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Abstract.

Obijective: Non-adhesive textile electrode belts offer several advantages over adhesive
electrodes and are increasingly used in neonatal patients during continuous electrical
impedance tomography (EIT) lung monitoring. However, non-adhesive belts may rotate in
unsedated patients and discrepancies between chest circumference and belt sizes may result
in a gap between electrodes near the sternum. This project aimed to determine the effects
of belt rotation'and sternal electrode gap on commonly used lung EIT parameters.
Approach: We developed a simulation framework based on a three-dimensional finite-
element model and introduced lung regions with little or no ventilation that could be
changed according.to’a decremental positive end-expiratory pressure (PEEP) trial. Four
degrees ‘afisternal gap and belt rotation were simulated and their effect on the EIT
parameters silent’ spaces, centre of ventilation, global inhomogeneity index and
overdistension/collapsed lung (OD/CL) analysed. Additionally, seven premature infants
were examined to assess the influence of leftward and rightward belt rotations in a clinical
setting.

Main results: Small violations of the electrode equidistance criterion and rotations of the
belts less thanrone electrode space exert only minor effects on the EIT parameters and do
not impede the interpretation. Rotations of two and three electrode spaces induce non-
negligible effects that might lead to flawed interpretations. The “best PEEP” determined
with the OD/CL approach was robust and identifiable with all studied sternal gaps and belt
rotations.

Significance: We revealed an important challenge for neonatal EIT applications related to
a wide electrode gap at the sternum and belt rotation, which should be avoided in clinical
application.
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1. Introduction

Minimising ventilator-associated injury to lung tissue in mechanically ventilated neonates is still-a
challenge in clinical practice (Rocha et al 2018). Electrical impedance tomography. (EIT).has been
advocated as a novel monitoring tool to help guide lung-protective ventilation. (Luepschen, et al
2007, Adler et al 2012, Frerichs et al 2017). EIT offers advantages over traditional imaging and
monitoring techniques, such as chest radiography and pulse oximetry. An increasing number of
studies are demonstrating the potential of EIT monitoring in Neonatal Intensive Care Units (NICU)
(Frerichs et al 2001, 2017, Chatziioannidis et al 2011, Miedema et al 2017, Tingay et al 2015,
Kallio et al 2019, Hough et al 2016). ~

EIT is a non-invasive, bedside imaging modality that does nothuse ionising radiation and
provides continuous information on the lung function (Brown et al 1985). EIT has a high temporal
resolution (Bayford 2006) and therefore has been widely used as a.functional monitoring research
tool in a variety of applications in neonates and children (Frerichs et-al 2017). Recent clinical
studies suggest that EIT can provide useful information to titrate pratective positive end-expiratory
pressure (PEEP) levels ( Karsten et al 2015, Zhao et al 2019).

During lung EIT monitoring, a very small alternating current is injected at high frequencies
through electrodes placed at chest circumference. From/the resulting voltages on the surface, the
assessment of regional electrical impedance‘of the tissuesiwithin the cross-section under study is
made. The placement of individual electrodes around.the chest of critically ill patients raises some
ergonomic problems, specifically limiting the EIT applications in preterm infants and neonates
(Hampshire 1995, Taktak et al 1995, Frerichs.et al' 2003, Dunlop et al 2006, Miedema et al 2012).
A single EIT patient interface could accelerate the implementation of EIT in routine neonatal care
(Frerichs et al 2017). Recently a textile interface with 32 electrodes integrated into one belt has
been developed (Sophocleous et al 2018, Waldmann et al 2017). This interface offers several
advantages in comparison with the.use.of individual adhesive electrodes. It enables fast, accurate
and reproducible positioning of the electrodes around the chest and, in addition, it does not create
any discomfort, distress or adverse effects to the neonatal patients (Sophocleous et al 2018). These
characteristics offer the potential for use in emergencies such as resuscitation at birth (McCall et al
2017, Tingay et al 2015, 2019a):

An electrode belt allows the exact estimation of the electrode position; however, a limitation
exists when it comes.to.use in neonates. The non-adhesive electrode belt may rotate from its initial
position especially during long-term measurements in unsedated patients. Belt rotation may result
in inaccurate estimation of electrode position. Although the distance between each electrode and
chest circumference is.known, forward and inverse models (Boyle et al 2017) may lead to a wrong
result or a rotated‘image.ln addition, the belt internal diameter may not exactly match the chest
circumference, sesulting in-a variably sized gap at the point of fixation (closing mechanism)
betweenthe first.and last electrode over the sternum (Sophocleous et al 2018).

Knowing the exact electrode position is critical for EIT image reconstruction. Albeit absolute
imaging is farmore sensitive to unequal spacing than difference imaging (Barber and Brown 1988)
the latter is still affected when the sensitivity matrix does not accommodate this. Imaging errors
fram wrong assumptions regarding the electrode positions may impede the clinical interpretation
(Lozano et al 1995, Tang et al 2002). It has been shown that the location of the electrode plane
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affects EIT images (Frerichs et al 1999, Karsten et al 2016, Krueger-Ziolek et al 2015,
Reifferscheid et al 2011). So far only Karsten et al (2016) has evaluated the impact of different.belt
positions in the craniocaudal direction on EIT outcomes in a clinical setting, resulting in a proposed
optimal thoracic level belt position for adult patients. Braun et al (2018) examined the effect of belt
rotation (left/right) on EIT monitoring of hemodynamic parameters in a simulation study. However,
there are not yet published data showing the effect of the sternal electrode gap or belt rotation on
lung EIT monitoring parameters for the assessment of ventilation.

We aimed to determine the effects of sternal electrode gap and belt rotation.on the robustness
of commonly used lung EIT parameters. To achieve this goal, the impact of these two effects was
analysed using both simulated and clinical neonatal patient data.

2. Methods
The method section is divided into two sections. Section 1 addresses the.simulation study and
Section 2 describes the clinical study.

2.1 Simulation study

2.1.1 Forward model

For the simulation study, a dedicated three-dimensional finite element model was built: heart, lungs
and thorax contour of a healthy female patient in supine position (weight 4.7 kg, gestational age 42
weeks, postmenstrual age 47 weeks) were segmented in a CT.image at each intercostal space with
the freely available software tool ITK SNAP 3.0 (www.itkierg). The manually segmented organ
contours were imported into Matlab (Mathworks, Nantick, MA, USA). The open-source EIDORS
EIT image reconstruction platform (Adler et al. 2009b) was then used to create a three-dimensional
finite element model and 32 rectangular (size 0.5:x 2cm)-electrodes were placed equidistantly on
the finite element model along the 5™ intercostal'space. The sternum of the patient was used as the
central reference point, for the electrode arrangement. Electrode 1 was located at the immediate left
side of the sternum, whereas electrode‘32 wassat.the right side of the sternum (Figure 1A). To study
the influence of electrode distance betweenelectrode 1 and 32 a symmetrical gap was introduced
between electrodes 1 and 32, the.gap was varied.between 0 (equidistant electrode arrangement), 1
(gap of one electrode), 2 (gap of two.electrodes) up to 3 (gap of 3 electrodes). For the simulation
of gaps 1,2 and 3 all the other electrode distances were kept constant with equal spacing.

To study the influence of belt rotation, the position of electrode 1 was rotated from being at the
sternum towards the left side of the model in steps of one electrode up to 3 electrode spaces.


http://www.itk.org/
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Figure 1 A) The three-dimensional finite element model with lung areas in“blue and heart in red, the rectangular
electrodes are depicted in dark green. The top finite element model shows'the ideal case= electrodes are equally spaced
with no gap or rotation, the middle model shows the rotation of the belt to the leftiand the bottom model the electrode
gap. B) Effect of three example PEEP settings: first column shows thedntroduced overdistended lung regions in dark red,
the normally ventilated regions in blue and the collapsed regions inglight red colour. The conductivity for the dark red
and light red regions was kept constant during ventilation while the ‘conductivity for the blue regions changed.
Percentages of overdistended and collapsed regions were introduced’in all three dimensions and changed with each
positive end-expiratory pressure level. The second column shows the corresponding reconstructed ventilation images,
where ventilated areas are shown in bluish and non-ventilated areas‘in.grey colours. In the last column, three example
EIT parameters are shown: the blue dot indicates the centre of ventilation (CoV) and the purple areas the areas with little
or no apparent ventilation, the so-called Silent Spaces (dependent and non-dependent).

2.1.2 Simulation protocol

The manually segmented lung area in the CTiscan was divided into three different regions, the first
region in the gravity non-dependent ventral area.of the lung, representing overdistended lung, the
second region in the central part ofithe lung, representing normally ventilated lung and the last
region in the dependent dorsal lung area;representing collapsed lung (Figure 1B). Because of the
known effect of the third dimension on EIT data (Rabbani and Kabir 1991) the underlying 3D finite
element model contained thescollapsed, wventilated and overdistended lung regions in all three
dimensions. To mimic conditions under positive end-expiratory pressure (PEEP) ventilation, the
size and conductivity of these segions were varied: at high PEEP values the non-dependent lung
areas are preferentially.dikelyto,be overdistended leading to only small or no ventilation changes,
while at low PEEP, collapse predominates in the dependent lung regions with locally reduced or
absent ventilation (Costa.et al2009). We simulated the boundary voltages for 11 different PEEP
levels, by linearly decrementing PEEP from 13 cmH>O to 3 cmHO in steps of 1 cmH.0O. The
percentage of overdistension for a PEEP value of 13 cmH,0 was 41% and decreased gradually to
0% at 3 cmH20 while the percentage of collapse for a PEEP value of 13 cmH>O was 0% and
increased gradually to47%at 3 cmH:0.

The conductivity of the introduced overdistended and collapsed areas was set to 0.6 Sm™ and was
kept constant during the inspiration, while the conductivity of the rest of the lung was changed from
0.18.Smhito 0.05Sm ™ during the inspiration. The conductivities of the heart and thorax were kept
constant at.0.6 Sm™ respectively. The conductivity values were selected according to Gabriel et al
(1996, 2009).
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2.1.3. Inverse model

To map the simulated voltages to a two-dimensional image of 32 x32 pixels, a reconstruction matrix
(RM) was calculated in GREIT (Adler et al 2009b) using the following selected values: target-size
0.01 and the noise-figure 0.4. We used uniform background conductivity (Grychtol and Adler2013,
2014). Difference images were produced by subtracting a reference from the EIT frame Sequence
taken at the beginning of the breath. The electrode positions were kept constant and neither.a gap
nor a rotation was introduced in the inverse model.

We calculated the following EIT parameters based on the reconstructed images:

- Centre of ventilation (CoV.q) in the ventral to dorsal direction (Frerichs.etah2006). CoV.q
describes the distribution of ventilation within lung units across a single planepand thus
assesses the shifts in ventilation in the ventrodorsal direction.

- Areas with little or no apparent ventilation, known as Silent Spaces. These areas are divided
into two groups, the non-dependent silent spaces (NSS) representinginon-dependent areas
of the lungs above a virtual horizontal line passing through CoV.q called ventilation
horizon and the dependent Silent Spaces (DSS), areas below the ventilation horizon, thus
in the dependent part of the lungs (Ukere et al 2016).

- Centre of ventilation (CoVy) in the right to left direction (Sobota and Roubik 2016). This
parameter quantifies the shifts in ventilation distribution from right to left in the horizontal
direction.

- Global inhomogeneity index (Gl index) which quantifies the overall heterogeneity of tidal
volume distribution (Zhao et al 2009).

- The cumulative regional overdistension (OD) and colfapse (CL) related to the best
compliance as described by Costa et al (2009). This approach yields relative percentages
of OD and CL for every PEEP level as well as a “best compromise PEEP” level, where the
recruitment of dependent lung areas is maximised and the overdistension of non-dependent
lung areas is minimised. This “optimal PEEP™is defined as the intersection between the
two lines describing OD and CL.

The parameters CoV.4, CoVy, Gl indexiand OD/CL were calculated from the entire thorax cross-
section whereas DSS and NSS were calculated using the pixels within the anatomical lung region.

2.2. Clinical study

This two-centre study was a sub-study of the:larger multicentre observational study (n= 200 infants)
called Continuous Regional Analysis Device for neonate Lung (CRADL), analysing whether EIT
has the potential to optimise “respiratory therapy in neonatal and paediatric patients
(NCT02962505). The CRADLs study performed between December 2016 and February 2019
involved 72 hours of continuous EIT recording during routine neonatal intensive care. Infants
participating in the CRADL study between April 2018 and February 2019, 44 infants at the Oulu
University Hospital,Qulu, Finland (Ethics number: EETTMK 35/2017) and 15 infants at the Arch.
Makarios 111 Hospital, Nicosia, Cyprus (Ethics number: EEBK/EP/2016/32) were considered
eligible for our study if they were deemed physiologically stable by the medical team by the end of
the CRADL study period.<Infants with a body weight less than 600 g, postmenstrual age less than
25 weeks at/inclusion,electrically active implants or those suffering from thorax skin lesions were
excluded from the study. Prospective informed parental consent was obtained from both parents as
part of the CRADI study, and this included manipulation of the EIT electrode belt as detailed
below/in the two participating centres.

EIT measurements were performed with the CRADL study EIT device (SenTec AG, Landquart,
Switzerland):"This included the use of a textile 32 electrode belt (Sophocleous et al 2018)
circumferentially around the chest at the 5™ intercostal space. At the end of the 72-hour CRADL
period, the electrode belt was refastened with electrode 1 located <1 cm to the left side of the



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PMEA-103341.R2

sternum, and a 2-min EIT recording made at 48 frames per second using the same parameters as
during the CRADL recording (baseline, or no rotation position). Two-minute recordings wereithen
repeated with the belt rotated with electrode 1, 2 cm to the left and right of the sternum. Neonatal
ultrasound gel (Aquasonic 100, Parker Laboratory Inc, USA) was applied to the belt before
fastening to ensure optimal skin contact quality was maintained. All measurements were made in
the supine position.

Clinical data analysis and processing were performed offline using the SenTec ibeX EIT
analysis software package. A sequence of 30 stable inflations, without any failing electrodes; was
analysed at each position. The signal was filtered to remove cardiac-related impedance changes.
Parameters detailed in 2.1.3 were calculated and analysed. Statistical analysis was perfarmed with
IBM SPSS Statistics 25 (IBM Corp., Armonk, NY, USA). Data were compared using repeated-
measures one-way ANOVA with a Greenhouse-Geisser correction and Bonferreni post hoc test. p
values <0.05 were considered statistically significant. As this study was partofa different study a
feasible sample determined by CRADL study recruitment was used.

3. Results
Simulation results
The simulated ventilation maps for each PEEP level, forsall three gaps and belt rotations are
depicted in Figure 2. The first row of images shows the ideal case, with no gap between electrode
1 and 32, and no belt rotation. The ventilation distribution. changes with decreasing PEEP in
accordance with gravity-dependent volumetric changes. R

At high PEEP levels (13-9 cmH0) the ventilation is distributed mainly to the dorsal parts of
the lungs. With decreasing PEEP the ventilation distribution'moves towards ventral lung regions.
The introduction of a gap of one electrode barely influences the ventilation distribution, we see
comparable results at high PEEP and slight changes to the images at lower PEEP values. At a gap
of 2 electrodes, the ventilation distributionyis, widespread with no clearly defined boundaries,
especially in the ventral regions. However, the trend = of more ventilation in the dorsal parts of the
lungs at high PEEP and less ventilation at“low PEEP remains. At a gap of 3 electrodes, the
boundaries between ventilated and non-ventilated areas are less pronounced, furthermore, the left
lung is less clear at low PEEP.

Belt rotation of one single electrode leads to comparable results as in the ideal situation with no
gap and no rotation. However, a belt rotation of 2 or 3 electrodes creates changes in the image
content with clearly identifiable‘rotated areas showing the ventilated right and left lungs.
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24 Figure 2 A) Finite element models to S|mulat§ the boundary _voltages for the_ 11 simulated positive end-expiratory

pressure (PEEP) levels. Overdistended lung regions are shown in dark red, ventilated-lung areas in blue and collapsed
25 lung areas in light red. B) Simulation results. The ventilation maps for each PEEP:level, electrode gap and rotation are
26 shown. Well ventilated areas are shown in blue and non-ventilated ones in dark grey colours. The lung contours at the
27 electrode plane are indicated as black lines.
;g Figure 3 shows the simulation results for EIT parameters at*each different simulated PEEP
30 levels, gaps and belt rotations. With no belt gap or rotation at high PEEP levels, there are no DSS
31 until PEEP falls below 10 cmH.0O after which the amount ef Silent Spaces increases linearly until
32 a maximum of 25% at a PEEP of 3 cmH,0. The opposite is true for NSS, which is greatest at a
33 high PEEP and fall to almost zero at a PEEP 3 cmH:O. The CoVq is 56% at a PEEP of 13 cmH,0
34 and shifts towards the ventral lung with sequentially:lower PEEP levels. The CoV, is exactly in the
35 centre of the thorax (50%) at a PEEP of 13.cmH>0 but moves towards the right lung as PEEP is
36 lowered. The Gl index was 0.92 at a PEEP of 23 cmH,0 and then decreased linearly towards 0.85
37 at PEEP 6 cmH0, indicating ‘a decrease in inhomogeneity. At PEEP levels below 6 cmH-0,
38 inhomogeneity increased again, culminating in a Gl index of 0.89 at PEEP 3 cmH-0.
39
40 The highest OD and the lowest CL were calculated at a PEEP of 13 cmH,0 (OD: 41%,; CL:
41 0%), with OD decreasing and CL}icreasing simultaneously at lower PEEP levels. The “crossover
42 point” between the lines was identified at a PEEP of 7 cmH,O with OD 14.5% and CL 16.4%. At
22 zero PEEP, OD reached.0% while CL had increased to 47.3%.
45 Overall belt rotation has'a greater impact on the EIT parameters than electrode gap. The main
2? impact of the electrode rotation'was observed in DSS when compared to no rotation, and the degree
48 of impact variedwith PEEP levels. A similar impact on CoVy and the GI index, with loss of
49 linearity at PEEP-levels was also observed.
50
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Figure 3 EIT parameters,at/each different/simulated positive end-expiratory pressure (PEEP) levels, gaps and belt
rotations. Panels (A) and (B): Dependent silent spaces (DSS) and non-dependent silent spaces (NSS) respectively. Panels
(C) and (D) centre of ventilation,in the ventrodorsal (CoVwi) and right-to-left (CoVrq) direction. Panel (E): global
inhomogeneity index (Gl index). Colours demonstrate the studied gap and belt rotation permutations. Panel (F):
Percentages (%) of lung collapse (CL) and overdistension (OD). OD is represented by closed circles, CL is represented
as open circles. The arrow is showing the best compromise PEEP level, i.e. the “optimal PEEP” level with equally
balanced OD and:CL:

The electrode@ap has less of an influence on the EIT parameters. In all three levels of electrode
gaps, all EIT parameters except NSS demonstrated similar behaviour as no gap or belt rotation.
With an electrode gap of 2, the NSS were >10% even at low PEEP levels.

The absolute percentages of OD/CL vary with different magnitudes of belt rotation and gap
(Figure 3)..Of note, this does not impede the ability of the approach suggested by Costa et al. (2009)
to calculate the “best compromise” PEEP level. A PEEP value of 7 cmH.O was associated with
equally.balanced OD and CL for all degrees of the sternal gap and belt rotation. The calculated
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amount of OD/CL at the “optimal PEEP” level varied between 9.3/10.1% (No Gap, 4 Rot) and
22.6/20.1% (2 Gap, No Rot).

Clinical results

Seven infants participated in the study with systematic rotation of the EIT belt (Table 1). The sternal
gap could not be adjusted, as this was dependent on the size of the chest circumference and belt
used, the mean (SD) sternal gap was 1.5 (1.0) cm.

Table 1: Subject characteristics.

Subject Postnatal Weight Chest Beltsize Sternal Respiratory Yentilation
number age (9) circumference (cm) gap diagnosis mode
(days) (cm) (cm)
1 0.4 2690 305 275 15 RDS  No support
2 1.0 3630 34.0 33.0 0.5 Sepsis  No'support
3 0.3 4060 37.0 33.0 15 TTN.«* No support
4 14.0 870 215 20.0 1.0 RDS nCPAP
5 0.3 2520 295 275 25 RDS HFNC
6 27.0 1400 26.0 235 3.0 RDS . No support
7 11.0 798 205 20.0 0.5 RDS PCV
Mean 7.7 2281 284 15
SD 10.3 1302 6.1 1.0

Abbreviations: RDS; respiratory distress syndrome, TTN; transient tachypnoea of the newborn,
nNCPAP; nasal continuous positive airway pressures”HENC;»high flow nasal cannula, PCV;
pressure-controlled ventilation. v

A) Left rotation B) Baseline ) Right rotation Large AZ
I L

Small AZ

N

Figure 4. Representative functional EIT images of tidal ventilation with left (A), baseline (B) and right (C) belt rotation
for Infant 1. Body chest circumference was 30.5 cm, belt size 27.5 cm. The relative magnitude of tidal ventilation in each
region is shown using a heat:map with-light blue the greatest ventilation and dark blue the least. Lung contours are
indicated as black lines. R, right; L, left.

Figure 5 shows the:\DSS, NSS, CoV and Gl data for each belt position. Belt rotation significantly
altered DSS (p=0.003; repeated-measure ANOVA), NSS (p=0.007) and CoVrl (p=0.003), but no
statistically significant difference was observed for CoVvd (p=0.11) or Gl index (p=0.22). Belt
rotation to the left resulted in'a mean (95% CI) increase in DSS and NSS of -5.0 (-9.3,-1.0) %, 3.2
(0.1,6.5) % and @2:2 (-0.9, 5.2) % decrease in CoVy, compared to baseline (Bonferroni post tests).
Rightward rotation resulted in a -4.9 (-7.0, -2.7) %, -0.9 (-4.2,2.4) % and 8.4 (1.0,15.7) % change
from baseline for DSS, NSS and CoV/ respectively.
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Figure 5. Change in CoVvqs (ventrodorsal centre of ventilation), CoVrq (fight-to-left.centre of ventilation), GI (global
inhomogeneity index), DSS (dependent Silent Spaces) and NSS (non-dependent:Silent Spaces) EIT parameters from
baseline (no rotation) values during 2cm left (red) and right (green) belt rotation. Boxes represent 25M-75" percentiles
and median (whiskers 5™ and 95" confidence interval). Asterisks indicate the outliers. p <0.05 difference compared to

baseline (repeated-measures ANOVA with Bonferroni post-test). N

4, Discussion

Most neonatal EIT studies have beensperformed with 16 individual adhesive ECG electrodes
(Frerichs et al 2003, Dunlop et al 2006, Riedel'et:al 2009, Miedema et al 2011, 2013), but in more
recent studies (Sophocleous et al, Khodadadiet al 2018) and case reports (Miedema et al 2017,
Oliva et al 2017, Tingay et al 2019b, Rahtu et'al»2019), a novel neonatal EIT textile belt with 32
non-adhesive electrodes has been used. While the EIT belt simplifies the placement of electrodes
on the patient’s chest, the impactiof the sternal gap caused by the limited number of available EIT
belts sizes, and the rotation of the electrodes due to movement of the patient have not been
previously studied in detail. /Asthe validity and reproducibility of monitoring results are of great
importance, we consider the evaluation of the impact of these conditions on pulmonary EIT
parameters in neonatal monitoring applications (Frerichs and Becher 2019) as crucial.

In this study we develaped a simulation framework, based on a three-dimensional finite element
model, introduced/lung regions with little or no ventilation and changed them according to a
decremental PEEP trial. The sternal gap and belt rotation were then simulated and their influence
on commonly used EIT parameters was studied. Assuming the ideal situation of no sternal gap and
no belt rotation, the model showed the expected behaviour; with open dorsal lung areas at high
PEEP levels and stepwise lung collapse with PEEP reduction (Zhao et al 2019, Gattinoni et al
2017). The,opposite behaviour was observed in the ventral gravity non-dependent lung areas as
expected.

Although differences between the optimal condition, the different combinations of gap distances
and belt rotations could be seen on all EIT parameters, the overall behaviour of different lung
regions remained as expected over the whole range of PEEP changes. DSS and NSS were found to
be insensitive to sternal gaps with a single electrode distance rotation, but this was not the case for
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belt rotations of 2 and 3 electrode spaces. This can be observed in the tidal images at these large
belt rotations (Figure 2). The confounding effect of greater than one electrode space belt rotation
should be taken into consideration when interpreting tidal images obtained under “such
circumstances.

While a belt rotation of several electrodes is rather unexpected in adult patients in an‘intensive
care environment it is more likely to be observed in neonatal and paediatric patients, particularly
older, un-sedated, infants. In our current study, we showed the influence of leftward and rightward
belt rotation (Figure 4) on lung EIT parameters in seven infants treated in NICUs. Since the gap
was introduced from the beginning of the measurement, due to a limited number of\different belt
sizes, the effect of the gap was not evaluated. In very premature infants with a‘thorax circumference
of less than 30 cm, two-electrode displacement is less than 2 cm with the EIT belts used in this
study. The clinical results were consistent with the simulation data, although some EIT parameters
were less sensitive to belt rotation in the small group of infants we/studied. The discrepancies
between the changes in EIT parameters following left and right rotation are probably related to the
anatomical differences between the right and left lung. Similar asymmetry was also observed by
Braun et al (2018). In general, CoVysand Gl index seem to be.more robust to the rotational belt
displacements examined in our study, than the other measures. This is reassuring as they also
represent commonly reported parameters of ventilation inhemaogeneity:in the clinical EIT setting
(Frerichs et al 2017) and considered highly important .in neonatal/paediatric EIT applications
(Frerichs and Becher 2019).

PEEP trial analysis revealed that the absolute percentages.of ©D and CL, calculated according
to the Costa et al (2009) approach were affected by belt rotation‘and gap, but the approach could
identify the optimal PEEP level with all degrees of rotation and gap investigated. This is important
for the clinical users of current EIT technology: asithe robustness of the applied PEEP optimisation
approach is demonstrated.

We suggest that a belt rotation detection algorithm with automatic compensation (Boyle et al
2017) should be implemented when<cenducting routine EIT monitoring of neonates in whom
handling should be minimised. The development of EIT belts with shoulder straps, as previously
described for adult use (Waldmann et al 2017);might prove valuable as a method of minimising
belt rotation in patients of younger age as well.

Although three-dimensional EIT does not play any role in the current clinical use of EIT this
might change in the future. Thergfore, belt rotations as described in our study should be taken into
account in three-dimensional EIT\applications because they will inevitably result in electrode
placement errors (Graham and Adkr 2007).

The present work is limited<in that the systematic belt rotation was performed on only seven
infants in the NICUsaHowever, the combination of this clinical data with the theoretical simulation
data rendered the described effects of electrode gap and belt rotations robust.

Our study shows.that.either.minimising right or leftward belt rotation, or adapting for it in image
reconstruction will be an‘important challenge for EIT applications in neonates. We demonstrated
that the small vialation of the equidistance criterion between the first and the last electrode of the
electrode array‘and rotations of the belt less than 1 electrode space, exert only minor effects on EIT
parameters and are not expected to impede the interpretation. However, rotations of a slightly
higher degree, greater than one electrode space in the present study, induce non-negligible effects
on the calculated EIT parameters that might lead to flawed interpretations. Therefore, the clinical
users of current'EIT technology should be instructed to minimise the incidence of belt rotations,
especially. in neonatal applications. Algorithms detecting belt rotation with implemented automatic
compensation‘and further refinement of EIT belt designs could also be considered.
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5. Conclusion
In this paper we investigated the effect of sternal electrode gap and belt rotation on the robustness
of commonly used lung EIT parameters and we make the following observations:

- While commonly described EIT parameters are rather insensitive to the electrode gap at
the sternum, they are influenced by rotational belt displacement.

- Inneonatal patients with a thorax circumference of less than 30 cm, belt rotation should be
taken into consideration and a sufficient number of belts with fine length gradations should
be provided.

- Automatic detection of belt rotation with implemented compensation in“image
reconstruction and/or further refinement of EIT belt designs might be beneficial.
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