior/posterior ventilation ratio,

the center of ventilation, the global inhomogeneity index and the coefficient of variation [6].

2.2 Methods to titrate PEEP

A literature search was done to evaluate which methods have been described to titrate PEEP

using EIT. The PUBMED database was searched using the query

("electrical impedance tomography" OR "EIT") AND
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Figure 2.2: Schematic representation of electrodes and electrical current pathways through the thorax.
An electrical current (I) is applied to an electrode pair. The other electrode pairs measure the resulting
voltage change. The location of the current-generating electrode pair changes sequentially along the
electrode array. At the end of one sequence, all electrodes have served as current injectors. Redrawn
from [7]

("positive end-expiratory pressure" OR "PEEP")

The search yielded 240 publications between February 1998 and May 2022. Papers were in-

cluded that suggest how to choose an ’optimal’ PEEP level based on EIT measurements. A

total of 52 publications mention such a suggestion, from which 21 suggestions are unique. The

suggestions are listed in table 2.1.

Optimal PEEP suggestions could be categorized based on their physiological focus. Categories

include collapse, balance between collapse and overdistension, tidal recruitment, dynamic hy-

perinflation and ventilation distribution.

2.2.1 Collapse

Lung collapse (or: derecruitment) can be monitored by EIT under the assumption that decreas-

ing compliance with decreasing PEEP is a sign of lung collapse. While global compliance can
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Focus Parameter(s) Abbreviation Suggested criterium Suggested by

Collapse Compliance of most dependent 1/4 layer Creg Highest compliance of most dependent 1/4 layer [8]
Compliance of dependent region Creg Highest compliance of dependent region [9]
Stability of EELV EELV Stable EELV [10–13]

Collapse vs. overdistension Percentage collapsed and overdistended lung tissue, based on
compliance

CL; OD Lowest percentage of overdistended tissue, limiting collapsed
tissue to 10%

[7]

Lowest percentage of overdistended tissue, limiting collapsed
tissue to 15%

[14–16]

Sum of percentage collapsed and overdistend lung tissue, based
on compliance

CL+OD Lowest sum of collapsed and overdistended lung tissue [11, 13, 15, 17–28]

Amount of newly aerated pixels compared to ZEEP; amount of
pixels not ventilating while aerated

CL; OD Lowest amount of recruited pixels, without overdistended pixels [29]

Ratio of percentage collapsed and overdistended lung tissue,
based on compliance

CL/OD Lowest ratio of collapsed and overdistended lung tissue [30]

Percentage pixels with low tidal variation (silent spaces) SS Lowest percentage silent spaces [31, 32]
<15% silent spaces [33]

Percentage pixels with increased tidal variation after PEEP de-
crease

dTVpos 50% of pixels having increased tidal variation after PEEP de-
crease

[34]

Global compliance Cglob Highest global compliance [15, 25]
Tidal recruitment Standard deviation of regional ventilation delay SDRVD Lowest standard deviation of pixel regional ventilation delay [35]

Onset of rise in standard deviation of pixel regional ventilation
delay

[36, 37]

Percentage of pixels being ventilated but not aerated at end-
expiration (cyclic collapse)

CC Lowest percentage of pixels being ventilated but not aerated at
end-expiration

[16]

Dynamic hyperinflation Standard deviation of regional ventilation delay SDRVD Lowest standard deviation of pixel regional ventilation delay [30, 38]
Ventilation distribution Global inhomogeneity index GI index Lowest global inhomogeneity index [11, 13, 30, 39]

Center of ventilation CoV Lowest center of ventilation [30]
Center of ventilation at 50% [20, 40, 41]

Coefficient of variation in tidal variation CVTV Lowest SD/mean of tidal variation of six regions [42]
Ratio of dependent and non-dependent tidal variation ITV index ITV index at 1 [11, 16, 43, 44]

Table 2.1: Suggested PEEP titration methods with the use of EIT. C: compliance; CC: cyclic collapse; CL: collapse; CoV: center of ventilation; CV: coefficient
of variation; EELV: end-expiratory lung volume; GI: global inhomogeneity; glob: global; ITV: intratidal ventilation distribution; OD: overdistention; PEEP:
positive end-expiratory pressure; pos: positive; reg: regional; RVD: regional ventilation delay; SD: standard deviation; SS: silent spaces; TV: tidal variation;
ZEEP: zero end-expiratory pressure



be measured by the ventilator, measuring regional compliance requires regional ventilation

monitoring. With EIT, regional compliance can be calculated by dividing a region’s impedance

change by the driving pressure:

ComplianceROI =
∆ZROI

Pplateau − PEEP

where ∆ZROI is the change in impedance of a region of interest during a tidal breath and Pplateau

is the plateau pressure [7].

Wolf et al. [8] divided the lungs in 4 horizontal layers. Considering that collapse mainly takes

place in the dorsal regions, optimal PEEP was suggested to be the PEEP level that shows best

compliance in the most dependent layer. During an incremental PEEP trial, PEEP was in-

creased until the layer’s compliance did not increase anymore. Then, during a decremental

PEEP trial with smaller steps, PEEP was decreased until the layer’s compliance began to de-

crease. Similarly, Ambrisko et al. [9] divided the lungs into an anterior and posterior layer and

suggested choosing the PEEP with the highest dependent lung compliance.

Alternatively, setting PEEP to minimize lung collapse can be achieved by aiming for a sta-

ble global impedance baseline. Erlandsson et al. [10] were the first to suggest a stable end-

expiratory lung impedance as a criterion for optimal PEEP in order to maintain potential ben-

eficial effects of a recruitment maneuver. The method requires visual inspection of the EELI

trend during the first few breaths after PEEP change. It assumes that an upward slope indi-

cates recruitment and a downward slope indicates derecruitment. Karsten et al. [11] argued

that derecruitment most likely occurs in the dependent lung and suggested setting PEEP at the

highest PEEP that shows a downward EELI slope, plus 2 cmH2O. Eronia et al. [12] suggested

to take a longer waiting period of 10 minutes after each PEEP step. EELI trend between 30

seconds and 10 minutes after PEEP change were assessed. If EELI decreased less than 10%, this

PEEP level plus 2 cmH2O was suggested as optimal PEEP.

2.2.2 Collapse versus overdistention

Reversing collapse with PEEP has the important limitation that it potentially induces overdis-

tention in other, mainly dependent lung regions [45]. Hence, choosing the PEEP level that

optimizes both collapse and overdistention is widely suggested in literature. Costa et al. [7]

11



described a method to assess collapse and overdistention based on each pixel’s compliance.

It requires a decremental PEEP trial with constant driving pressure throughout the trial. Ac-

cordingly, for each PEEP step, each pixel’s compliance can be calculated by dividing the tidal

impedance variation with the driving pressure. The method assumes that the driving pressure

is uniform across the lungs and that compliance increases towards a maximum along the trial,

and decreases afterwards. Decreased compliance at PEEP levels above the maximum compli-

ance is then interpreted as overdistention, while decreased compliance at PEEP levels below

the maximum compliance is interpreted as collapse [7].

Initially, Costa et al. suggested to select the PEEP level that shows <10% collapse, regardless of

the degree of overdistention [7]. Similarly, Franchineau et al. suggested minimizing overdis-

tention while limiting collapse to <15% [14]. Karsten et al. suggested to choose PEEP with the

lowest sum of collapse and overdistention, not limiting collapse to any percentage [11]. Many

papers followed this approach, either by choosing the PEEP at the intersection of collapse and

overdistention [13, 15, 18–26], by choosing the PEEP level above the intersection [17, 27], or by

choosing the PEEP level with the lowest fraction of collapse and overdistention [29].

Bikker et al. [34] introduced a different method of PEEP titration, aiming for a balance between

regions with increased compliance and regions with decreased compliance after a PEEP step.

It requires PEEP steps of 15, 10, 5 and 0 cmH2O and the computation of compliance maps for

each PEEP step. The compliance map of one PEEP step is subtracted from the compliance map

of the lower PEEP step. Pixels with a positive change indicate less collapse at the higher PEEP

level and pixels with a negative change indicate more overdistention. The optimal PEEP is

suggested to be the PEEP level that shows equal amount of pixels with positive and negative

difference.

Long et al. [29] introduced a method that classifies pixels for collapse and overdistention, rather

than calculating the degree of collapse and overdistention for each pixel. First, the method

identifies pixels that participate in ventilation and pixels that are aerated at end-expiration.

Then, it defines overdistended pixels as pixels that are not or minimally ventilated, but aer-

ated at end-expiration. Recruited pixels are defined as pixels that are newly aerated at end-

expiration compared to PEEP at 2 cmH2O. Optimal PEEP was suggested as the PEEP level

which can prevent significant collapse without obvious overdistention. An absolute criterium
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was not provided.

Ukere et al. [46] introduced ’silent spaces’ as the lung regions with impedance changes <10% of

the maximum impedance during tidal ventilation. Silent spaces are indicative for both collapse

and overdistention. Contrarily to the methods described by Costa et al. and Long et al, this

method does not require a full decremental PEEP trial since silent spaces can be calculated

without a reference measurement. Studies suggest optimal PEEP as the PEEP level that shows

the lowest percentage of silent spaces [31, 32] or <15% silent spaces [33].

In their comparison with other EIT-based PEEP titration methods, Puel et al. [15] and Soulé et

al. [25] mention the possibility to measure the global compliance to optimize between collapse

and overdistention. Global compliance can be measured by dividing global tidal impedance

variation with driving pressure. In this case, the optimal PEEP is the PEEP level with the lowest

global compliance.

2.2.3 Tidal recruitment

Atelectrauma can be an important contributor to ventilator-induced injury. It is caused by

repetitive opening and closing of distal airways due to ventilation at low lung volumes [47].

This tidal recruitment of alveoli is associated with higher mortality and can be avoided by

providing more PEEP [48]. EIT is able to monitor the time course of regional impedance during

breaths and slow inflation maneuvers. Intratidal heterogeneity of impedance changes may be

a sign of tidal recruitment [49].

One way to quantify tidal recruitment with EIT is to calculate the regional ventilation delay

(RVD) [49]. RVD describes the time that is required for a pixel to reach a certain impedance

threshold. Usually, this threshold is set at 40% of the maximal tidal impedance. The delay is

usually expressed in percentage time of the total inflation time [50]. To gain an understanding

of the presence of tidal recruitment in the total lungs, the standard deviation (SD) of all single-

pixel RVD values can be calculated. A higher standard deviation implies would then imply

tidal recruitment [49].

Muders et al. [35] suggested to choose the PEEP level that yields the lowest SD of RVD mea-

sured using slow inflation maneuvers. In later research papers, the same group suggested to

13



choose the minimal PEEP level that prevents a progressive increase in SD of RVD [36, 37].

A different way to quantify tidal recruitment with EIT is to identify lung regions that are venti-

lated during tidal breathing but not aerated at the end of expiration. First, pixels are identified

that show, at end-expiration, at least 25% of the maximal impedance change observed in the

lungs. These pixels are considered to be aerated at end-expiration. Then, pixels are identified

that show, during tidal breathing, at least 20% of the maximal impedance change observed

in the lungs. These pixels are considered to contribute to tidal breathing. Pixels that are not

aerated at end-expiration but do contribute to tidal breathing are then associated to tidal re-

cruitment [51]. Su et al. [16] suggested to select the PEEP level that minimizes the ratio of tidal

recruitment pixels and total amount of tidal breathing pixels.

2.2.4 Dynamic hyperinflation

Dynamic hyperinflation is the increase in (intrinsic) end-expiratory lung volume that may oc-

cur in patients with airflow limitation, such as chronic obstructive pulmonary disease and

asthma [52]. Titrating PEEP in this condition is important, considering too low PEEP can lead

to airway collapse and air trapping, while too high PEEP distends the lungs even further [53].

The RVD can be used to monitor air trapping and dynamic hyperinflation, considering these

phenomena introduce heterogeneity of both temporal and spatial ventilation distribution. Kostakou

et al. [38] and He et al. [30] have suggested to choose the extrinsic PEEP that yields the lowest

SD of RVD.

2.2.5 Ventilation distribution

The distribution of tidal volume is often inhomogeneous in mechanically ventilated patients,

especially in ARDS [54]. There can be regions hyperinflated regions, regions that are well

aerated, regions that are poorly aerated and regions that are not aerated at all [55]. Lung in-

homogeneity is associated with mortality, but can be partly resolved with the application of

higher pressures [54]. Accordingly, PEEP titration that minimizes ventilation inhomogeneity

potentially may be beneficial for mechanically ventilated patients.
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One way to quantify ventilation inhomogeneity is to calculate the global inhomogeneity index

(GI) [56]. This index first determines the median tidal ventilation from all pixels. Then, the

variation in tidal volume distribution of the total lungs is determined by calculating the sum of

of the absolute difference between the median tidal variation and each pixel’s tidal variation.

Finally, the variation in tidal volume distribution is normalized to the sum of all pixel’s tidal

variations to make the index comparable between patients:

GIlung =

∑
x,y∈lung |TVxy −median(TVlung)|∑

x,y∈lung TVxy

where TVxy is the tidal variation of pixel at row x and column y. Several papers have suggested

to choose the PEEP level that yields the lowest GI [11, 13, 30, 39].

Contrarily to the GI, which does not evaluate ventilation distribution in one specific direction,

the center of ventilation (CoV) expresses the ventilation distribution along the ventral-dorsal

axis [57]. It is defined as the mean of the row sums weighed by the row height:

COV (%) =
1

N + 1
×
∑N

x=1

∑N
y=1 y × TV∑N

x=1

∑N
y=1 TV

× 100

where TVxy is the tidal variation of pixel at column x and row y and N is the number of pixel

rows as well as the number of columns (usually 16 or 32) [20]. He et al. [30] suggested to select

the PEEP level with the lowest COV (i.e. ventilation predominantly in the dependent lungs).

Other papers suggest to titrate PEEP such that the COV equals 50% (i.e. equal dependent and

non-dependent ventilation) [20, 40, 41]

Alternatively, the intratidal gas distribution (ITV) was conceptualized by Lowhagen et al. [58]

to reveal the temporal distribution of gas during a tidal breath. Based on the global impedance

curve, the inspiration is partitioned into 8 iso-volume parts. These volumes can then be dis-

sected into specific regions of interest, such as the dependent and non-dependent lung. For

example, this may reveal that the gas is initially distributed primarily to the nondependent

lung and later (at higher pressures) to the dependent lung.

Blankman et al. [43] adopted the intratidal gas distribution and conceptualized the ITV-index.
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Author, year Study
design

Population Sample size Intervention Main findings

Zhao, 2019 [19] Prospective
vs. his-
torical
controls

Severe
ARDS

EIT: n = 24
Control: n=31

Costa method
vs. 2 cmH2O
above LIP of
PV-loop

Higher PEEP, higher compli-
ance, lower driving pressure
in EIT-group after 2 hours;
better hospital survival in
EIT-group (67% vs. 48%)

Hsu, 2021 [60] RCT Moderate
to severe
ARDS

EIT: n = 42
Control: n=45

Costa method
vs. maximal
hysteresis on
PV-loop

Lower PEEP in EIT-group af-
ter intervention; lower driv-
ing pressure in EIT-group af-
ter 48 hours; better hospital
survival in EIT-group (69%
vs. 44%)

He., 2021 [61] RCT Mild to
severe
ARDS

EIT: n = 61
Control: n=56

Costa
method vs.
PEEP/FiO2
table

No difference in PEEP after
intervention; no difference in
28-day mortality, ventilator-
free days, length of stay

Table 2.2: Key studies comparing PEEP selection with EIT versus conventional methods. ARDS: acute
respiratory distress syndrome; EIT: electrical impedance tomography; LIP: lower inflection point; PEEP:
positive end-expiratory pressure; PV: pressure-volume; RCT: randomized controlled trial

This metric sums the 8 dependent volume parts and divides it by the sum of the 8 non-

dependent volume parts. An ITV-index of 1 suggest equal ventilation of the dependent and

non-depentent lungs. This criterium for optimal PEEP selection was suggested in several stud-

ies [11, 16, 44].

Dargaville et al. [42] divided the lung into 3 horizontal layers for both the left and right

lung. Optimal PEEP was considered the PEEP that yields the lowest coefficient of variation

(SD/mean) in tidal impedance variation for all 6 regions.

2.3 Evidence

In up to two thirds of mechanically ventilated patients, PEEP guided by EIT differs from PEEP

guided by conventional methods [21, 23, 27, 59]. This suggests that using EIT can help find-

ing an individualized PEEP that differs from one-size-fits-all methods such as the ARDSNet

PEEP/FiO2 table. However, limited evidence exists on the question whether EIT guided PEEP

delivers better clinical outcome. Table 2.2 lists the 3 studies that have evaluated clinical out-

come against a control group.

All 3 studies compared conventional PEEP titration methods with the Costa method that as-
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sesses collapse and overdistention [7]. Optimal EIT PEEP was the PEEP level closest to the

crossing point of overdistention and collapse.

Zhao et al. [19] compared EIT guided PEEP level with PEEP at 2 cmH2O above the lower

inflection point of the pressure-volume loop. PEEP was prospectively optimized in 24 severe

ARDS patients, of which the outcomes were compared with retrospectively collected records

of 31 severe ARDS control patients. A higher PEEP level, higher compliance and lower driv-

ing pressure was found in the EIT-group 2 hours after the intervention. The authors found a

higher survival rate in the EIT-group (67% vs 48%, p=0.18), but this result was not statistically

significant.

Hsu et al. [60] compared EIT guided PEEP level with the PEEP level yielding maximal hys-

teresis on the pressure-volume loop. Moderate to severe ARDS patients were prospectively

randomized into the EIT-group (n=42) and the control-group (n=45). EIT suggested a lower

PEEP. Driving pressure was lower in the EIT-group after 48 hours. The authors found a higher

survival rate in the EIT-group (69% vs 44%, p=0.02).

He et al. [61] compared EIT guided PEEP level with the ARDSNet PEEP/FiO2 table. Mild

to severe ARDS patients were prospectively randomized into the EIT-group (n=61) and the

control-group (n=56). No difference was found in PEEP after intervention, nor in 28-day mor-

tality.

The fact that the study by He et al. failed to show an improvement in clinical outcome could

be explained by the inclusion of mild and rapidly improving ARDS [62, 63]. The studies by

Zhao et al. and Hsu et al. compare EIT-guided PEEP and PEEP guided by PV-loops. The con-

tradictory reported effects on titrated PEEP can be explained by the fact that different elements

of the PV-loop are used. The lower inflection point is usually located at lower pressures than

the point of maximal hysteresis. Of all 3 studies, the study by Hsu et al. is the only to show a

higher survival rate with EIT guided PEEP, but its clinical applicability is limited since titration

based on the point of maximal hysteresis is seldomly used. Hence, sound evidence is lacking

on the clinical superiority of titrating PEEP with the use of EIT.
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2.4 Discussion

Concluding, there is a wide variety of methods to titrate PEEP with the use of EIT. Most meth-

ods aim at preventing specific conditions that are potentially harmful, such as lung collapse

and tidal recruitment. Other methods are less specific, such as methods that optimize the ven-

tilation distribution.

Trying to prevent one ventilation problem carries the risk of eliciting another ventilation prob-

lem. This is especially true for minimizing lung collapse. It can be expected that a PEEP level

that minimizes lung collapse in the dependent lung induces significant lung overdistention in

the non-dependent lung. Simultaneous assessment of collapse and overdistention is therefore

warranted. However, debate continues about how much collapse and overdistention should

be permitted. It can be argued that overdistention should be avoided primarily, considering

studies that suggest overdistention is more harmful than collapse [64–66]. It is unlikely that a

future study will be able to prove the superiority of one trade-off over another.

The most investigated method to assess collapse and overdistention is the method described

by Costa et al. [7]. This is also the only EIT method for which comparative studies have been

carried out. The method comes with the limitation that collapse and overdistention are calcu-

lated relative to the highest and lowest PEEP step in a PEEP titration. Accordingly, collapse

is underestimated when the lungs are not fully opened at the highest PEEP level and overdis-

tention is underestimated when the lungs have significant overdistention at the lowest PEEP

step. The Silent Spaces method does not carry this risk since its calculation can be done for

each PEEP-step on its own. No evidence is available on how the Costa method and the Silent

Spaces method relate to each other.

EIT has the potential to optimize multiple aspects of lung ventilation. This potential is not

utilized when the clinician uses EIT only for minimizing overdistention or tidal recruitment,

for example. Optimizing PEEP with EIT for multiple aspects of ventilation can be difficult as

it is not always clear which condition should be prioritized. Becher et al. [67] addressed this

issue by designing a protocol that combines multiple methods. First, it assesses recruitability by

assessing compliance in all regions after a PEEP increase. Then, the driving pressure is halved

to test for tidal recruitment (compliance loss) and overdistention (compliance win). Although

18



this algorithm can be considered complex, it at least provides guidance on how to use EIT for

addressing multiple aspects of ventilation. This deserves more exploration in future studies.

Multiple studies compared PEEP guided by EIT with an alternative method. Only one ran-

domized controlled trial used the conventional ARDSNet PEEP/FiO2 table as comparator, but

this trial included mild ARDS patients. A similar future randomized controlled trial, but in-

cluding only moderate to severe ARDS patients, could potentially demonstrate the superiority

of EIT in guiding PEEP titration.
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24. Mlček M, Otáhal M, Borges JB, et al. Targeted lateral positioning decreases lung collapse

and overdistension in COVID-19-associated ARDS. BMC Pulm Med 2021;21:133.
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Chapter 3

Esophageal pressure monitoring:

methods to titrate PEEP and its evidence

3.1 The technology

Esophageal pressure monitoring requires the insertion of a balloon catheter in the lower third of

the esophagus [1]. Changes in pleural pressure are largely transmitted through the esophageal

wall, which acts as a passive membrane. Therefore, esophageal pressure can be used as a

surrogate pressure for the pleural pressure in the proximity of the balloon [2].

Due to the gravitational pressure gradient, the pleural pressure in the most dependent lung is

higher than the esophageal pressure, whereas the pleural pressure in the most non-dependent

lung is lower. Generally, esophageal pressure is considered to correspond with the pleural

pressure in the middle of the gravitational plane [2, 3]

The rationale for estimating pleural pressure is to separate the pressure applied to the respira-

tory system (Prs) into the part that distends the lung (transpulmonary pressure, PL), and the

part that distends the chest wall (Pcw) [4]:

Prs = PL + Pcw (3.1.1)
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Figure 3.1: Example esophageal catheter. The balloon itself is located a few centimeters from the catheter
tip. Image from CooperSurgical (coopersurgical.com/detail/esophageal-balloon-catheter-set/)

The respiratory system pressure can also be expressed as the pressure difference between the

airway opening and the body surface:

Prs = Paw − Patm (3.1.2)

where Paw is the airway pressure and Patm is the atmospheric pressure.

Considering that the pleural cavity finds itself between the lungs and the chest wall, the transpul-

monary pressure is the difference between the airway opening pressure and the pleural pres-

sure.

PL = Paw − Ppl (3.1.3)

Similarly, the pressure across the chest wall is the difference between the pleural pressure and

the atmospheric pressure:

Pcw = Ppl − Patm (3.1.4)

Substituting equation (3.1.3) and (3.1.4) in (3.1.1), the pressure across the respiratory system at

zero flow is
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Prs = (Paw − Ppl) + (Ppl − Patm) (3.1.5)

which is similar to equation (3.1.2), but now the pleural pressure splits the respiratory system

pressure into two parts that are clinically relevant.

The distribution of applied airway pressure depends on the elastance properties of both the

lungs and the chest wall, which can vary significantly among patients, especially among ARDS

patients [5]. Increased intra-abdominal pressure, ascites and intrathoracic edema are examples

that increase the chest wall elastance [1]. As a result, different patients may experience varying

transpulmonary pressures while they share the same airway pressure. This is important to con-

sider when choosing ventilator settings, because transpulmonary pressure should be adequate

to open the lungs, but should be limited at the same time to prevent harmful stress [6].

3.2 Methods to titrate PEEP

A literature search was done to evaluate which methods have been described to titrate PEEP

using esophageal pressure monitoring. The PUBMED database was searched using the query

(optimal OR best OR select* OR titrat*) AND (PEEP OR positive

end-expiratory pressure) AND (transpulmonary OR esophageal)

The search yielded 263 publications between August 1970 and May 2022. Papers were included

that suggested how to choose an ’optimal’ PEEP level based on esophageal pressure measure-

ments. A total of 27 publications mention such a suggestion, from which 12 suggestions are

unique. The suggestions are listed in table 3.1.

Two different methods of transpulmonary pressure determination emerge from the literature.

The first method is referred to as the ’absolute esophageal pressure’ method and is the most

often reported method. The second method is referred to as the ’elastance derived method’.
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3.2.1 Absolute esophageal pressure

The absolute esophageal pressure method assumes that the esophageal pressure can be directly

used as a surrogate of pleural pressure:

Ppl ≈ Pes (3.2.1)

Then, the transpulmonary pressure is calculated as follows:

PL = Paw − Pes (3.2.2)

As mentioned before, the physiologic rationale for estimating the transpulmonary pressure

for choosing ventilator settings is to ensure that transpulmonary pressure is high enough to

maintain open lungs and low enough to prevent harmful overdistention. The most studies

that propose using the absolute esophageal pressure method, aim at the first: titrating PEEP in

such way that the transpulmonary pressure is zero or positive at the end of expiration [4, 7–11,

13–25, 33].

The choice of taking zero end-expiratory transpulmonary pressure as a lower cut-off is based

on (sensible) observations that the amount of nonaerated tissue starts to increase significantly

Method Target parameter Target Suggested by

Absolute esophageal pressure End-expiratory transpulmonary pressure PL,EE = 0 [7–11]
PL,EE ≥ 0 [12, 13]
0 ≤ PL,EE ≤ 2 [14, 15]
0 ≤ PL,EE ≤ 5 [16–18]
0 ≤ PL,EE ≤ 6 [19, 20]
0 ≤ PL,EE ≤ 10 [4, 21–25]
−1 ≤ PL,EE ≤ 1 [26]
−2 ≤ PL,EE ≤ 2 [27, 28]
−3 ≤ PL,EE ≤ 3 [29]

Transpulmonary driving pressure Lowest ∆PL [30]
Elastance ratio Transpulmonary plateau pressure PL,PLAT = 25 [9, 31]

PL,PLAT = 26 [32]

Table 3.1: Suggested PEEP titration methods with the use of esophageal pressure monitoring. All pres-
sures are expressed in cmH2O. PL: transpulmonary pressure; PL,EE : end-expiratory transpulmonary
pressure; PL,PLAT : transpulmonary plateau pressure
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when the end-expiratory transalveolar pressure becomes negative1, i.e. when the pressure im-

posed on alveoli from outside is larger than the pressure inside the alveoli [34, 35]. Under

the condition of zero flow, the airway pressure equals the alveolar pressure and transalveo-

lar pressure and transpulmonary pressure are interchangeable [36]. Thus, similarly, it can be

expected that lung collapse starts to increase significantly when the end-expiratory transpul-

monary pressure becomes negative.

Other papers suggest an end-expiratory transpulmonary pressure of ± 1 [26], ± 2 [27, 28] or ±

3 cmH2O [29]. These intervals are mainly chosen pragmatically to strive for an end-expiratory

transpulmonary pressure close to 0. This does not hold true for the ± 2 cmH2O interval which

was based on clinical evidence as reported by Sarge et al [27], which will be discussed later.

In contrast to the lower cut-off values, the upper cut-offs vary widely. Two rationales can be

distinguished. The first aims to keep the end-expiratory transpulmonary pressure as close to

0 as possible and therefore limits the pressure to a maximum of around 2 cmH2O. The second

connects the end-transpulmonary pressure to the oxygen demand, similar to the ARDSNet

PEEP/FiO2 table [37], and allows the end-expiratory transpulmonary pressure to take higher

values such as 6 cmH2O [19] or 10 cmH2O [4].

One animal study took a different approach in which the transpulmonary driving pressure

determined the optimal PEEP level [30]. During a decremental PEEP trial, for each PEEP step of

1 cmH2O the difference between end-inspiratory and end-expiratory transpulmonary pressure

was calculated. The mechanical ventilator was set at volume-controlled ventilation. The PEEP

level yielding the lowest driving pressure was considered optimal.

3.2.2 Elastance derived method

The elastance derived transpulmonary pressure method does not directly use the esophageal

pressure as a surrogate for pleural pressure, but relies on the tidal swing of esophageal pressure

to estimate the chest wall elastance and then calculates the pleural pressure [6].

Similar to the respiratory system pressure, the respiratory system elastance can be separated

1In their papers, Pelosi et al. [34] and Crotti et al. [35] use Ppl − Palv as the definition for transalveolar pressure
and therefore report a positive transalveolar pressure instead of negative. For clarity reasons, and to adhere to the
definitions by Loring et al. [36], I use Palv − Ppl as definition for transalveolar pressure.
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into the elastance of the lung and the elastance of the chest wall:

Ers = Elung + Ecw (3.2.3)

The elastance of the respiratory system can be expressed as the airway pressure needed to

inflate the respiratory system:

Ers =
∆Paw

∆V
(3.2.4)

where V is the inspired volume.

The elastance of the chest wall can be expressed as the pressure across the chest wall needed to

inflate the thorax:

Ecw =
∆Pcw

∆V
(3.2.5)

Equation (3.1.4) described the chest wall pressure as the difference between the pleural pressure

and the atmospheric pressure. Under the condition that all pressures are expressed relative to

atmospheric pressure, the atmospheric pressure is 0 so that

Pcw = Ppl (3.2.6)

Substituting equation (3.2.6) into (3.2.5) yields

Ecw =
∆Ppl

∆V
(3.2.7)

Considering that the volumes of the respiratory system and the chest wall are the same, the

ratio of the chest wall pressure and the respiratory system pressure equals the ratio of the

corresponding elastances:
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∆Ppl

∆Paw
=

Ecw

Ers
(3.2.8)

which is often referred to as the elastance ratio [6].

Finally, considering that

∆Ppl = ∆Paw ×
∆Ppl

∆Paw
(3.2.9)

substituting (3.2.8) into (3.2.9) yields

∆Ppl = ∆Paw ×
Ecw

Ers
(3.2.10)

and the transpulmonary pressure can be estimated by substituting (3.2.10) in (3.1.3):

∆PL = ∆Paw −∆Paw ×
Ecw

Ers
(3.2.11)

If it is assumed that the transpulmonary pressure is zero at functional residual pressure, then

the pleural pressure must be zero because no airway pressure is applied. In that case, the

following representation of transpulmonary pressure is valid:

PL = Paw − Paw ×
Ecw

Ers
(3.2.12)

When the difference in esophageal pressure is taken as a surrogate for the difference in pleural

pressure, so that

Ecw =
∆Pes

∆V
(3.2.13)

then it follows from (3.2.12) that the transpulmonary pressure can be calculated for every air-

way pressure if only the chest wall elastance is estimated once by measuring the esophageal
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pressure at two volumes.

In healthy individuals, the elastance ratio is believed to be close to 0.5, while in ARDS patients

ratios between 0.2 (high lung elastance) and 0.8 (high chest wall elastance or low lung elastance

or both) have been found [6].

Two studies reported on the use of the elastance derived transpulmonary pressure. In contrast

to the studies using absolute esophageal pressure, these studies assessed the transpulmonary

pressure to find a PEEP that limits overdistention rather than prevents collapse.

Grasso et al. [31] evaluated the transpulmonary plateau pressure in patients that were referred

to an extracorporeal membrane oxygenation (ECMO) center because conventional mechanical

ventilation failed. When the transpulmonary plateau pressure was higher than 25 cmH2O,

patients received ECMO support. But when the transpulmonary plateau pressure was lower

than 25 cmH2O, PEEP was increased until the threshold of 25 cmH2O was reached. After 30

minutes, the ECMO criteria were re-evaluated. Staffieri et al. [32] went one step further in

suggesting to titrate PEEP in all ARDS patients based on a transpulmonary plateau pressure of

26 cmH2O, as an alternative to the open lung approach that titrates PEEP to an airway plateau

pressure of 30 cmH2O.

3.3 Evidence

Multiple clinical studies report improved lung mechanics and oxygenation when PEEP is guided

by esophageal pressure monitoring [14, 17, 20–22, 28]. This suggests that esophageal pressure

monitoring can help finding an individualized PEEP that differs from one-size-fits-all meth-

ods such as the ARDSNet PEEP/FiO2 table. However, limited evidence exists on the question

whether transpulmonary pressure guided PEEP leads to improved clinical outcome. Table 3.2

lists 2 randomized controlled trials that compared Pes guided PEEP to PEEP/FiO2 table guided

PEEP.

In a single-center trial, Talmor et al. included ARDS patients with PaO2/FiO2 ≤ 200 mmHg

[4] (EPVent 1). In both the experimental arm and the control arm, the oxygenation goal was to

keep the PaO2 level between 55 and 120 mmHg. In the experimental arm, PEEP was titrated
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Author, year Study
design

Population Sample size Intervention Main findings

Talmor, 2008 [4] RCT ARDS* Pes: n=30
Control: n=31

0 ≤ PTP,EE ≤ 10
cmH2O vs. lower
PEEP / higher
FiO2 table

Higher PaO2/FiO2 and CRS

at 24, 48, 72 hours in Pes group
Lower 28-day mortality in
Pes group (17% vs. 39%)

Beitler, 2019 [19] RCT Moderate
to severe
ARDS**

Pes: n=102
Control: n=98

0 ≤ PTP,EE ≤ 6
cmH2O vs.
higher PEEP /
lower FiO2 table

No difference in 28-day mor-
tality (32% vs. 31%)

Table 3.2: Key studies comparing PEEP selection with Pes versus PEEP/FiO2 table. *: According to The
American-European Consensus Conference on ARDS (PaO2/FiO2 ≤ 200 mmHg) [38]. **: According to
the Berlin criteria [39]. ARDS: acute respiratory distress syndrome; CRS : respiratory system compliance;
PTP,EE : end-expiratory transpulmonary pressure; RCT: randomized controlled trial

according to a sliding scale allowing either FiO2 level or end-expiratory transpulmonary pres-

sure to be increased at a time. Possible end-expiratory transpulmonary pressure values ranged

between 0 and 10 cmH2O. Transpulmonary plateau pressure values were limited to 25 cmH2O.

In the control arm, PEEP was titrated according to the conventional ARDSNet PEEP/FiO2 ta-

ble [40]. After 72 hours, PEEP values were significantly higher in the experimental arm (17±6

vs 10±4 cmH2O, p<0.001). PaO2/FiO2 ratios were significantly lower in the experimental arm

(280±126 vs 191±71, p<0.002). End-expiratory transpulmonary pressures were lower in the

experimental arm (0.1±2.6 vs -2.0±4.7 cmH2O, p=0.06). 28-day mortality was lower in the

experimental arm (17% vs 39%, p<0.055), but this result was not statistically significant.

In a later study, the same group investigated clinical outcome in a similar patient group but

with several protocol adjustments [19] (EPVent 2). In the experimental arm, PEEP was titrated

according to an adjusted sliding scale with 6 cmH2O of end-expiratory transpulmonary pres-

sure as the upper limit. In the control arm, PEEP was titrated according to the higher PEEP/lower

FiO2 table, as adopted from the ALVEOLI trial [37]. Moreover, intervention time was extended

from 3 to 28 days compared to EPVent 1.

The EPVent 2 trial found no difference in 28-day mortality between the Pes guided arm and the

control arm (33% vs 30%, p<0.88). Importantly, the resulting end-expiratory transpulmonary

pressures did not differ between both arms. Therefore, the study was not able to test the hy-

pothesis that titrating PEEP to maintain positive end-expiratory transpulmonary pressure im-

proves clinical outcome.

In a post-hoc reanalysis of the EPVent 2 trial, Sarge et al. [27] found that 28-day and 60-day mor-
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tality was lower for the Pes guided PEEP strategy among patients with a lower Acute Physiol-

ogy and Chronic Health Evaluation-II (APACHE-II) score and higher for patients with a higher

APACHE-II score. Moreover, independent of the treatment arm to which patients were allo-

cated, mortality was lowest when PEEP titration resulted in an end-expiratory transpulmonary

pressure between -2 and 2 cmH2O. The hazard ratio for mortality was 1.10 (95% CI 1.01-1.21)

for each 1 cmH2O increase or decrease from zero end-expiratory transpulmonary pressure.

3.4 Discussion

Concluding, esophageal pressure monitoring can be used to titrate PEEP by estimating and

optimizing the transpulmonary pressure. Two main methods for estimating transpulmonary

pressure can be distinguished. The absolute method directly takes esophageal pressure as a

surrogate for pleural pressure. The resulting transpulmonary pressure can be titrated to be

close to zero at end-expiration, which is the most often suggested method in literature. The

elastance derived method uses esophageal pressure to estimate the chest wall elastance, which

is then used to estimate how much of the airway pressure dissipates into the lungs and the

chest wall. The resulting transpulmonary pressure is titrated to be around 25 cmH2O at end-

inspiration.

There is a clear rationale why the absolute method is used to titrate transpulmonary pressure

at end-expiration to limit collapse and the elastance derived method is used to titrate transpul-

monary pressure at end-inspiration to limit overdistention. The pressure in the esophagus has

been demonstrated to be closer to the pleural pressure of the dorsal lung, which is the place

where lung collapse starts due to the gravitational gradient [3]. Alternatively, the elastance

derived estimation of pleural pressure has been demonstrated to be closer to the ventral lung,

the place where lung overdistention takes place first [3].

This reveals an important limitation of Pes monitoring as it provides information from only one

location in the lungs. A positive end-expiratory transpulmonary pressure does not preclude

lung collapse since the transpulmonary pressure may be negative dorsal to the esophagus.

Moreover, it potentially induces harmful overdistention at the lungs ventral to the esophagus.

This can be mitigated by the simultaneous limitation of plateau pressure. A commonly used
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upper limit is a transpulmonary plateau pressure of 25 cmH2O [4, 19], which could serve as a

more physiologic alternative to the commonly used upper airway plateau pressure limit of 30

cmH2O. However, especially in heterogeneous lungs, the pleural pressure at the ventral lungs

may be considerably lower compared to the esophageal pressure, resulting in the underestima-

tion of ventral transpulmonary plateau pressure.

Gulati et al. [9] demonstrated that the two estimation methods cannot be used interchange-

ably. The estimation of pleural pressure differed as much as 10 cmH2O and the PEEP levels

recommended by both methods seemed unrelated. Importantly, the study also showed that

chest wall and respiratory system elastances could vary unpredictably with changes in PEEP.

The elastance derived method assumes that the chest wall and respiratory system elastance are

constant at different pressures and that the ratio between the elastances is constant. The data

presented by Gulati et al. suggest that these assumptions are not valid, which could explain

the lack of correlation between both method’s recommended PEEP level.

Available evidence on clinical outcome is limited to the absolute esophageal pressure method.

The most important limitations of the EPVent 1 trial are the fact that the study was underpow-

ered for testing clinical outcome, that the study stopped early when a positive effect of Pes

guided PEEP was noticed, and that there was a high proportion of surgical patients. The most

important limitation of the EPVent 2 trial is the fact that both interventions resulted in similar

end-expiratory transpulmonary pressure so that the hypothesis could not be tested.

The post-hoc reanalysis of the EPVent 2 trial did show better survival for more severely ill

patients and patients in whom the resulting transpulmonary pressure was between -2 and 2

cmH2O. However, there are several reasons to interpret these results with caution. First, the

reanalysis was done after trial completion. Secondly, the clinical implication of the fact that the

end-expiratory transpulmonary pressure did not differ between both treatment arms should

be questioned. It is valuable to know that an end-expiratory transpulmonary pressure close

to 0 is associated with lower mortality, but that does not directly support the use of Pes moni-

toring since the effect was found in both treatment arms. Still, the finding that patients with a

higher APACHE-II score benefitted from Pes guided PEEP is a strong suggestion that Pes mon-

itoring should be indicated for specific patient subgroups. Future prospective clinical trials

should therefore attempt to establish the patient population that most likely benefits from Pes
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monitoring.
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Chapter 4

Filtering circulatory activity from EIT

sequences: an algorithm proposal

4.1 Introduction

Electrical Impedance Tomography (EIT) is a noninvasive, radiation-free continuous monitor-

ing technique that measures the distribution of ventilation and perfusion based on impedance

changes [1]. Clinically, chest EIT is used for mechanical ventilation monitoring, heart activity

and lung perfusion monitoring, and pulmonary function testing [1].

The monitoring of mechanical ventilation with EIT is significantly affected by cardiac and per-

fusion related impedance changes. Most EIT devices provide low-pass filtering to remove the

higher frequent cardiac and perfusion impedance changes. Multiple papers describe the use

of frequency filtering as a separation technique [2–5]. However, these methods do not take

into account the occasional spectral overlap of respiratory harmonics and cardiac frequencies.

Removing these harmonics results in loss of detail, which ultimately affects the outcomes of

complex EIT analyses [6].

More complex separation techniques involve principle component analysis [6], singular value

decomposition [7] and a combination of principle component analysis and independent com-

ponent analysis [8]. While these methods are in fact promising, they are rather complex and

computationally expensive. This can be explained by the fact that they primarily focus on
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perfusion imaging, requiring to preserve the perfusion component rather than the respiratory

component. A simple yet effective method primarily aimed at ventilation monitoring is lack-

ing.

The aim of the current study is to design and evaluate an automated filtering method based on

empirical mode decomposition (EMD) for the offline attenuation of circulation related impedance

changes in both global and pixel EIT measurements.

4.2 Algorithm development

4.2.1 Subjects and signal acquisition

Data used in this study are part of a previous study in which ventilation distribution was

optimized in mechanically ventilated COVID-19 patients with the use of EIT monitoring [9].

The patients were fully sedated with continuous intravenous infusion of propofol, midazolam

or opiates, or a combination of drugs. All patients were ventilated in pressure-control mode

and spontaneous inspiratory efforts were prevented with increased sedation or neuromuscu-

lar blockade. The Dräger Pulmovista 500 was used for the EIT measurements. A decremental

positive end-expiratory pressure (PEEP) trial was performed according to the following proce-

dure:

1. Start measuring at the PEEP level initially chosen by the attending clinician according to

the PEEP-FiO2 table (PEEPbase)[10].

2. Increase PEEP until it is 10 cmH2O above PEEPbase without changing the difference be-

tween the set peak inspiratory pressure and PEEP (PEEPhigh). Only proceed under condi-

tions of normotension (MAP ≥ 60 mmHg) and normal oxygen saturation (SpO2 ≥ 88%).

Otherwise, reduce PEEP to re-establish these conditions.

3. Reduce PEEP in steps of 2 cmH2O every 30 seconds until the EIT device shows evident

collapse in comparison to PEEPhigh.

4. Reduce PEEP with 2 cmH2O to confirm a further increase in collapse (PEEPlow).
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5. Calculate the relative amount of collapse and overdistention for each PEEP step according

to the Costa method [11]. Set PEEP at the lowest PEEP step above the intersection of

relative overdistention and collapse.

The EIT data were downloaded from the monitors and stored for analysis. Sampling rate was

20 Hz and spatial resolution was 32 by 32 pixels.

4.2.2 Exploration of the EIT signal

Figure 4.1 showcases a global impedance trace during a decremental PEEP trial. The upper

graph shows the global impedance trace from the complete measurement. During the first 80

seconds, PEEP is increased from a clinically set PEEP level to 24 cmH2O. This results in an

overall increase of the impedance values. Then, PEEP is reduced in steps of 2 cmH2O, resulting

in a decrease of the impedance values. Finally, at around 560 seconds PEEP is increased to the

’optimal’ PEEP level which balances between lung collapse and overdistention.

The middle graph shows three different PEEP-steps, with PEEP changing at t = 345 and t =

380. Again, a baseline shift can be noticed when PEEP changes, indicating a change in lung

aeration.

The lower graph of figure 4.1 shows 4 complete tidal breaths during one PEEP step. Notably,

the impedance traces of the individual breaths do not completely overlap. This is contrary

to expectations if one would consider that the patient’s ventilation is completely passive: any

spontaneous inspiratory effort was prevented by sedation, followed by a neuromuscular block-

ade if required. This suggests interference from a signal other than ventilation.

Exploring the frequency domain can help identify the different signals that make up the main

signal. A power spectral density estimates to which degree each frequency is represented by

the signal (i.e. ’power’). Figure 4.2 shows such power spectral density for the global impedance

shown in the middle graph of figure 4.1. In this particular case, respiratory activity and circu-

latory activity can be clearly distinguished. Peak A corresponds to the respiratory rate (0.5 Hz,

30 breaths per minute). Peak B is a double of peak B and therefore most likely represent the

second harmonic of the respiratory (1.0 Hz, 60 breaths per minute). Peak C is at 1.4 Hz, corre-
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Figure 4.1: Upper graph: Global impedance trace of a typical decremental PEEP trial. During the first
80 seconds, PEEP is increased from a clinically set PEEP level to 24 cmH2O. This results in an overall in-
crease of the impedance values. Then, PEEP is reduced in steps of 2 cmH2O. This results in an decrease
of the impedance values. Finally, at around 560 seconds PEEP is increased to the ’optimal’ PEEP level
which balances between lung collapse and overdistention. Middle graph: Zoomed-in view of the same
recording as in the upper graph. Tidal breaths can now be distinguished. Each peak corresponds to
end-inspiration and each trough corresponds to end-expiration. At around t = 345 seconds and t = 380
seconds, the end-expiratory impedance value can be seen decreasing, indicating a decrease of aeration
after PEEP change. Lower graph: Zoomed-in view of the same recording as in the middle graph. Al-
though the patient is mechanically ventilated and fully sedated, the tidal breaths do not look exactly the
same each time due to an interfering signal, most likely lung perfusion. Abbreviations: AU: arbitrary
unit; dZ: impedance change; PEEP: positive end-expiratory pressure; s: seconds

sponding an oscillation at 84 beats per minute. It is plausible that this oscillation represents the

lung perfusion.

Figure 4.3 demonstrates that the presence of circulatory activity can vary widely across the EIT

image. Pixel A is located in the right dorsal lung, while pixel B is located in the left ventral

lung. Although the tidal impedance variation does not seem to differ much, pixel A shows

considerably more circulatory activity than pixel B. Identifying end-inspiration impedance and

end-expiration impedance is very challenging at pixel A, as well as calculating measures that

look after temporal aspects of ventilation, such as the regional ventilation delay [12]. The power
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Figure 4.2: Power spectral density of the global impedance as presented in the middle graph of figure
4.1. Peak A corresponds to the respiratory rate (0.5 Hz, 30 breaths per minute). Peak B is a double
of peak B and therefore most likely represent the second harmonic of the respiratory rate (1.0 Hz, 60
breaths per minute). Peak C most likely corresponds to the heart rate (1.4 Hz, 84 breaths per minute).
Abbreviations: AU: arbitrary unit of impedance change; Hz: Hertz; PSD: power spectral density.

spectral density in figure 4.3 confirms the difference in the frequency content of the signals at

pixel A and B. It also demonstrates that the power of circulatory activity and respiratory activity

can be very close to each other, complicating automatic detection of these frequencies.

4.2.3 Frequency filtering

Most EIT devices provide the option to filter out high frequencies by applying a low-pass filter.

For example, the Dräger Pulmovista 500 offers the option to filter out all frequencies above 0.83

Hz (50 bpm). This is a reasonable cut-off value, since most often respiratory rate will be less

than 50 breaths per minute. However, heart rate can be very close to 50 bpm. Depending on

the filter properties, a 50 bpm low-pass filter may not completely suppress nearby frequencies

such as 60 bpm or 70 bpm, which can be considered normal heart rate values.

Moreover, removing all frequencies higher than 50 bpm results in the suppression of the sec-

ond harmonic of all frequencies above 25 bpm. The importance of preserving harmonics is

illustrated in figure 4.4. In the upper graph, the unfiltered global impedance trace is compared

with a filtered version using a lowpass filter of 0.83 Hz (50 bpm). The filtered signal is a smooth

sinusoidal-like curve which may acceptably approach the respiratory signal. However, if the

global impedance trace is specifically filtered for heart rate with a 1.25 Hz (75 bpm) lowpass

filter, it appears that the respiratory component carries more detail (figure 4.4, middle graph).
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Figure 4.3: Image at top: Tidal impedance variation map, showing the tidal impedance variation (TIV)
for every individual pixel. The TIV is the impedance gain during one breath. Upper graph: Impedance
trace of pixel A. High frequent oscillations can be seen interfering with the lower frequent tidal venti-
lation. Middle graph: Impedance trace of pixel B. The higher frequent oscillations as seen at pixel A
are significantly less dominant at pixel B. Lower graph: Comparison of frequency spectrum for both
pixels. Assuming respiratory rate is at 0.5 Hz, pixel A has less respiratory activity than pixel B. Con-
trarily, assuming heart rate is at 1.4 Hz, pixel B has considerably more circulatory activity than pixel B.
Abbreviations: AU: arbitrary unit; dZ: impedance change; Hz: Hertz; PSD: power spectral density; s:
seconds; TIV: tidal impedance variation

Comparing both filtered signals reveals that the steep inspiratory rise and the inflection point

at expiration are missing in the 0.83 Hz (50 bpm) filtered signal. This information is apparently
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Figure 4.4: Upper graph: Unfiltered global impedance trace compared with filtered global impedance
trace with the use of a 0.83 Hz (50 bpm) lowpass filter. Middle graph: Unfiltered global impedance
trace compared with filtered global impedance trace with the use of a 1.25 Hz (75 bpm) lowpass fil-
ter. Lower graph: Global impedance trace filtered with a 0.83 Hz (50 bpm) filter compared to a global
impedance trace filtered with a 1.25 Hz (75 bpm) filter. The 0.83 Hz filter results in the loss of respira-
tory information, such as the sharp rise during inspiration and the inflection point during experiation.
Abbreviations: AU: arbitrary unit; dZ: impedance change; Hz: Hertz; s: seconds

stored in the 0.83-1.25 Hz frequency bin, the bin holding the second harmonic of the respiratory

rate (figure 4.4, lower graph).

This example shows that it is possible to remove circulatory information while preserving res-

piratory information, if only the heart rate value is known. Heart rate monitoring is not always

available, however, and heart rate may vary with time. Moreover, specific frequency filtering

requires input of the clinician, which is especially labor intensive when the heart rate varies

over time.
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4.2.4 Requirements of the new filtering algorithm

Concluding, the following requirements are relevant for designing a new filtering algorithm:

1. The filter should specifically aim at suppressing circulatory activity.

2. The filter should be robust to changing respiratory rate and heart rate.

3. The filter should aim at preserving ventilatory information, at least the second harmonic

of the respiratory frequency.

4. Application of the filter to all pixels should be possible, including pixels with low respi-

ratory power and high circulatory power.

5. The filter should be fully automatic, not requiring any user input.

4.2.5 Empirical mode decomposition

Empirical mode decomposition is a filtering method that, with adjustments, may meet the

aforementioned requirements. EMD filtering [13] is a time-domain process that separates a

signal into groups of frequencies that belong to each other through a process called sifting. The

sifting process contains the following steps:

1. Find all minima and maxima in the signal.

2. Create envelopes by interpolating between the minima and maxima. One envelope is

created through the minima and one through the maxima.

3. Calculate the middle values of both envelopes.

4. Subtract the middle values from the original signal.

5. Check if the residual is an IMF:

(a) Difference between the amount of minima and maxima is 0 or at most 1

(b) The mean value of the residual is near zero.

6. If the residual is an IMF, subtract the IMF from the original signal and attempt to extract

more IMF’s by repeating step 1-5 until no new IMF can be extracted anymore.
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Figure 4.5: Example of EMD filtering by estimating only the first IMF and subtracting it from the original
signal. The original signal represents pixel A from figure 4.3. From top to bottom: Graph 1: Determina-
tion of minima and maxima Graph 2: Calculation of envelopes and mean of envelopes Graph 3: First
IMF obtained by subtracting the mean envelope from the original signal Graph 4: Filtering the signal
by subtracting IMF 1 from the original signal Graph 5: Frequency analysis of the original signal, IMF 1
and the filtered signal Abbreviations: AU: arbitrary unit; dZ: impedance change; EMD: empirical mode
decomposition; Hz: Hertz; IMF: intrinsic mode function; s: seconds; PSD: power spectral density
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Figure 4.5 shows the estimation of the first IMF for pixel A from figure 4.3. IMF 1 shows a

pattern that could plausibly represent the circulatory activity, which is confirmed by the IMF’s

main frequency being 1.4 Hz (84 bpm). Note that this example is a simplification: for clarity

purposes, the EMD algorithm was adjusted such that not all minima and maxima were marked

for finding the first IMF. The result can be observed in the frequency spectrum: the second har-

monic of the respiratory rate (1 Hz) was included in the IMF. To apply EMD for the separation

of respiratory and circulatory activity, the detection of minima and maxima needs to be more

stringent.

Figure 4.6 demonstrates the separation of a global impedance tracing into 4 IMFs. Per defi-

nition, the first IMF contains the highest frequencies and the last IMF contains the lowest fre-

quencies. IMF 1 contains high frequencies that do not resemble a breathing pattern. IMF 2 does

resemble respiratory activity. Accordingly, the signal can be filtered by subtracting IMF 1 from

the original signal.

EMD has several important characteristics that make it promising for filtering EIT signals. Un-

like frequency filtering through Fourier analysis, EMD does not require the signal to originate

from a linear system [13]. A system is linear if it obeys the superposition principle, i.e. if

the underlying system is adheres to additivity (F (x1 + x2) = F (x1) + F (x2)) and homogene-

ity (F (ax) = aF (x)). In the case of thorax impedance, it is unclear whether these conditions

hold true. Complex interactions exist between the lung ventilation and circulation. Like many

physiological processes, these interactions may be linear only within a range of physiological

conditions.

Secondly, EMD does not require the to be stationary [13]. A signal is stationary if the mean,

variance and autocorrelation do not change over time. Frequency filtering through Fourier

analysis requires stationarity, as it assumes that a signal can be described by a set of sinu-

soids. Non-stationary elements may be lost when a signal is transformed to time domain after

frequency filtering. EIT measurements during a PEEP titration, for example, are clearly not

stationary as a PEEP change will lead to a shift in baseline impedance. Filtering small time in-

tervals that approach stationarity is a solution, but can still be problematic at transitions (such

as PEEP change).

However, EMD is sensitive to temporal changes in frequency contents. This is a limitation for
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Figure 4.6: EMD filtering of the global impedance trace (from 4.1). The original signal is separated into
4 IMFs with decreasing frequency. The filtered signal is obtained by subtracting IMF 1 from the original
signal. All other IMFs (gray-colored) presumably belong to respiratory activity. At t = 355 seconds,
mode-mixing occurs at all IMFs, resulting in increased circulatory activity in the filtered signal. Abbre-
viations: EMD: empirical mode decomposition; Hz: Hertz; IMF: intrinsic mode function; s: seconds

its application to EIT recordings, as illustrated in figure 4.6. At t = 355 seconds, most IMFs

start showing a different pattern. The breathing pattern in IMF 2 is interrupted by oscillations

with a higher frequency. Similarly, IMF 3 changes from a near-flat line to a breathing pattern.

Apparently, the higher IMFs get contaminated with circulatory activity. The filtered signal

shows an increase of circulatory activity from t = 355 seconds as a result. This is phenomenon

is called mode-mixing, which is inherent to EMD’s adaptive nature [14].

Moreover, this application of EMD requires the visual inspection of IMFs to determine which

IMFs contain circulatory activity. Accordingly, it requires user input to select the IMFs that

need to be subtracted from the original signal. Adjustments to EMD are required to solve the

issue of mode-mixing and the requirement of user input.
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4.2.6 Masked empirical mode decomposition

One suggested solution to mode-mixing is the application of a mask to the signal before esti-

mation of the IMF [15]. Considering mode-mixing is elicited by temporal changes in frequency

contents, the goal of applying masks is to alter the signal in such way that there is a constant

’baseline’ frequency. This can be achieved by adding a sinusoid with a known frequency (i.e.

mask) to the original signal. After estimation of the first IMF, the mask can be subtracted from

the filtered signal. Then, the next IMF can be estimated by the addition of a new, lower frequent

mask. The masked EMD algorithm involves the following steps:

1. Make a masking sinusoid with a known frequency: s(n)

2. Add the mask to the signal (xn(n)): xm(n) = x(n) + s(n)

3. Estimate the first IMF of xm(n): IMFi,m(n)

4. Subtract the mask from the IMF: IMFi(n) = IMFi,m(n)− s(n)

5. Subtract the unmasked IMF from the original signal and repeat all steps until no new IMF

can be extracted anymore.

Figure 4.7 demonstrates masked EMD on a global impedance trace. In this case, the first mask

was chosen at the Nyquist frequency (0.5*20 Hz) to make sure the highest frequencies are cap-

tured in the first IMF. The next IMFs were each masked at half the frequency of the preceding

mask. Thus, the mask frequencies were 10, 5, 2.5, 1.25, 0.625, 0.3125 Hz. Accordingly, each

masked IMF contains frequencies that are equal to or below the corresponding mask frequency.

Hence, when heart rate is at 1.4 Hz (84 bpm), the circulatory activity should be represented by

the first 3 IMFs. The lower graph of figure 4.7 indeed shows that subtracting the first 3 IMFs

from the original signal results in a stably filtered respiratory signal that preserves details such

as the expiratory inflection point.

Still, it is uncertain which IMFs will represent circulatory activity as long as the heart rate is not

known. The user will need to visually inspect the IMFs and then choose which IMFs should

be subtracted from the original signal. Moreover, a significant change in either respiratory

rate or heart rate will result in a different allocation of respiratory and circulatory activity into
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Figure 4.7: Masked EMD filtering of the global impedance trace (from 4.1). The original signal is sep-
arated into multiple IMFs (only first 6 are shown) with decreasing frequency. The filtered signal is
obtained by subtracting IMF 1-3 from the original signal. The other IMFs (gray-colored) presumably
belong to respiratory activity. Abbreviations: EMD: empirical mode decomposition; Hz: Hertz; IMF:
intrinsic mode function; s: seconds

the IMFs. One subset of IMFs marked as circulatory activity might be valid for the first few

seconds of the measurement but not for the last seconds of the measurement. Thirdly, a heart

rate that is very close to a mask’s frequency will likely result in the unpredictable dispersion

of the circulatory activity into multiple IMFs. Finally, it remains difficult to manually select the

right IMFs when masked EMD filtering is applied to impedance traces of pixels with very low

respiratory or circulatory power.
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4.2.7 Automated masked empirical mode decomposition

Here, I suggest a modification to masked EMD that aims to address the aforementioned issues.

Preferably, the masks are designed such that the circulatory information always ends up in spe-

cific IMFs. This would allow automatic IMF selection, not requiring any visual inspection. This

can be achieved by using masks that are based on heart rate. Given that the heart rate is known

a priori, a mask can be applied at the heart rate’s frequency. Accordingly, the corresponding

IMF will be a signal at the frequency of heart rate and above.

However, Fosso et al. demonstrated that this introduces mode-mixing of lower frequencies into

the masked IMF. A mask with frequency fm results in an IMF with frequencies not only larger

than fm, but also between 0.67fm and fm [16]. In other words, if a signal is masked with a 1 Hz

sinusoid, the resulting IMF will also contain frequencies between 0.67 and 1 Hz. Accordingly,

to get the optimal mask frequency, the heart rate should be divided by 0.67.

Heart rate can be obtained by exploiting the property of global impedance traces that the respi-

ratory power exceeds circulatory power in magnitude considerably. Thus, the respiratory rate

can be identified as the largest peak in the frequency spectrum. Then, by removing this fre-

quency together with its second harmonic, heart rate can be identified by the remaining largest

peak. This approach has the advantage that heart rate is now a priori information when filtering

challenging pixels.

1. Divide the global impedance waveform into segments of 180 seconds with 15 seconds

overlap.

2. Multiply the overlapping ends with a half-length Hanning window, such that the first

15 seconds gradually increase from 0% power to 100% power and the final 15 seconds

gradually decrease from 100% power to 0% power.

3. Estimate the power spectral density of each segment using Welch’s method (Hann win-

dow, 20 seconds per segment, 50% overlap).

4. Determine respiratory frequency (RF) by finding the frequency with the highest power.

5. Apply a notch filter at frequency RF Hz with bandwidth 0.2 Hz, and a notch filter at
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frequency 2*RF with bandwidth 0.2 Hz.

6. Determine cardiac frequency (CF) by finding the frequency with the highest power at >

0.67 Hz (40 beats per minute)

(a) Find the frequency with the second highest power at > 0.67 Hz.

(b) Calculate the ratio between the power of the highest and second highest frequency.

If ≥ 2, continue to step 6. The frequency with highest power clearly stands out and

likely must be cardiac frequency.

If < 2, repeat step 4 and 5 with the exception that only one notch filter at frequency

RF is applied at step 4. The highest frequency does not stand out against other

frequency peaks. Likely, the heart rate was unintendedly removed at step 4 as heart

rate is likely a double of the respiration rate.

7. Divide CF by 0.67 to obtain a ground mask frequency (GMF) that precludes mode mixing

of cardiac activity with respiratory activity.

8. Construct masks with frequencies
[
22, 21, 20

]
∗ GMF

9. Multiply the original signal with the first mask and extract the first intrinsic mode func-

tion (IMF). Subtract the IMF from te original signal. Repeat this proces by masking the

residual and extracting the next IMF, until the first 3 IMFs have been extracted.

10. Filter the segment by subtracting the sum of the 3 IMFs from the original signal.

11. Repeat step 7-9 for all segments. Combine all segments through addition of the overlap-

ping parts.

12. Repeat the filtering for all pixels.

4.3 Evaluation of performance

All signal processing was programmed in Python 3.9. Empirical mode decomposition was

implemented using the EMD package version 0.5.2 [17].

Figure 4.8 shows an example of an automatically filtered global impedance trace, which was ob-

tained without providing any user input. Heart rate was detected automatically. As intended,
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all cardiac activity ends up in the first 3 IMFs, while the respiratory activity is represented by

the following IMFs. Note that it is not necessary to calculate IMF 4 and 5; they are shown for

clarity reasons. Compared to the non-automated masked EMD (figure 4.7), the IMFs are more

stable in frequency and amplitude. Especially IMF 4 in figure 4.8 suffers considerably less from

an interfering (likely cardiac) oscillation compared to IMF 4 in figure 4.7. This suggests that the

automated masked method is able to better separate the original frequencies.

The frequency domain analysis (figure 4.9) confirms that the first 3 IMFs are almost completely

free of the first two harmonics of respiratory activity. The frequency spectrum of the filtered

signal shows the second harmonic of respiratory activity at similar amplitude compared to the

frequency spectrum of the original signal, indicating that respiratory activity was preserved in

the filtered signal.

Figure 4.10 and 4.11 demonstrate that filtering pixel impedance traces yields similar results.

The same masks are used as for the global impedance filtering. There is no need to design

new masks since the frequencies of circulatory activity are the same at any place in the tho-

rax. Again, it can be observed that cardiac activity is collected in the first 3 IMFs and that the

respiratory harmonics are preserved in the filtered signal.

4.4 Discussion

The filter proposed in this chapter is able to separate circulatory activity from respiratory activ-

ity in EIT datasets in a fully automatic way using an adjusted empirical mode decomposition

algorithm.

The algorithm satisfies to the prespecified requirements. Suppression of circulatory activity is

achieved through the separation of the signal into multiple frequency bands using empirical

mode decomposition. The filter is robust to changing respiratory rate and heart rate through

the application of masks and the segmentation of the recording into short segments. Ventilatory

information is preserved by precise selection of the decomposed signals. The algorithm can be

used for both filtering global and pixel impedance traces, as the ventilatory frequency and the

circulatory frequency are determined based on the global impedance trace, where separation

59



Figure 4.8: Automated masked EMD filtering of a global impedance trace. The original signal is sepa-
rated into 3 IMFs specifically designed to find cardiac acitivity. Subtracting these IMFs from the original
signal results in the lower filtered signal. For clarity reasons, two of the next IMFs are also shown, which
likely represent the respiratory activity. These IMFs do not need to be calculated to obtain the filtered
signal. Abbreviations: EMD: empirical mode decomposition; IMF: intrinsic mode function; s: seconds

of these frequencies is robust. The filter is fully automatic, as the user does not need to provide

the cardiac frequency or select the frequency bands.

Still, there are several weaknesses to the algorithm. EMD is a complex algorithm requiring

relatively much calculation power [18], although this has been debated [19]. The currently pro-

posed algorithm has not been validated for computation power against standard filtering algo-

rithms such as fast fourier transform filtering, yet. Second, the automatic detection of cardiac

and respiratory frequency works best for longer periods of measurement time, complicating

real-time filtering. Thus, implementation of the algorithm in an EIT device will only benefit

the analysis of already measured recordings, while it will not enable filtering of the live-view
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Figure 4.9: Frequency analysis of original signal, IMFs and filtered signal after automated masked EMD
filtering of a global impedance trace. The y-axis represents the power of the signal (arbitrary units).
Abbreviations: EMD: empirical mode decomposition; Hz: Hertz; IMF: intrinsic mode function.

of impedance changes, yet. The first step to making it a real-time algorithm requires making

the cardiac frequency detection independent of the respiratory frequency detection. The lat-

ter frequency is normally too low to reliably detect within several seconds. The possibility

of obtaining an electrocardiogram from the EIT electrodes should be investigated in the future.

Third, the algorithm removes the most high frequencies, as it subtracts all 3 first IMFs which per

definition contain these frequencies. This implies that, if present in the original signal, subtle

changes of the respiratory activity still can be lost. This can lead to distorted results in EIT anal-

yses, where, for example, the exact starting point of expiration must be determined. Finally, in

this report, the performance of the algorithm is discussed based on only one measurement. A

thorough validation is required to establish that circulatory activity can be sufficiently removed

and that respiratory activity can be sufficiently preserved in a wide range of combinations of
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Figure 4.10: Automated masked EMD filtering of a pixel impedance trace. The original signal is sep-
arated into 3 IMFs specifically designed to find cardiac acitivity. Subtracticting these IMFs from the
original signal results in the lower filtered signal. For clarity reasons, two of the next IMFs are also
shown, which likely represent the respiratory activity. These IMFs do not need to be calculated to obtain
the filtered signal. Abbreviations: EMD: empirical mode decomposition; IMF: intrinsic mode function;
s: seconds

respiratory and circulatory frequencies. Test data could be obtained through simulation or by

making new combinations of filtered respiratory signals and filtered circulatory signals from

different patients.

Concluding, automated masked empirical mode decomposition can be used to remove circu-

latory activity from EIT recordings. Submission of the algorithm to a wide range of respiratory

and circulatory frequencies is required to validate whether the removal of circulatory activity

works under all conditions.
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Figure 4.11: Frequency analysis of original signal, IMFs and filtered signal after automated masked
EMD filtering of a pixel impedance trace. The y-axis represents the power of the signal (arbitrary units).
Abbreviations: EMD: empirical mode decomposition; Hz: Hertz; IMF: intrinsic mode function.
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Chapter 5

Filtering cardiac activity from Pes

signals: an algorithm proposal

5.1 Introduction

The analysis as described in chapter 7 requires a filtering algorithm for esophageal pressure

(Pes) signals. The current chapter describes a proposal for the filtering of these recordings.

Knowledge of the concepts as discussed in chapter 4 is assumed.

5.2 The algorithm

The algorithm for filtering Pes is largely based on the previously proposed algorithm for filter-

ing EIT recordings. There are, however, two important differences to consider:

1. Cardiac oscillations can have considerably less power relative to the respiratory oscilla-

tions in Pes signals compared to EIT signals. Hence, the original algorithm’s automatic

detection of the cardiac frequency is sufficiently robust for Pes filtering. It was therefore

decided to rely on user input for obtaining cardiac frequency.

2. The merging of individually filtered segments results in, causes sudden jumps in signal

amplitude at the time points where two segments follow each other. This phenomenon
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has recently been described in literature as the boundary problem [1]. In the current Pes

filtering algorithm, this problem is mitigated by extending the segments before filtering,

and de-extending the segments before merging the filtered segments [1].

The algorithm involves the following steps:

1. Divide the complete recording into segments of 180 seconds with 15 seconds overlap.

2. Extend the segment by adding a time-mirrored version of the segment at the start and

end of the segment.

3. Convert the signal to frequency domain through Fourier analysis. Visually inspect the

frequency spectrum and determine the cardiac frequency.

4. Divide the cardiac frequency by 0.67 to obtain the ground mask frequency (GMF) that

precludes mode mixing of cardiac activity with respiratory activity.

5. Construct masks with frequencies
[
22, 21, 20

]
∗ GMF

6. Multiply the original signal with the first mask and extract the first intrinsic mode func-

tion (IMF). Subtract the IMF from te original signal. Repeat this proces by masking the

residual and extracting the next IMF, until the first 3 IMFs have been extracted.

7. Filter the segment by subtracting the sum of the 3 IMFs from the original signal.

8. De-extend the segment by removing the extensions at the start and end of the segment.

9. For each segment, multiply the overlapping ends with a half-length Hanning window,

such that the first 15 seconds gradually increase from 0% power to 100% power and the

final 15 seconds gradually decrease from 100% power to 0% power.

10. Repeat the filtering process for each segment.

11. Combine all segments through addition of the overlapping parts.
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Figure 5.1: Upper graph: Raw Pes recording of a complete decremental PEEP trial. Lower graph: Magni-
fication of the same recording as in the upper graph, showing respiratory cycles with interfering cardiac
oscillations. At t=685 seconds, an inspiratory hold maneuver is performed followed by an expiratory
hold maneuver. Abbreviations: Pes: esophageal pressure; s: seconds.

5.3 Results and discussion

All signal processing was programmed in Python 3.9. Empirical mode decomposition was

implemented using the EMD package version 0.5.2 [2].

Figure 5.1 shows the tracing of a Pes recording from the dataset described in chapter 4. The

recording involves a complete decremental PEEP trial. The lower graph shows a short segment

of the recording, including an inspiratory hold followed by an expiratory hold.

The upper graph in figure 5.2 shows a part of the filtering process (step 9). Two segments are

displayed, with an overlapping time of 15 seconds. The amplitude of the signal can be seen

decreasing at the end of the first segment, and increasing at the start of the second segment,

such that the sum of relative power of both signals is always 100%.

The lower graph in figure 5.2 shows the filtering results. The fast cardiac oscillations appear to

be largely suppressed. The pressure during the inspiratory and expiratory hold can be used as

reference data, since oscillations during holds can only be attributed to cardiac activity. Indeed,

the filtered trace remains stable during the holds, confirming that cardiac activity is targeted

by the filter. However, at the end of the normal expirations, pressure surges can be observed.
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Figure 5.2: Upper graph: Raw Pes recording cut into 2 segments with 15 second overlap. The amplitude
of the signal can be seen decreasing at the end of the first segment, and increasing at the start of the
second segment, such that the sum of relative power of both signals is always 100%. Lower graph: Raw
and filtered Pes recording. Abbreviations: Pes: esophageal pressure; s: seconds.

The filter is not able to suppress this activity completely. Meanwhile, respiratory details such

as the steepness of inspiration and expiration seem to be preserved.

Importantly, the filtered signal can be seen taking the average line through the cardiac oscilla-

tions. This behaviour is inherent to the principle of EIT, as it approaches all IMFs as sinusoid-

like signals. Hence, even the bias component of a signal is considered as a sinusoid and is there-

fore hidden in a different IMF (with higher IMF number). If this approach is valid, it would

imply that cardiac activity provides both a positive and a negative pressure swing. However, it

could be possible that cardiac activity only provides positive pressure swings. The respiratory

component of Pes should then cross the minima of the cardiac oscillations. Physiologic data on

this phenomenon is lacking and should be investigated in the future.

5.4 Future work

A thorough validation is required to establish that the cardiac oscillations can be sufficiently

removed and that respiratory activity can be sufficiently preserved in a wide range of combina-

tions of respiratory and cardiac frequencies. Test data could be obtained through simulation or

by making new combinations of filtered respiratory signals and extracted cardiac oscillations
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from different patients.

Real-time implementation of the algorithm into a device requires the automisation of cardiac

frequency detection and the shortening of segments. Both require a priori information on heart

rate. This could be achieved by either using cardiac information from preceding segments or

by making use of an external measurement, such as the electrocardiogram.

5.5 Conclusion

This chapter described a proposal for the filtering of Pes recordings. The algorithm is able to

suppress cardiac oscillations at large. Validation on a wide range of respiratory and cardiac fre-

quencies and conversion to a real-time algorithm is required before its use in a clinical setting.
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Chapter 6

Filtering cardiac activity from Pes

signals acquired by a solid-state

catheter: an algorithm proposal
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Chapter 7

Optimal PEEP guided by EIT versus Pes

monitoring: a comparative study

7.1 Introduction

Invasive mechanical ventilation is the cornerstone of respiratory failure treatment. Setting ven-

tilator parameters is a balancing act between providing adequate oxygenation and ventilation

on the one hand, and minimizing lung damage and adverse cardiovascular effects on the other

hand. The application of positive end-expiratory pressure (PEEP) can improve oxygenation

and minimizes lung damage by preventing alveolar collapse, but high PEEP levels can induce

harmful (regional) hyperinflation and increased vascular resistance [1].

Conventionally, PEEP settings are titrated according to the ARDSnet PEEP/FiO2 table, which

makes PEEP levels depend on oxygen demand [2]. While these target values are practical for

clinical use, they do not take into account the large heterogeneity of lung characteristics in

mechanically ventilated patients. For example, the percentage of potentially recruitable lung

is extremely variable among patients with acute respiratory distress syndrome (ARDS) [1].

Accordingly, higher PEEP application improves outcomes only in a subset of patients [3–5].

This observation demonstrates the need for personalized optimization of ventilator settings.

Advanced bed-side monitoring technologies have the potential to support choosing the right

ventilation strategy. Electrical Impedance Tomography (EIT) assesses the distribution of venti-
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lation based on impedance changes measured by an electrode belt placed around the thorax [6].

This enables the evaluation of lung collapse, overdistention and recruitability, providing valu-

able information for PEEP titration [7, 8]. Esophageal pressure (Pes) monitoring offers valuable

information on the patient’s respiratory mechanics. Since esophageal pressure can be consid-

ered as a surrogate of pleural pressure, this monitoring method can be used to estimate the

pressure drop across the lung parenchyma (transpulmonary pressure, Ptp) [9].

With EIT and Pes monitoring becoming more available, the question rises what place they

should have in clinical decision making. Both methods provide similar information on the

patient’s lung physiology, but each in a different way. In the context of PEEP titration, EIT is

most often used to find the PEEP level that yields the lowest difference between relative per-

centage of alveolar collapse and overdistention [8]. Pes monitoring is often used to find the

PEEP level that yields an end-expiratory transpulmonary pressure (Ptp,EE) close to zero [10].

While both approaches theoretically aim at minimizing alveolar collapse and overdistention, it

is not clear whether they result in identically suggested PEEP levels. Moreover, while there is

evidence that a Ptp,EE (measured at the esophageal level) close to zero is beneficial to clinical

outcome [11], its implication for the total lung ventilation distribution is unknown.

This study aims to evaluate the differences between EIT and Pes monitoring in guiding PEEP

titration by finding answers to the following research questions:

1. How does the EIT guided PEEP level compare to the Pes guided PEEP level?

2. What is the ventilation distribution at the optimal Pes guided PEEP?

3. What is the transpulmonary pressure at the optimal EIT guided PEEP?

7.2 Methods

7.2.1 Study design

This is a retrospective analysis of a cohort study conducted between March 1 and June 2020 the

intensive care unit of the Erasmus MC, Rotterdam. Data from this cohort has been presented
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earlier in studies comparing ARDSnet FiO2-PEEP table guided PEEP with EIT guided PEEP

[12, 13].

Patients were originally included that met the following criteria:

• Aged ≥ 16 years

• PCR positive COVID-19

• Moderate to severe ARDS according to the Berlin criteria [14]

• Intubated and on controlled mechanical ventilation

Two criteria were added for including patients in the current retrospective analysis:

• Availability of an EIT recording and a Pes measurement obtained during a decremental

PEEP trial following admission to the ICU

• The patient is in supine position during the decremental PEEP trial

A decremental positive end-expiratory pressure (PEEP) trial was performed guided by EIT

measurements obtained with the Pulmovista 500, Dräger, Germany. Simultaneously, Pes was

recorded using the Adult Esophageal Balloon Catheter by CooperSurgical, USA. Pes monitor-

ing was intended only for research purposes and did not have clinical implications for setting

the PEEP.

The PEEP trial involved the following steps:

1. Start measuring at the PEEP level initially chosen by the attending clinician according to

the PEEP-FiO2 table (PEEPbase)[2].

2. Increase PEEP until it is 10 cmH2O above PEEPbase without changing the difference be-

tween the set peak inspiratory pressure and PEEP (PEEPhigh). Only proceed under condi-

tions of normotension (MAP ≥ 60 mmHg) and normal oxygen saturation (SpO2 ≥ 88%).

Otherwise, reduce PEEP to re-establish these conditions. Perform an end-inspiratory and

end-expiratory hold at PEEPhigh.
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3. Reduce PEEP in steps of 2 cmH2O every 30 seconds until the EIT device shows evident

collapse in comparison to PEEPhigh.

4. Reduce PEEP with 2 cmH2O to confirm a further increase in collapse (PEEPlow). Perform

an end-inspiratory and end-expiratory hold at PEEPlow.

5. Calculate the relative amount of collapse and overdistention for each PEEP step according

to the Costa method [15]. Set PEEP at the lowest PEEP step above the intersection of

relative overdistention and collapse (PEEPset).

Each PEEP change was accompanied by a 1:1 change in the peak inspiratory pressure, with the

aim to keep driving pressure constant.

The EIT and Pes data were downloaded from the monitor and stored for analysis. EIT sampling

rate was 20 Hz and spatial resolution was 32 by 32 pixels. Pes sampling rate was 50 Hz.

7.2.2 Outcome measures

The primary outcome measure was mean difference of EIT guided PEEP and Pes guided PEEP.

EIT guided PEEP was defined as the first PEEP level before reaching the crossing point of

collapse and overdistention. Pes guided PEEP was defined as the first PEEP level during decre-

mental PEEP titration that yields any Ptp,EE between -2 and 2 cmH2O.

Secondary outcome measures included: relative percentage collapse and overdistention at Pes

guided PEEP; Ptp,EE at EIT guided PEEP; collapse and overdistention at Ptp,EE = 0 cmH2O;

percentage of maximal collapse at the lungs dorsal and ventral to the esophageal level at Ptp,EE

= 0 cmH2O.

7.2.3 Data processing

EIT: data selection

The EITdiag research software by Dräger was used to segment and reconstruct the EIT data.

Global impedance traces were visually inspected to find one segment of 10 consecutive breaths
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having stable end-expiratory lung impedance (EELI) for each PEEP step.

EIT: collapse and overdistention

Collapse and overdistention were calculated according to the method introduced by Costa et al

[15]. This method is based on the assumption that a loss of compliance can be either attributed

to alveolar collapse or alveolar overdistention. Along a PEEP trial, each pixel has an own com-

pliance profile. Usually, at a high PEEP level, a pixel’s compliance is low due to overdistention.

Then, when PEEP is lowered, the overdistention starts to resolve and the compliance increases.

At a certain PEEP level, the compliance reaches an optimum after which it decreases again

when airways and alveoli start to collapse. In other words, a low compliance before the op-

timum is reached, can be attributed to overdistention. Likewise, a low compliance after the

optimum is reached, can be attributed to collapse.

Hence, the first step of the method involves the calculation of each pixel’s compliance at every

PEEP step:

Compliancepixel, PEEP-step =
∆Z

Pplateau − PEEP
(7.2.1)

where ∆Z is the average tidal impedance variation of the PEEP step. Considering driving

pressure was assumably constant throughout the PEEP trial, this element could be omitted

from calculation so that

Compliancepixel, PEEP-step = ∆Z (7.2.2)

Then, the best compliance throughout the PEEP trial was determined for every pixel:

Best compliancepixel = max



Compliancepixel, PEEP-step=0

Compliancepixel, PEEP-step=1
...

Compliancepixel, PEEP-step=n


(7.2.3)
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Knowing each pixel’s compliance profile, the extent of overdistention can be determined by

calculating the amount of compliance loss relative to the best compliance before the optimum is

reached:

Overdistentionpixel, PEEP-step(%) =


(1−

Compliancepixel, PEEP-step
Best compliancepixel

)× 100 if PEEPPEEP-step > PEEPBest compliance

0 if otherwise
(7.2.4)

Likewise, the extent of collapse can be determined by calculating the amount of compliance

loss relative to the best compliance after the optimum is reached:

Collapsepixel, PEEP-step(%) =


(1−

Compliancepixel, PEEP-step
Best compliancepixel

)× 100 if PEEPPEEP-step < PEEPBest compliance

0 if otherwise
(7.2.5)

To obtain one collapse and overdistention value for all pixels at a PEEP step, the individual

pixel collapse and overdistention values can be cumulated:

Cumulated collapsePEEP-step =

m∑
pixel=1

Collapsepixel, PEEP-step(%) (7.2.6)

where m is the amount of pixels that contribute to ventilation. In this study, the device’s classi-

fication of ventilated pixels was used.

However, this approach would allow pixels with low tidal ventilation, such as those represent-

ing the most peripheral lung fields, to have a high impact on the total collapse number. Phys-

iologically, a relative compliance loss at the central lung fields yields much more loss of venti-

lated lung tissue than the same relative compliance loss at the peripheral lung fields. Hence,

a more physiological cumulated collapse can be calculated by weighing each pixel’s collapse

percentage with the pixel’s best compliance value:
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Cumulated CollapsePEEP-step(%) =

∑m
pixel=1(Collapsepixel, PEEP-step(%) × Best compliancepixel, PEEP-step)∑m

pixel=1 Best compliancepixel, PEEP-step
(7.2.7)

Similarly, cumulated overdistention is calculated as

Cumulated OverdistentionPEEP-step(%) =

∑m
pixel=1(Overdistentionpixel, PEEP-step(%) × Best compliancepixel, PEEP-step)∑m

pixel=1 Best compliancepixel, PEEP-step
(7.2.8)

EIT: distribution of collapse

The collapse maps were divided into a part dorsal to the esophageal level and a part ventral

to the esophageal level. First, pixel rows participating to ventilation were identified based on

the the device’s classification of ventilated pixels. The rows were each assigned an ascending

row number, with the most dorsal row assigned number 0. Secondly, the number of the row

representing esophageal level was defined as the nearest integer to the amount of rows times

0.4. The value of 0.4 was conveniently based on visual inspection of available CT-scans from

included patients. Thirdly, the part dorsal to the esophageal level was defined as the pixel rows

under the esophageal level row, including the esophageal level row itself. The part ventral

to the esophageal level was defined as the pixel rows above the esophageal level. Fourth,

all pixel’s collapse values were cumulated for both the dorsal and ventral parts. Finally, the

cumulated collapse values were divided by the total amount of collapse observed during the

PEEP trial, enabling inter-patient comparisons.

Pes: data selection

Raw esophageal pressure (Pes) and airway pressure (Paw) recordings were used for analysis.

A custom user interface was developed to facilitate the segmentation of 5 consecutive stable

breaths for each PEEP step. Segmentation was done independently by two reviewers and

results were compared after completion to reach agreement. Moreover, the inspiratory and

expiratory holds were segmented for the highest and lowest PEEP step.
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Pes: estimation of end-expiratory Ptp

Transpulmonary pressure (Ptp,EE) was estimated according to the absolute esophageal pressure

theory [16]:

Ptp = Paw − Pes (7.2.9)

Both the Paw and Pes recordings were contaminated by cardiac artifacts, however. This could

potentially impact end-inspiratory and end-expiratory pressure values.

The Pes recordings were filtered using the empirical mode decomposition (EMD) algorithm

as proposed in chapter 5. In short, the method involves the segmentation of the signal in

short segments of 180 seconds. The segments are filtered individually after which they are

combined again. The filtering involves the detection of heart rate through visual inspection of

the frequency spectrum. The heart rate value is then used to design masking signals that enable

EMD to specifically extract the cardiac artifacts from the recording. Finally, the cardiac artifacts

are subtracted from the recording, leaving a signal with predominantly respiratory activity.

The Paw recordings were initially filtered using the same method, but it was concluded that

the filtering resulted in a significant loss of details (appendix A). This would have led to an

underestimation of end-inspiratory pressure and an overestimation of end-expiratory pressure.

Not filtering Pes and Paw individually, but filtering the estimated Ptp trace resulted in similar

loss of important details.

Since the Paw recordings were considerably less contaminated by cardiac artifacts than the Pes

recordings, it was decided to filter only the Pes recordings. This raised a synchronization issue,

as it was found that the the moment of end-expiration differed between Pes and Paw as a result

of the Pes filtering. Subtracting Pes from Paw would then lead to a biased Ptp,EE. For this reason,

it was decided to determine end-expiratory values for Paw and Pes separately first, to average

these values per PEEP-step and, finally, to subtract the values to obtain Ptp,EE.
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Pes: accounting for incomplete expiration

The patients were ventilated with pressure controlled ventilation. This ventilation mode has

the limitation that the expiration does not necessarily reach a zero-flow state. As long as there

is airflow during expiration, the alveolar pressure is higher compared to the airway pressure.

Using the airway pressure to calculate transpulmonary pressure would, in this case, result in

the underestimation of end-expiratory transpulmonary pressure.

The information provided by the end-expiratory holds at PEEPhigh and PEEPlow was used to

address this issue. An end-expiratory hold involves the closure of the expiratory valve of

the ventilator for multiple seconds. When the flow equals zero, Paw will rise to the intrinsic

PEEP level [17]. Intrinsic PEEP, or auto-PEEP, is the pressure that exists in the alveoli at end-

expiration and is mainly determined by (a combination of) flow limitation, expiration time,

expiratory time constant and resistance of the respiratory system [18].

To derive the intrinsic end-expiratory pressure levels from the holds for all patients automati-

cally, a sliding window was applied to evaluate the standard deviation at any point during the

holds. The sliding window had a length of 1 second and a step size of 20 milliseconds. The

time interval with the lowest standard deviation of Paw was then used as a starting point for

the calculation of intrinsic end-expiratory Paw and Pes.

The average of Paw and Pes during the time interval was considered as the total end-expiratory

Paw and Pes, respectively. From tidal breathing curves at the same PEEP level, the extrinsic

end-expiratory Paw and Pes were determined. Then, intrinsic end-expiratory Paw and Pes were

calculated by subtracting extrinsic Paw and Pes from total end-expiratory Paw and Pes:

For PEEPhigh and PEEPlow:

Paw, intrinsic = Paw, total − Paw, extrinsic (7.2.10)

Pes, intrinsic = Pes, total − Pes, extrinsic (7.2.11)

Linear interpolation was used to estimate the intrinsic Paw and Pes for each PEEP step by using

the intrinsic Paw and Pes at PEEPhigh and PEEPlow as reference pressures:
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P̂aw, intrinsic, PEEP-step =

Paw, intrinsic, PEEPhigh +
(Paw, intrinsic, PEEPlow–Paw, intrinsic, PEEPhigh)(PEEPPEEP-step − PEEPhigh)

PEEPlow–PEEPhigh

(7.2.12)

P̂es, intrinsic, PEEP-step =

Pes, intrinsic, PEEPhigh +
(Pes, intrinsic, PEEPlow–Pes, intrinsic, PEEPhigh)(PEEPPEEP-step − PEEPhigh)

PEEPlow–PEEPhigh
(7.2.13)

The interpolated intrinsic end-expiratory pressures were added to the extrinsic end-expiratory

pressures obtained from the tidal breathing curves, resulting in a total end-expiratory pressure

for each PEEP step:

For each PEEP-step between PEEPhigh and PEEPlow:

Paw, total = Paw, extrinsic + P̂aw, intrinsic (7.2.14)

Pes, total = Pes, extrinsic + P̂es, intrinsic (7.2.15)

Finally, end-expiratory transpulmonary pressure was obtained for every PEEP-step by sub-

tracting total end-expiratory Pes from total end-expiratory Paw:

Ptp,EE = Paw, total − Pes, total (7.2.16)

7.2.4 Statistical analysis

Data were presented as median [25th-75th percentile] or count (percentage). The Wilcoxin

Signed-Rank test was used for non-parametric paired testing of the difference between EIT

guided PEEP and Pes guided PEEP, as well as collapse and overdistention differences between

EIT guided PEEP and Pes guided PEEP. Bias and limits of agreement (LOA) with mean bias +/-

2 standard deviation for EIT guided PEEP versus Pes guided PEEP were calculated following

the Bland-Altman approach. Univariate linear regression was used to assess the explanatory

value of patient characteristics for differences in EIT and Pes guided PEEP levels. A p-value
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of ≤ 0.05 was considered to be statistically significant. Statistical analysis was performed in

RStudio (Version 4.2.1, 2022).

Calculation of end-expiratory transpulmonary pressures revealed that only a subset of patients

had reached a Ptp,EE between -2 and 2 cmH2O during the decremental PEEP trial. Hence, in

a post-hoc analysis, patient characteristics and respiratory mechanics were compared between

patients reaching -2 ≤ Ptp,EE ≤ 2 cmH2O and patients not reaching -2 ≤ Ptp,EE ≤ 2 cmH2O. The

groups were compared by means of the Wilcoxin rank-sum test for non-parametric indepen-

dent testing. A p-value of ≤ 0.05 was considered to be statistically significant.

7.3 Results

7.3.1 Patient characteristics

26 mechanically ventilated patients with COVID-19 ARDS were included in this retrospective

cohort study. Patients had a median age of 60 [54–66] years and a body mass index (BMI) of

29.5 [26.2-36.0] kg/m2. Median APACHE IV score at ICU admission was 51 [47-72] and median

time since intubation was 4 [1-8] days (table 7.1).

Only a subset of patients (n=20, 77%) reached a Ptp,EE between -2 and 2 cmH2O during the

decremental PEEP trial. Gender, BMI, age, 28 day mortality, SOFA score, time since intubation

and time since onset symptoms were not different in the patients reaching the Ptp,EE target and

patients not reaching the target, while median APACHE IV did differ (50 [46-51] vs. 76 [71-

78] respectively, p=0.005), as well as the highest D-dimer in the first 7 days of admission (2.9

[1.8-5.6] vs. 9.8 [4.8-29.4] (mg/L)) (table 7.1).

7.3.2 PEEP guided by EIT and Pes monitoring

Median EIT guided PEEP was 15 [14-18] cmH2O and median Pes guided PEEP was 12 [10-16]

cmH2O (figure 7.1). Median difference between EIT guided PEEP and Pes guided PEEP was 4

[2-5] cmH2O, which was statistically significant (p=0.008).

Univariate regression analysis table revealed no statistical significant relationship between the
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Totaal (n=26) Not within
-2 ≤ Ptp,EE ≤ 2 (n=10)

Within
-2 ≤ Ptp,EE ≤ 2 (n=16)

P-value
(not within -2 ≤ Ptp,EE ≤ 2
vs. within -2 ≤ Ptp,EE ≤ 2)

Male gender 22 (85%) 10 (100%) 12 (75%) 0.25
BMI (kg/m2) 29.5 [26.2-36.0] 29.5 [26.4-35.2] 29.5 [26.4-36.0] 0.98
Age (y) 60 [54-66] 62 [55-66] 60 [50-66] 0.65
28 day mortality 6 (23%) 3 (30%) 3 (19%) 0.85
APACHE IV score 51 [47-72] 74 [67-78] 49 [46-51] 0.002*
SOFA score 8.0 [6.0-10.0] 8.5 [7.2-10.8] 7.0 [6.0-9.2] 0.24
D-dimer at admission (mg/L) 1.5 [1.0-2.6] 2.4 [1.2-5.2] 1.3 [1.0-2.2] 0.19
Highest D-dimer in first 7 days (mg/L) 3.5 [2.6-8.2] 7.9 [3.8-29.4] 2.7 [1.6-4.0] 0.006*
Time since intubation (d) 4 [1-8] 2 [1-5] 4 [2-12] 0.21
Time since onset symptoms (d) 12 [8-16] 11 [8-14] 12 [10-18] 0.36

Table 7.1: Patient characteristics. Data is presented as n (%) or median [interquartile range]. * p-value <
0.05.

difference in suggested PEEP between EIT and Pes, and the explanatory variables BMI and

APACHE IV score (table 7.2).

7.3.3 Collapse and overdistention at optimal PEEP

At EIT guided PEEP, relative collapse and overdistention were 7.2% [5.0%-9.3%] and 12.2%

[9.7%-13.9%], respectively. At Pes guided PEEP, collapse and overdistention were 15.6% [8.9%-

21.1%] and 3.7% [0.0%-14.1%], respectively. Relative collapse was higher at Pes guided PEEP

(median difference 7.6% [3.4%-14.0%], p<0.001). Relative overdistention was lower at Pes

guided PEEP (median difference -6.4% [-11.5%–2.5%] , p=0.03) (figure 7.2).

7.3.4 End-expiratory transpulmonary pressure at EIT guided PEEP

At EIT guided PEEP, Ptp,EE was 4.1 [3.2-5.9] cmH2O for patients reaching -2≤ Ptp,EE ≤ 2 cmH2O

and 6.2 [5.7-6.8] cmH2O for patients not reaching -2 ≤ Ptp,EE ≤ 2 cmH2O. The distributions in

the two groups differed statistically significant (p=0.009).

Variable Coefficient SE R2 p-value

BMI 0.069 0.145 0.012 0.641
APACHE IV score 0.019 0.039 0.013 0.632

Table 7.2: Results of univariate linear regression analyses for the difference of suggested PEEP be-
tween EIT and Pes (response), and BMI and APACHE IV score (explanatory variables). Abbrevia-
tions: APACHE: Acute Physiology and Chronic Health Evaluation; BMI: body mass index; EIT: electrical
impedance tomography; Pes: esophageal pressure.
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Figure 7.1: Left upper graph: Distribution of PEEP values suggested by EIT and Pes. Left under graph:
Sunflower plot of PEEP values suggested by EIT and Pes. Each leave represents one data point. Dotted
line: identity line. Solid line: estimated linear regression line. * denotes statistical significance. Right un-
der graph: Bland Altman plot assessing PEEP differences between EIT and Pes throughout the range of
average observed PEEP values. Abbreviations: EIT: electrical impedance tomography; PEEP: positive
end-expiratory pressure; Pes: esophageal pressure.

7.3.5 Ventilation distribution at Ptp,EE = 0 cmH2O

A total of 14 patients reached a Ptp,EE of 0 cmH2O, requiring a median PEEP level of 11 [8-14]

cmH2O. Maximal observed relative collapse during the PEEP trial was 25.2% [21.0%-34.8%].

Under the condition of Ptp,EE = 0 cmH2O, the lungs were collapsed at 80% [43%-100%] of the
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Figure 7.2: Left graph: Distribution of relative collapse values suggested by EIT and Pes. Right graph:
Distribution of relative overdistention values suggested by EIT and Pes. Abbreviations: EIT: electrical
impedance tomography; Pes: esophageal pressure.

maximal collapse reached during the PEEP trial. At the same PEEP level, collapse located

dorsal to the presumed esophageal level attributed to 54% [33%-67%] of the maximal collapse,

whereas 16% [4%-19%] of the maximal collapse was located ventral to the esophageal level.

Upon visual inspection, the esophageal level separated the lungs into collapsed lungs and non-

collapsed lungs in 10 out of 14 cases (71%) (figure 7.3).

Maximal observed relative overdistention during the PEEP trial was 37.5% [33.6%-46.9%]. Un-

der the condition of Ptp,EE = 0 cmH2O, the lungs were overdistended at 10% [0%-18%] of the

maximal collapse reached during the PEEP trial.

7.4 Discussion

The primary finding of this study is that PEEP titration guided by EIT yields higher PEEP levels

compared to PEEP titration guided by Pes monitoring. EIT-guided PEEP levels were associated

with lower alveolar collapse and higher alveolar overdistention.

Titration of PEEP with EIT and Pes are based on different rationales. EIT monitors the distri-

bution of ventilated lung volumes. As such, optimal PEEP is defined as the PEEP level that

produces the most homogeneous lung ventilation, expressed in terms of alveolar collapse and
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Figure 7.3: Distribution maps of relative collapse at zero end-expiratory transpulmonary pressure. Red
line: presumed esophageal level. Abbreviations: CL: relative collapse

overdistention. Meanwhile, Pes monitoring is a technology assessing lung mechanics. It is used

to optimize the transpulmonary pressure at the end of expiration. As such, Pes guided PEEP is

primarily aimed at preventing collapse. Thus, it is reasonable to expect differences in suggested

PEEP values between both strategies.

However, contradictory to the Pes strategy’s primary aim, the current study demonstrates that

the Pes guided PEEP yields even more alveolar collapse compared to EIT guided PEEP. More-
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over, the detailed exploration of ventilation distribution showed that half of the total collapse

encountered during the PEEP trial is present at zero Ptp,EE. Hence, significant collapse should

be expected when aiming Ptp,EE close to zero.

At the same time, Pes guided PEEP produced less overdistention on average. This can be seen

as an advantage, as multiple studies suggest that alveolar overdistention may be more harmful

than collapse [19–21]. Still, while overdistention was lower on average, individual overdisten-

tion percentages varied widely. Only knowing that Ptp,EE is titrated close to zero apparently

does not guarantee the absence of alveolar overdistention.

The variation in collapse and overdistention percentages was considerably larger at Pes guided

PEEP compared to EIT guided PEEP. Hence, Ptp,EE seemingly does not directly predict ventila-

tion distribution. This was also reflected in the varying difference between EIT and Pes guided

PEEP levels. The degree of difference could possibly be explained by inter-patient differences,

but in this study BMI and APACHE IV scores lacked explanatory power. Assessment of lung

weight from CT-scans in a future study could possibly confirm whether individual lung het-

erogeneity may explain varying differences between both strategy’s advised PEEP level.

Alternatively, the heterogeneity in collapse and overdistention values at Ptp,EE close to zero

may have been induced by measurement errors. The filling pressure of the esophageal bal-

loon can significantly shift the baseline of recorded Pes values [22]. This makes Pes monitoring

vulnerable to user-induced errors.

In the current study, the Ptp,EE target was set at -2 ≤ Ptp,EE ≤ 2 cmH2O. This choice was based

on the clinical evidence provided by Sarge et al. [11], indicating that -2 ≤ Ptp,EE ≤ 2 cmH2O is

associated with reduced mortality. Interestingly, not all patients in the current study reached

this target during the decremental PEEP trial. Subgroup analysis revealed that patients not

reaching the target had higher APACHE IV scores and higher D-dimer levels. It is likely that the

increased severity of illness and increased lung perfusion anomalies led to early desaturation,

necessitating the premature termination of the decremental PEEP trial.

It has been well recognized that the esophageal pressure is only a surrogate for local pleural

pressure adjacent to the esophageal balloon [23]. The gravitational gradient along the dorsal-

ventral axis introduces a gradient of pleural pressures, with the dorsal pleural pressure being
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higher. Hence, dorsal transpulmonary pressure is lower and will become negative first. The

current study corresponds to this by showing that in most patients, the esophageal level delin-

eated the separation between collapsed and non-collapsed lung tissue at zero Ptp,EE, indicating

a negative transpulmonary pressure dorsal to the esophagus.

While evidence of clinical outcome points towards a target of -2≤ Ptp,EE ≤ 2 cmH2O, the current

study shows that this target is associated with significant heterogeneity of lung ventilation.

Equal amount of collapse and overdistention required an average increase of 4 cmH2O PEEP.

Considering regional inhomogeneity in tidal volume distribution is an important determinant

of ventilator induced lung-injury [24], there is a clear physiological rationale for titrating PEEP

a few cmH2O above zero Ptp,EE, although it conflicts with the clinical evidence. Meanwhile, it

must be noted that the clinical evidence originates from a post-hoc analysis, not investigating

the clinical implications of a Ptp,EE at few cmH2O above zero.

The results of the current study contradict the findings by Scaramuzzo et al. [25] that EIT and

Pes guided PEEP are uncorrelated and yield similar PEEP levels, on average. An important

difference between this study and the current study is the use of Silent Spaces to assess re-

gional ventilation distribution with EIT. Silent Spaces are defined as pixels not or minimally

contributing to ventilation [26]. The advantage of this method is that it does not require a com-

plete decremental PEEP trial, as Silent Spaces can be assessed at any PEEP level independently

from other PEEP levels. Meanwhile, the method treats all lung regions equally, while the Costa

method used in the current study weighs the magnitude of collapse and overdistention for each

pixel based on its best observed compliance. Thus, theoretically, the Costa method is better at

finding the PEEP level with the highest gain in ventilated lung regions.

Another important difference between both studies is the more diverse study population in-

vestigated by Scaramuzzo et al., which included both pulmonary ARDS and extrapulmonary

ARDS patients. They found that EIT suggested a lower PEEP level specifically in pulmonary

ARDS and a higher PEEP in extrapulmonary ARDS, while PEEP titration with Pes monitoring

was less able to differentiate between ARDS origin. This would imply that the potential for

lung recruitability may determine the magnitude of difference between EIT and Pes guided

PEEP. This has not been investigated in the current study and should be addressed in future

studies.
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This study demonstrates that EIT and Pes are not interchangeable for titrating PEEP. However,

while it has been suggested that both methods do not correlate before [25], the current study

does show a correlation but with a seemingly systematic offset between EIT guided PEEP and

Pes guided PEEP. This knowledge, together with the understanding that Pes only allows as-

sessment of transpulmonary pressure at the esophageal level, does suggest that both strategies

may be used independently if only the ventilation targets are slightly modified: if homoge-

neous ventilation distribution is the goal, this would require to titrate Ptp,EE several cmH2O

positive. Conversely, if limiting overdistention is the primary goal while allowing consider-

able collapse, this would require titrating PEEP several cmH2O below the point of equal col-

lapse and overdistention. Obviously, with regard to clinical outcome, these findings are only

hypothesis generating, deserving investigation in future studies.

7.4.1 Limitations

This study has several limitations. First, the study protocol did not prespecify the current

analysis. EIT and Pes recordings were not obtained with the primary aim to compare both

techniques. This may have impacted the accuracy of the measurements.

Second, relating to the retrospective nature of the study, not all patients reached the target of

-2 ≤ Ptp,EE ≤ 2 cmH2O. If the target would have been protocolized, probably more effort was

spent by the clinician to reach the target. Requiring to leave out this subgroup of patients from

the EIT and Pes comparison may have impacted results. The finding that patients not reaching

-2 ≤ Ptp,EE ≤ 2 cmH2O had higher Ptp,EE at optimal EIT PEEP, underscores this possibility.

Third, patients were ventilated in pressure controlled mode, requiring expiratory holds to as-

sess zero-flow respiratory mechanics. These holds were only assessed at the highest and lowest

PEEP level. Intrinsic end-expiratory pressures had to be estimated for the intermediate steps

through interpolation. A linear relationship between PEEP level and auto-PEEP was assumed.

However, airway resistance may be related exponentially with set PEEP, as one study suggests

[27]. A future study should apply holds at every PEEP step or use volume controlled ventila-

tion.

Fourth, the highest and lowest PEEP level varied between patients. This potentially impacts
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the assessment of collapse and overdistention, as these are calculated relative to the highest and

lowest PEEP step, respectively. However, appendix B highlights that collapse values differed

minimally when applying a PEEPhigh cut-off of 24 cmH2O. The choice of not applying this

cut-off in the current analysis is based on the aim of making the results match clinical practice.

Fifth, information on airway pressure was not included in the estimation of collapse and overdis-

tention with EIT. Instead, driving pressure was assumed to be constant throughout the PEEP

trial. This resembles clinical practice, as EIT devices are often not connected to an airway pres-

sure sensor. However, considering that airway pressure does not remain constant at varying

PEEP levels, the static driving pressure may have been overestimated, impacting the calcula-

tion of collapse and overdistention.

Sixth, EIT was used to assess ventilation distribution at Ptp,EE guided PEEP levels. While

changes in ventilation correlate well with changes in impedance [28], sound evidence of the

validity of collapse and overdistention assessed through the Costa method is lacking.

Finally, the present study only included COVID-19 patients, questioning the generalizability of

the current results. Although respiratory mechanics of COVID-19 ARDS resemble non-COVID-

19 ARDS [29], a more diverse distribution of ARDS origin could have enabled unraveling why

differences in EIT and Pes guided PEEP levels vary between patients.

7.4.2 Conclusion

Concluding, PEEP titration guided by EIT and Pes yield different levels of PEEP. EIT guided

PEEP results in higher PEEP levels compared to Pes guided PEEP. Optimal Pes PEEP yields

more collapse and less overdistention compared to optimal EIT PEEP. Zero end-expiratory

transpulmonary is not sufficient to reach the more homogeneous ventilation distribution ob-

served at optimal EIT PEEP.
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Chapter 8

Mechanical ventilation guided by

ventilation and circulation: a research

proposal

Together with my medical supervisor Dr. H. Endeman, I have conceptualized a study on PEEP

titration based on micro-circulatory and macro-circulatory indices. We have submitted differ-

ent versions of the proposals to the European Society of Intensive Care Medicine (ESICM), the

Society of Critical Care Medicine (SCCM) and the Erasmus MC innovation grant. This chapter

includes the research proposal submitted to the SCCM.
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Mechanical Ventilation Guided by 
Ventilation and Circulation 

Research Proposal 

Arthur van Nieuw Amerongen, BSc, Technical University Delft, The Netherlands 
Dr. Henrik Endeman, MD, PhD, Erasmus Medical Center, Rotterdam, The Netherlands 
Prof. Jan Bakker, MD, PhD, FCCM, New York University NYU Langone Medical Center 
and Columbia University Medical Center, New York, USA 
 

Study purpose and aims 

The aim of the project is to develop and validate a novel method finding the optimal PEEP in 
ARDS patients by optimizing both ventilation and lung microcirculatory perfusion (LMP). 
 
The LMP can be estimated using volumetric capnography which measures alveolar partial 
pressure of CO2 and the mixed expired partial pressure of CO2 enabling the determination of 
true Bohr dead space. However, several aspects require additional studies. 
 
First, the effect of PEEP on the interaction between micro- and macro-circulation. A change 
in dead space due to increased PEEP could result from capillary compression or decreased 
cardiac output. We aim to study this by combining volumetric capnography with invasive 
hemodynamic monitoring. 
 

 

Figure 1  Possible relationships between alveolar dead space and cardiac output during a 
decremental PEEP trial. Alveolar dead space can be caused by capillary compression and by 

reduced cardiac output. If alveolar dead space is increased but cardiac output remains stable, the 
alveolar dead space can likely be attributed to capillary compression. 

 
Second, the relationship between lung mechanics and alveolar dead space has not been 
fully explored. In PEEP trials, lung overdistention is often determined only by measuring 
compliance. We aim to study the relationship between capillary compression and 
mechanical overdistention by combining volumetric capnography with electrical impedance 
tomography measurements. 
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Figure 2  Possible relationships between alveolar dead space and mechanical overdistention 
during a decremental PEEP trial. It is unknown whether these phenomena occur simultaneously or 

with a delay. 

 
From these results we will develop a novel method that optimizes PEEP for both its effect on 
ventilation and circulation. Ventilation will be optimized using electrical impedance 
tomography; the Costa method [1] finds the PEEP level with the lowest sum of relative 
overdistention and collapse (figure 3A). Circulation will be optimized by the addition of 
alveolar dead space as a measure of LMP (figure 3B). The model is aiming to find optimal 
PEEP defined as the lowest sum of relative overdistention, relative collapse and alveolar 
dead space fraction. 
 
This novel method will then be validated in ARDS patients by comparing the differences in 
the initially set PEEP to the optimal-model PEEP and the effect on oxygenation status.  
 
 
 

Summary 

Primary objective: Define individual best PEEP that optimizes both ventilation and 
circulation in ARDS patients using a novel approach based on volumetric capnography 
 

Sub-goal 1: Assess the relationship between alveolar dead space and macro-
circulatory hemodynamics 
 
Sub-goal 2: Assess the relationship between alveolar dead space and global and 
regional lung compliance 

 
Secondary objective: Validate the novel method by comparing the differences in the 
initially set PEEP to the optimal-model PEEP and the effect on oxygenation status. 
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Figure 3  A) Optimal PEEP based on the Costa method, which minimizes the sum of relative 
overdistention and collapse. B) Hypothetical course of alveolar dead space fraction along 

decremental PEEP steps, added to relative overdistention and collapse. The dashed line represents 
the sum of overdistention, collapse and alveolar dead space. The arrows suggest optimal PEEP. 

 

Background and Significance 

Physiological dead space is an important predictor for mortality in acute respiratory distress 
syndrome (ARDS) [2]. Intrathoracic pressures induced by mechanical ventilation may 
increase dead space even more by reducing alveolar capillary perfusion through the 
compression of pulmonary capillaries and a reduction in cardiac output [3, 4]. However, 
ventilators are clinically set to limit mechanical lung injury [5], rather than optimizing the 
pulmonary microcirculation. 

Dead space is commonly estimated using the arterial partial pressure of CO2 (Enghoff 
modification) which is valid only in the case of ideal gas exchange assuming that arterial 
CO2 and alveolar CO2 are equilibrated [6]. In mechanically ventilated patients with ARDS, 
this assumption is not valid. Hence, intrapulmonary shunt and diffusion impairments are 
brought into the Enghoff equation, leading to an overestimation of true dead space [7].  

Volumetric capnography enables the estimation of alveolar partial pressure of CO2, 
permitting the calculation of true Bohr dead space [8]. Accordingly, the Bohr method allows 
us to discriminate between the effects of PEEP on dead space and pulmonary shunt. 
Moreover, volumetric capnography enables continuous bedside monitoring of dead space. 
Thus, it could be used to guide PEEP titration to optimize alveolar perfusion and thus gas 
exchange. Its value in finding optimal PEEP has been shown in an experimental model of 
lung injury [9, 10] and in healthy lungs [11-13], but not yet critically ill ARDS patients. At this 
moment, no bedside tool is available to guide mechanical ventilation settings based on 
pulmonary microcirculation. 

To implement this technique clinically, a better understanding of the interplay of micro- and 
macro-circulatory changes due to PEEP is required. Also, a better understanding of the 
relationship between mechanical overdistention (reduced compliance) and ‘functional’ 
overdistention (capillary compression) is required. In this project we will determine how these 
changes interact, opening the door to clinical implementation.  
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Preliminary Data 

We have created a measurement setup with a proximal flow sensor and a mainstream CO2 
sensor. Figure 4 shows a volumetric capnogram of a mechanically ventilated patient 
admitted to our intensive care unit. Alveolar partial pressure of CO2 (PACO2) and mixed 
expired partial pressure of CO2 (PeCO2) are determined according to the method described 
by Tusman et al. [14]. Physiological dead space fraction was 0.37 and alveolar dead space 
volume was 4 mL. This demonstrates our ability to measure and analyze a volumetric 
capnogram. 

We haven't measured CO2 during a decremental PEEP trial yet, requiring IRB approval. The 
Discovery grant will facilitate the study after IRB approval. 
 

 

Figure 4  Volumetric capnogram from a mechanically ventilated patient. Alveolar partial pressure of 
CO2  (PACO2) is determined by the midpoint between the intersection of SII and SII, and end-tidal 

CO2. Mixed expired partial pressure of CO2 (PeCO2) is determined by the integral of the volumetric 
capnogram divided by the expired volume. 

 

Research Design 

Design 

This will be a multi-center prospective observational study recruiting 60 newly diagnosed 

moderate and severe ARDS patients following adequate consenting. 

 
A decremental PEEP trial according to local clinical protocol will be executed: PEEP is 
gradually increased to a high level, with a minimum of 24 cmH2O or up to 10 cmH2O above 
the baseline clinically set PEEP, whichever is higher. Increases in PEEP will be made in 
steps of 3-4 cmH2O to test the patient’s tolerance. Starting at the highest level, every 5 
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minutes PEEP is lowered by 2 cmH2O until -6 cmH2O is reached. Driving pressure is kept 
constant. At the end of each step, an inspiratory and expiratory hold is performed. After the 
trial, PEEP is returned to the baseline level.  
 
During PEEP titration, continuous recording of volumetric capnography, hemodynamics and 
ventilation distribution will be performed. Simultaneous measurement of CO2 and flow at the 
airway opening will be performed with a Respironics NICO2 monitor. PACO2, PeCO2 and 
PetCO2 will be derived from the capnogram with offline signal processing. PiCCO 
measurements will be executed at 24, 20, 16, 12 and 6 cmH2O PEEP. Ventilation 
distribution will be monitored using a Dräger Pulmovista 500. This allows for quantification of 
lung overdistention and collapse.  

Sample size 

Given the lack of prior data in this area a meaningful power calculation can't be made. From 
this pilot study we expect to assess the possible clinical relevance of the method and to 
design follow-up studies with adequate power calculation.  

For this study, we aim to recruit 60. The first 40 patients will be included for the explorative 
phase. The last 20 patients will be included for the validation phase. 

Inclusion/Exclusion Criteria 

Intubated mechanically ventilated patients will be considered for enrolment in the first 48 hours 
of ARDS diagnosis. 

Inclusion criteria: 
● Age ≥ 18 years 
● Intubated moderate and severe ARDS according to the Berlin definition (PaO2/FiO2 

ratio ≤ 200 mmHg) 

● Receiving invasive hemodynamic monitoring (PiCCO) 
● Under continuous sedation with or without paralysis 
● Informed consent granted by legally representative 

 
Exclusion criteria: 

● Contraindication to EIT monitoring (e.g. burns, pacemaker, thoracic wounds limiting 
electrode placement) 

● Hemodynamic instability (Systolic BP < 75 mmHg or MAP < 60 mmHg despite 
vasopressors and/or heart rate < 55 bpm) 

● Attending physician deems the transient application of high airway pressures to be 
unsafe. If oxygen saturation drops below 88% or if MAP drops below 55 mmHg, the 
PEEP trial will be stopped. 

● Severe COPD, lobectomy or other conditions which impact volumetric capnography 
considerably 

Methods to Achieve Aims 

We will collect the following outcome measures. 
 
Development phase 
During each PEEP step: 

- Alveolar dead space (Vdalv) as assessed with volumetric capnography at 60 seconds 
and at 5 minutes after PEEP change 
What are the Vdalv levels in our patient group? 
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Do the measurements remain stable after the first 60 seconds after PEEP change? 
- Global compliance   –   ΔV/(Pplat-PPEEP,total) 

How does global compliance relate to Vdalv? 
- Regional compliance as assessed with EIT 

How does anterior and posterior compliance relate to Vdalv? 
With higher PEEP levels, how do the onset times of increasing overdistension and 
increasing Vdalv relate to each other? 
How does the lowest relative percentage of collapse and overdistension relate to Vdalv? 

 
At 24, 20, 16, 12, 6 cmH2O PEEP: 

- Cardiac output, extravascular lung water (EVLW) and global end-diastolic volume 
(GEDV) as assessed with PiCCO 
How are capillary compression and impaired macro-circulation related as potential 
causes for reduced lung perfusion? 

- How does cardiac output relate to Vdalv? 
- How does hydrostatic pressure (EVLW) relate to Vdalv? 
- How does cardiac preload relate to Vdalv? 

 
Validation phase 
At baseline and 2 hours and 24 hours after setting PEEP according to the novel method: 

- PaO2 and FiO2 
Does PaO2/FiO2 ratio improve? To what extent does PaO2/FiO2 ratio improve? 

 

Descriptive statistical analysis will demonstrate distributions of measured alveolar dead 
space, lung mechanics and hemodynamics at different PEEP levels. Repeated-measure 
ANOVA followed by least significant difference for multiple comparisons will be applied to 
test which pairs of measurement means along the PEEP steps are significant (p<0.05). 
Linear regression analysis will be done to assess the relationships between alveolar dead 
space and hemodynamics, and between alveolar dead space and lung mechanics. Paired 
student’s t-test will be done to test for differences in oxygenation status before and after the 
PEEP titration. 

Evaluation Plan 

After the inclusion of the first 10 patients, we will evaluate the data quality of the volumetric 
capnography measurements, the invasive hemodynamic measurements and the electrical 
impedance tomography measurements. We will also evaluate whether results are 
comparable between the participating centers and we will evaluate protocol compliance. 
After the inclusion of the first 20 patients, we will evaluate the volumetric capnography 
measurement stability. We will compare whether metrics differ between the first 60 seconds 
and the first 5 minutes after PEEP change. If the alveolar dead space fraction differs more 
than 0.002 on average, we will consider this as clinically unstable and we will prolong the 
time per PEEP step. 
At the end of the study, the potential impact of the newly developed method to titrate PEEP  
on clinical decision making will be evaluated. The method will be retrospectively applied to 
determine the PEEP that optimizes both ventilation and circulation. The resulting PEEP 
value will be compared to the PEEP initially set by the clinician and to the PEEP that 
minimizes the sum of overdistention and collapse. 
Finally, an interventional follow-up study will be designed that evaluates the impact of the 
newly developed method on oxygenation status and ventilator-free days. 

Status of IRB 
We have not yet requested approval of the institutional review board for the study. The 
Discovery grant will enable us to request approval and set up the study. 
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Chapter 9

Conclusions

This thesis provided solutions for the filtering of undesired information from EIT and Pes

recordings and elaborated on the differences of EIT and Pes with respect to the titration of

PEEP.

In chapter 2 and 3, I described the technology behind EIT and Pes monitoring, as well as how

these technologies can be used for PEEP titration. The most widely used EIT method for titrat-

ing PEEP aims at finding equal alveolar collapse and overdistention. Pes monitoring is most

often used to ensure a positive end-expiratory transpulmonary pressure. Evidence on clinical

outcome is limited for both methods.

In chapter 4, I proposed an algorithm for the suppression of circulatory information in EIT

recordings. Empirical Mode Decomposition enables the separation of impedance traces into

respiratory and circulatory activity, but requires masking of the signals to reach satisfactory

results. The technology also proved to work for Pes recordings, albeit with several adjustments

(chapter 5)

In chapter 7, I compared PEEP titration guided by EIT and Pes monitoring. EIT guided PEEP

is higher than Pes guided PEEP and yielded less alveolar collapse and more alveolar overdis-

tention. Zero end-expiratory transpulmonary pressure is associated with significant collapse

dorsal to the esophageal level. Both technologies provide useful information for PEEP titration,

but understanding the origin of the suggested PEEP level is important for their clinical use.
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Appendix A

Example of filtering Paw and Ptp

Figure A.1: Example of the effects of filtering Paw and Ptp. The red trace shows the raw transpulmonary
pressure, obtained by subtracting raw Pes from raw Paw. The green trace reflects the filtered transpul-
monary pressure by applying empirical mode decomposition to the raw transpulmonary pressure. A
significant loss of detail can be observed. The blue trace reflects filtered transpulmonary pressure, ob-
tained by only filtering Pes and subtracting it from raw Paw. Cardiac oscillations have disappeared, while
important ventilatory details are preserved. The horizontal lines reflect de obtained inspiratory and ex-
piratory pressures. Especially the end-expiratory pressure is higher for the filtered trace compared to
the unfiltered trace.
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Appendix B

Evaluation of the effect of removing

high PEEP levels on the calculation of

optimal PEEP and collapse

Optimal EIT PEEP and relative alveolar collapse was assessed with and without removing all

PEEP-steps above 24 cmH2O. Table B.1 shows that the mean absolute difference between was

0.2 cmH2O between PEEP levels was and 0.2% between collapse values. This can be considered

not clinically relevant.
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Patient Best PEEP with cut-off Best PEEP without cut-off Absolute difference CL without cut-off CL with cut-off Absolute difference

C014 18 cmH2O 18 cmH2O 0 cmH2O 9.0% 8.0% 1.0%
C016 14 cmH2O 14 cmH2O 0 cmH2O 5.6% 5.6% 0.0%
C017 14 cmH2O 14 cmH2O 0 cmH2O 11.4% 10.9% 0.5%
C020 10 cmH2O 10 cmH2O 0 cmH2O 5.9% 5.9% 0.0%
C024 12 cmH2O 12 cmH2O 0 cmH2O 4.5% 4.5% 0.0%
C025 16 cmH2O 16 cmH2O 0 cmH2O 9.9% 9.1% 0.9%
C027 12 cmH2O 12 cmH2O 0 cmH2O 7.1% 7.1% 0.0%
C028 12 cmH2O 12 cmH2O 0 cmH2O 10.1% 10.1% 0.0%
C031 14 cmH2O 14 cmH2O 0 cmH2O 7.7% 7.7% 0.0%
C033 12 cmH2O 12 cmH2O 0 cmH2O 4.6% 4.6% 0.0%
C034 14 cmH2O 14 cmH2O 0 cmH2O 10.6% 10.6% 0.0%
C035 18 cmH2O 18 cmH2O 0 cmH2O 10.0% 9.6% 0.4%
C038 16 cmH2O 16 cmH2O 0 cmH2O 6.7% 6.7% 0.0%
C044 18 cmH2O 18 cmH2O 0 cmH2O 9.0% 8.7% 0.3%
C045 12 cmH2O 12 cmH2O 0 cmH2O 4.3% 4.3% 0.0%
C055 18 cmH2O 16 cmH2O 2 cmH2O 9.1% 8.1% 1.0%
C057 20 cmH2O 20 cmH2O 0 cmH2O 3.9% 3.4% 0.4%
C061 18 cmH2O 18 cmH2O 0 cmH2O 7.1% 7.0% 0.0%
C066 14 cmH2O 14 cmH2O 0 cmH2O 10.2% 10.2% 0.0%
C069 20 cmH2O 18 cmH2O 2 cmH2O 12.1% 12.9% 0.8%
C071 8 cmH2O 8 cmH2O 0 cmH2O 3.7% 3.7% 0.0%
C074 14 cmH2O 14 cmH2O 0 cmH2O 5.2% 5.2% 0.0%
C077 10 cmH2O 10 cmH2O 0 cmH2O 7.2% 6.9% 0.2%
C084 16 cmH2O 16 cmH2O 0 cmH2O 9.1% 8.9% 0.2%
C086 20 cmH2O 20 cmH2O 0 cmH2O 1.9% 1.9% 0.0%
C087 14 cmH2O 14 cmH2O 0 cmH2O 4.3% 4.3% 0.0%

MAE 0.2 cmH2O 0.2%

Table B.1: Abbreviations: CL: collapse; MAE: mean absolute error. PEEP: positive end-expiratory pres-
sure
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