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ABSTRACT This paper investigates the overlooked effects of the patient recumbency positions on one of
the key clinically used parameters in chest electrical impedance tomography (EIT) monitoring – the silent
spaces. This parameter could impact medical decisions and interventions by indicating how well each lung
is being ventilated. Yet it is largely dependent on assumptions of prior model at the reconstruction stage and
the closely linked region of interest (ROI) during the final calculations. The potential effect of switching
recumbency modes on silent spaces as a results of internal organ movements and consequently changes
in initial assumptions, has been studied. The displacement and deformations caused by posture changes
from supine to lateral recumbent were evaluated via simulations considering the simultaneous gravity-
dependent movement and/or deformations of heart, mediastinum, lungs and the diaphragm. The reliability
of simulations was verified against reference radiography images of an 18-month-old infant in supine and
decubitus lateral positions. Inspecting a set of 10 patients from age range of 1 to 2 years old revealed
improvements of up to 30% in the silent space parameters when applying posture consistent amendments as
opposed to fixedmodel/ROI to each individual. To minimize the influence of image reconstruction technique
on the results two different EIT reconstruction algorithms were implemented. The outcome emphasized the
importance of including recumbency situation during chest EIT monitoring within the considered age range.

INDEX TERMS Electrical impedance tomography, internal organ displacements, lung deformation neonatal
chest EIT, recumbency position, thorax modeling.

I. INTRODUCTION
Electrical impedance tomography (EIT) was developed in
the early 1980s [1]. It is capable of providing an electric
conductivity image of a domain using electrodes attached to
the boundary surface of that domain [2]. Small alternating
currents are injected through specific electrode pairs and
the resulting potential differences on the remaining elec-
trodes are measured and used to reconstruct a conductivity
image. Despite the low spatial resolution of EIT relative to
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other imaging techniques like computed tomography (CT)
and magnetic resonance imaging (MRI), the virtues of being
non-invasive and providing high temporal resolution, which
enables dynamic functional imaging, have made EIT desir-
able in the clinical field. EIT has been used in a number of
medical applications including brain imaging [3], [4], [5],
detection of breast cancer [6], [7], hepatic tumors [8] and
respiratory system monitoring [9], [10], [11]. The latter
exploits the significant change in the intrathoracic electrical
conductivity as lungs’ air content varies during respiration
which makes EIT suitable for continuous bedside respiratory
monitoring. EIT has been successfully used to image regional

VOLUME 11, 2023

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

68257

https://orcid.org/0000-0002-6431-2404
https://orcid.org/0000-0002-7712-6539
https://orcid.org/0000-0003-0799-344X
https://orcid.org/0000-0002-2119-5359
https://orcid.org/0000-0003-0623-963X
https://orcid.org/0000-0001-8863-6385
https://orcid.org/0000-0003-2057-8937


N. Seifnaraghi et al.: Effects of Patient Recumbency Position on Neonatal Chest EIT

changes in pulmonary ventilation and perfusion in real
time.

With regards to monitoring neonatal and small children,
lung EIT is desirable as it neither carries hazardous radiation
effects like a CT scan nor the complications of MRI such
as being time costly and often the requisite of sedation. The
other advantage is the capability of EIT providing dynamic
images. An example could be the situation where a clinician
is interested to evaluate the impact of a clinical intervention
performed on the patient earlier.

Studies in newborn infants and children have demonstrated
quantitatively identifiable changes in regional lung aeration
and ventilation following alterations to respiratory support
and interventions such as a recruitment maneuver, surfactant
administration or nursing procedures [12], [13].

One of the main challenges in EIT is solving the inverse
problem to reconstruct the conductivity image since the solu-
tion is not unique as many different conductivity distributions
may lead to the same measured electrode potential differ-
ences. In addition, direct inversion of system matrix which
relates boundary measurements to input injections would be
too sensitive to noise causing ill-posedness. Many attempts
have been made to improve the quality of reconstructions,
for example, by implementing various inverse problem con-
ditioning and solutions [14], [15], [16], [17], [18], [19].

However, there have been very few attempts to improve the
inverse solution by adapting the model to the situation of an
individual patient. This should not be confused with patient
specific modelling as it has already been shown that, improv-
ing the model not only impacts the reconstructed images [20]
but also has a direct impact on clinical parameters [21]. Here,
the focus is the effect of patient recumbency even though
when a rough priormodel estimate was used, the effect should
be considered during clinical parameter calculations.

Typically, the prior models that regions of interest (ROI)
are defined upon, are created based on averaged contours
retrieved from CT scans. This is exacerbated when the patient
is in the early years of life, as this patient group do not
routinely undergo CT scanning due to exposure to X-rays.
Consequently, there is limited data available corresponding
to this age group. Moreover, the relatively small patient sizes
combined with low spatial resolution demand implications of
all possible improvements in modelling and reconstructions.

In this work, it has been attempted to indicate the internal
aspects of the assumed model amid recumbency position.
Despite the possibility of estimating the exterior deformation
of the chest at the nipple line level of the patient where the
EIT electrode belt is placed, using sensors [22] the internal
changes of lung contour cross-sections cannot be estimated
externally as the patient switch to various recumbency
positions.

Only few studies have investigated the displacement of
internal organs in-vivo; [23] in awake mode and the rest are
mainly focusing on surgical operations in lateral posture and
anesthesia [24], [25]. To our knowledge, no attempt has been

made to address this issue in infants and studying its effects
on lung EIT.

In this paper, we have investigated the impact of pos-
sible displacement of heart, mediastinum and diaphragm
on deforming lungs and the corresponding outcome on the
extracted clinical EIT parameter namely, silent spaces [26].
This parameter shows the percentage of each lung area that is
not being ventilated during breathing, it represents the silent
lung areas that do not exhibit ventilation-related impedance
variation typically due to alveolar overdistension or collapse.
It is one of the main clinical parameters for the assessment of
clinical interventions [27].

The extent of thoracic movements as a result of recum-
bency change could be evaluated using simulations, should
the reliable mechanical properties of the involved organs
within the considered age range be available. However, the
available data mainly include adults. In addition, the lungs as
two of the major components in the thoracic region show dif-
ferent mechanical characteristic at various inflation rates, for
instance they could enter to hyper-elastic regime in high air
volume rate where the pressure-volume relation is not linear
anymore [28]. Hence the mechanical properties are estimated
starting from available adults and adopted to younger ages
using anatomical development information combined with
18 months baby radiographs as a reference.

Understanding the movement of internal organs in a quan-
titative manner would help designing models and ROIs
capable of adapting to real life patient recumbency mode and
therefore, more accurate EIT parameter.

The rest of the paper is organized as follows. Section II
describes the proposed method for estimating the changes
occurring during recumbency position change from supine to
either of two lateral positions, and how the simulated results
compare to practice. In Section III the effect of consideration
of adapting model to body position is examined via the calcu-
lation of silent spaces as a quantitativemeasure. Discussion of
the results and concluding remarks are detailed in Section IV
and V respectively.

II. METHOD
To evaluate the effect of recumbencies on the calculated
silent spaces, images and subsequently the silent spaces were
computed using the EIT signal from a known lateral position
assuming two different scenarios; the situation when the con-
sidered prior and hence ROIwere consistent with the patient’s
actual recumbency position against the situation in which the
prior was set to the default mode corresponding to patient
being at supine mode. This approach was chosen to limit the
involved variables and help to focus on the internal changes
within the same individual in various recumbency modes.

Ideally, both the exterior shape where EIT signal is
recorded and an estimate of the cross-sectional organ con-
tours at the same transversal plane are available, however,
in practice such information specifically regarding the inter-
nal contours is often missing.
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FIGURE 1. Chest X-rays showing internal organ configuration change of
the same patient during change in recumbency position; (a) left lateral,
(b) supine and (c) right lateral, (d)-(f) the corresponding schematics.

Thus, to mimic such situations, models needed to be
designed capable of describing the contour variations as a
function of recumbency state. These models were initially
created based on CT scans at supine whereas lateral mod-
els were reproduced via simulations considering the gravity
forces and the mechanical properties of the involved organs.

As the mechanical properties of the desired tissues were
not available in the literature for the considered age range and
the in-vivo situation, these values needed to be adopted from
their adult range counterparts. To do this, a reference case
study was used. there are not many situations, where the same
patient undergoes CT scan for few times having a different
recumbency position during each. The same is valid even for
methods with no hazardous radiation like MRI. This issue
aggravates further when considering the infants and neonatal
age group.

There are, however, occasions when chest X-ray radiog-
raphy are taken in decubitus lateral in addition to typical
supine/standing positions. This technique allows to evade
the negative impact caused by superimpositions of organs
via exploiting the movement of heart and mediastinum
consequently avoiding potential inhaled foreign bodies or
irregularities being masked on the final projected image on
the radiology film.

The reference images were taken from [29] and shown here
in Fig. 1 at three different positions belonging to a 1.5 years
old boy who was admitted to hospital because he inhaled a
foreign body while playing in the yard.

The reference image was used to verify whether the
results of the chosen mechanical properties while conducting
the simulations could match the internal movements occur-
ring in practice. Considering the 2D nature of reference
X-ray images these simulations were limited to the same
dimensions.

Four major potential factors regarding anatomical organ
distribution in the thoracic cavity in the course of recum-
bency changes were taken into account. The deformation

of rib cage, the displacement of the heart and mediastinum
towards the engaged side under the effect of gravity, defor-
mation/compression of the dependent lung due to its own
weight and pressure applied by heart and mediastinum and
lastly the change in diaphragm shape amid the pressure from
abdominal cavity.

As the heart resembles a cone the distribution of the weight
is not uniform hence causing a torque and thus rotating
slightly as a result. The rotation of heart in the axial plane
around its centroid creates less wide shadow on the radiog-
raphy film during lateral left and conversely widest within
lateral right where the width is measured as linear distance
between the apex of the heart to the furthest point on the
opposite side.

The abdominal sack is bounded peripherally to abdomen
muscles and caudally to pelvic muscles, however, in cranial
direction is limited to the thin diaphragm which mostly bears
the weight of the heart and lungs. Therefore, during the right
lateral recumbency they tend to shift to the right side of the
patient, intensifying the pressure of the liver below the right
lung towards cranial direction. The reverse is true when in left
lateral as the pressure caused by liver eases and diaphragm
dome shift towards the left side. The shape changes of the
diaphragm from abdominal contents also lead to an additional
rotation of the heart in the coronal plane.

Regarding the outer deformation, earlier studies on adults
suggest that compared to the standing position the supine
and prone positions expand in lateral directions and com-
pressed in ventral-dorsal direction whereas the opposite is
true in lateral recumbency [30]. To evaluate the extent of
such behavior and verify if this deformation would be still
relevant in infants, the decubitus lateral reference images
were superimposed on the frontal supine image. This would
reveal if the maximum side to side distance was affected
noticeably. It should be noted maximum is considered that
the projection of the 3D chest on the film was available hence
no information could be retrieved regarding ventral-dorsal
direction.

A. PREPARATION OF REFERENCE IMAGES
To perform a fair comparison among images and further use
for simulation verification purposes, the reference images had
to be adjusted according to two possibilities.

1) SCALING
Unlike CT scans and MR images, X-ray images do not
contain scaling information. Therefore, the reference images
should be homogenized in scale both among the reference
images themselves and further to a reasonable dimension
corresponding to a real human subject of similar anatomical
features. Therefore, the image in supine position was scaled
exploiting the CT scan of a male patient of 1.5 years old in
a manner that the corresponding width of the image matched
the coronal 2D projection of the 3D CT-scan based model.
This image was then used for homogenizing the scale of the
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FIGURE 2. Scaling and positioning of internal tissues based on a chosen
pixel covering the vertebrae at the intercostal of 11th and 12th ribs.

remaining lateral images using the 11th and 12th vertebrae
as a criterion as they have very limited rotational movement
or deformation during recumbency position changes and also
position/angle of the arms, neck and head.

A large rectangular pixel was created to cover the 11th and
12th vertebrae of the spine when in supine with its corners
located at the centers of rib facets. For the scaled supine image
this was measured to be 21.36 mm width and 15.89 mm in
height. The same rectangle was detected in lateral films and
scaled to match the size and the position of the original pixel
to uniform the scaling and facilitate the superimpositions. The
procedure is highlighted in semi-transparent yellow in Fig. 2.

The side-to-side distance at the level of the 6th-7th inter-
costal space at the spine during supine position was measured
136.14 mm compared to the left lateral and right lateral
positions at 131.07 mm and 134.68 mm respectively. This
is in line with earlier studies for adults, indicating there is
a deformation in thoracic cross-section but not affecting the
transversal rib cage [25]. Moreover, within each lateral image
one can notice the change in shape of the ribs 5-10 as they
have come closer and less curved under pressure relative to
the opposite side which is not bearing any load.

2) ADJUSTING ROTATION
It is not uncommon to have rotations in supine anterior-
posterior (AP) chest radiography. This can be checked by
comparing the lateral distance of each clavicle at the sternum
side to the vertical line connecting the spinal process.

This rotation impacts the appearance of lung sizes and
position of the heart on the film and hence should be adjusted.
Fig. 3 illustrates a schematic example of such impact whereas
the number of exposed rays passing through right lung in
the correctly aligned patient reduces amid the misalignment
creating a narrower shadow corresponding to this lung.

In frontal chest radiography the patient is considered to be
correctly aligned when the clavicle heads at sternoclavicular
joints on the film appear equally distant from the vertical
line passing through spinous process of the vertebrae. Any
spinous deviation from the mid-line towards clavicles indi-
cates possible rotation of patient in the corresponding side
from the aligned position.

These lines are highlighted and marked with arrows in
Fig. 4 for supine and left and right lateral decubitus.

Prior to further analysis, this artefact should be checked
and compensated for. To do that, the 3D model applied in the

FIGURE 3. Schematic drawing of thorax cross-section and passing X-rays
in frontal chest radiography, (a) correct alignment, (b) rotated.

FIGURE 4. Spinous process line versus clavicle head bones at the
sternum side, (a) left lateral, (b) supine and (c) right lateral.

FIGURE 5. Spinous process and clavicle bones, (a) top view aligned,
(b) top view rotated, (c) frontal view aligned, (d) frontal view rotated.

previous section for scaling was used to simulate the status
of the available frontal radiography by designing the clavicle
bones and rotating until the projected image matched the
reference image. The top row panels in Fig. 5 show the top
view of the correctly aligned mode in Fig. 5(a) and the similar
rotation to the reference image in Fig. 5(b) where the bottom
row illustrate the corresponding situation from frontal view
as would be seen on the emitted X-rays. It is evident when
the patient is rotated around the longitudinal axis towards
the right side the spinous process is projected closer to the
head of the left clavicular bone until completely masked. The
simulation revealed within the model dimensions, a rotation
of approximately 16.5 degrees could lead to such a situation.

To compensate for this effect the 3D models of clavicle
bones, lungs and heart were rotated at opposite direction for
16 degrees and projected on a coronal 2D plane to mimic
the projection during radiography. The correctly aligned
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FIGURE 6. Alignment compensation for lungs, clavicles and the heart
appearance on the radiology film before rotation adjustment and after
reverting back the rotation to the aligned mode outlined with solid black
lines, (a) designed model, (b) superimposed on the film.

positions are drawn with a solid black line over the rotated
version in Fig. 6(a) and over the supine reference X-ray image
in Fig. 6(b).

B. EVALUATION OF MOVEMENTS
The comparison of these projection modes showed an 8 mm
displacement of the projected heart towards the right side
when rotated. In addition, there was also a shrinkage of 6 %
in the size of the corresponding projected area relative to the
aligned mode. The image shown in Fig. 7(a) demonstrates
the outline of the heart in black when supine and rotational
impacts are compensated for whereas the contours in yellow
and white indicate the same contours in left and right laterals
respectively.

The heart apex transitional traveled distance was measured
at 26.67 mm in the course of change from one lateral position
to the other. This emphasizes the potentially higher signifi-
cance of internal configuration change relative to exterior rib
cage deformation amid the recumbency position. However,
this does not imply that there is no deformation in exterior
contour of thorax cross-section as there are other contributing
factors but rather it suggests that the change in maximum
transversal dimension within the rib cage is negligible at this
age range. It appears like the heavier base side of the heart
moves towards the dependent lateral side causing a rotation
in axial plane. Consequently, a wider area becomes exposed
to the beam.

The other aspect of the heart movement is its rotation in
coronal plane. Here, the underlying basis is the movement
of diaphragm which in turn is related to pressure distribution
change in the cranial direction. As the individual goes through
various recumbency positions the abdominal contents start to
move accordingly. These tissues are bounded laterally and in
anterior posterior sides by abdominal muscles and caudally
by pelvic muscles. Due to the lesser resistance provided
by the relatively thin diaphragm muscle and elastic lungs,
the abdominal organs could be pushed cranial according to
recumbency position. This can be seen by the elevation of
the right dome of diaphragm during right lateral where the
liver tissue is nestling and the base of the heart. On the left

FIGURE 7. The position of heart and diaphragm during, (a) right lateral,
(b) left lateral plotted with white and yellow solid lines respectively.

lateral though the liver pressure will shift towards the medial
region while the stomach as a hollow container not able to
pressurize the left dome upwards relative to the liver result-
ing in a flatter positioning of the heart in caudal side. The
movement of diaphragm in the case study used here conforms
with an earlier study where the diaphragm movement during
various recumbency positions was reported in adults [31].
Fig. 7(b) plots the superimposed diaphragm lines according
to positions.

C. SIMULATION OF MOVEMENTS AND VERIFICATION
Considering the small strain displacements relative to the
geometry domain dimensions and the fact that the heart as
the main rigid domain is initially in contact with the elastic
lung domain in addition to application of small incremental
load steps during simulations for both better convergence and
mimicking the physiological transition from supine to lateral,
the governing equations can be assumed to be linear.

∇ · σ + F = 0 (1)

ε = 1/
2(∇u + (∇u)T) (2)

σ = C : ε (3)

where σ is the material stress tensor and F is the external
force per unit volume. The displacement tensor u is assumed
to move with no acceleration hence the right-hand side of
(1) turns to zero. ε stands for the infinitesimal strain tensor
simplified amid the assumption of linear strain displacements
causing the second order spatial gradients of u to be neglected
in (2). C represents the 4th order stiffness matrix and as a
function of bulk and shear moduli valid for elastic materials
according to Hooke’s law. The symbol : indicates the tensor
inner product as C : ε = Cijεij.
Two scenarios of changing recumbency position from

supine to either right or left laterals were examined.
The contribution of abdomen cavity and mediastinum

were introduced as boundary loads. The abdominal contents
impact was reflected as a single organ representing all of
the involved organs since they are similar in density and
stiffness. Furthermore, these are bound by a hermetic airtight
adhesive contact among its contents via parietal and visceral
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FIGURE 8. The simulated diaphragm movement during right lateral,
(a) schematic position of patient, (b) total displacements.

peritoneum lining entire abdomen and intra-abdominal con-
tents respectively [32]. Hence, the organs in proximity to
each other move together making the cavity uniform from
the mechanical point of view [33] with anchoring ligaments
preventing large movements. These organs were all presumed
to have the same material features similar to the liver [30]
representing the dominant organ in the considered domain.
The diaphragm was assumed to be more flexible within the
medial regions and stiffer near the edges where it connects to
bony structure of the ribs.

Using the 3D CT scan-based model a simplified rectan-
gular shape with comparable dimensions was created. The
edges were rounded at the cranial side to be able to deform
freely since the total weight of the abdominal contents are
larger than the thoracic cavity making the pressure caused
from caudal side dominant. Moreover, fixed boundaries were
prescribed at the right and left sides where the diaphragm is
connected to the rib cage and large intestines being anchored
to the abdominal walls. The situation of right lateral mode
is plotted in Fig. 8 where Fig. 8(a) shows the schematic
recumbency and Fig. 8(b) depicts the total displacement of
abdominal content.

The pressure of the organs on the non-dependent side due
to gravity force increases as the depth gets larger towards
the dependent side causing organs to press and force the
diaphragm to cranial direction more in the deeper sections.
The results are in line with both the previous studies in [34]
where it was reported the diaphragm shape would follow a
mostly linear pattern and the earlier observations of superim-
position shown in Fig. 7(b).
The combined rib cage and supporting platform was mod-

eled as a continuous high stiffness surface boundary via
springs with large spring constants at the normal direction to
the surface. The function describing the spring constant was
defined so that the values assigned were higher at the parts the
patient’s rib cage had minimal distance from the supporting
platform (bed).

The studies emphasizing the lungs’ mechanical property
as hyper-elastic material [35] would be irrelevant in this
work as within the expected compression/expansion range,
the relation between stress and strain in macroscale could be

TABLE 1. Mechanical property values of biological tissues.

assumed as linear. Hence, the lungs were treated as a linear
elastic material [36].

Considering the stiffness of the lungs as a porous sponge
like material relative to the muscular structure of the heart,
the heart was assumed as a rigid material meaning it would
not deform amid the pressures applied from lung weights.
The mediastinum was prescribed as a load equal to the heart
with exponential decrement towards cranial side to include
the effect of surrounding membranes connected to posterior
side of sternum.

The independent upper lung weight was neglected as
the inter-pleural pressure would not allow the detachment of
the upper lung from the neighboring chest wall. However,
as the mediastinum and heart move to the dependent side,
upper lung expands to fill the created space.

The mechanical property values listed in Table. 1 were
applied in the conducted simulations [37], [38]. For simplicity
the lungs were assumed to be at functional residual capacity
(FRC) volumes where the expiration had ended and inspi-
ration not begun yet hence there is no air exchange and a
content intrapleural pressure at -5 cmH2O [39]. Applying the
relation between age, weight, height, gender and the heart
weight reported in [40] and [41], the modelled patient’s heart
was assumed to be at 0.07 kg.

The meshing of the finite element method (FEM) was
performed in a fine manner specifically at the boundaries of
the heart and lung domains to enable appropriate handling of
the concave contacts.

The simulations confirmed the significant displacement of
heart and diaphragm along with considerable compression
of lung amid the change in recumbency. Fig. 9 and Fig. 10
illustrate the occurring transitions at 10, 50, and 100% of the
applied loads for right lateral and left lateral respectively.

The black lines indicate the original position of lungs and
heart prior to lateral positionwhen the patient was supine. The
superimposition of the results on the X-ray reference images
plotted in Fig. 9(d) in right lateral posture and Fig. 10(d)
during left lateral showed the changes in anatomical config-
urations during recumbency change were consistent with the
simulated results.

D. IMPACT ON SILENT SPACES
The silent spaces parameter indicates the percentage of
lung volume with little or no ventilation. To evaluate the
recumbency impact, a common EIT signal was simulated in
lateral mode with two reconstruction scenarios. First when
the applied model (hence, ROI) was kept at default supine
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FIGURE 9. Total displacement at right lateral with (a) 10%, (b) 50%,
(c) 100% of the total load, (d) superimposition of results on the
corresponding X-ray image.

FIGURE 10. Total displacement at left lateral with (a) 10%, (b) 50%,
(c) 100% of the total load, (d) superimposition of results on the
corresponding X-ray image.

position followed by the situation where the recumbency
dependent changes were accounted for, within the assumed
model. Silent spaces were calculated in both schemes. Evi-
dently if the calculated values would be relatively comparable
then there would be no reason to consider the anatomical
changes in the model/ROI; otherwise, one should incorporate
this consideration when presenting the silent space values.

The CT scans of 10 patients within the age range of 1 to
2 years old including 5males and 5 females, detailed in Table.
2 were used to design realistic 3D models. Parameter ‘m’
stands for male whereas the ‘f’ represents female with ‘∗’
indicating the data regarding that table cell was not available.

In lateral recumbency only the dependent lung is ventilated
during tidal breathing thus the EIT signal for each patient was

TABLE 2. Patient specifications.

generated assuming altering air content only in the dependent
lung. Since the CT scans were taken during the supine posi-
tions, the lateral situations had to be simulated. The required
mechanical properties were set according to values verified
earlier via X ray images.

To demonstrate the effect on EIT reconstructed images and
consequently on silent spaces, two reconstruction algorithms
were applied, namely, GREIT [34] and truncated Singular
Value Decomposition (tSVD) [35]. In chest EIT the for-
ward problem in charge of relating the unknown conductivity
image to the measured boundary voltages is often assumed
to be linear as the magnitude of conductivity change during
breathing is bounded by the physiology, hence:

g = Ax (4)

where g is the change in measured voltage differences on the
electrodes attached to the surface and generated by injecting
known currents to the domain, x stands for change in conduc-
tivity (image) and A presents sensitivity matrix containing
the Jacobians Aij =

∂yi
∂xj

. Various algorithms exist based
on the manner A is built and later inverted (reconstruction
matrix) to achieve the desired image x. The GREIT creates
the reconstruction matrix via introducing a set of known
training targets distributed at various positions in the domain
and tries to form the reconstruction matrix R by minimiz-
ing the error norm between known image and the estimated
one as:

R = argmin

Number of trainings∑
k=1

∥∥xk − x̂k
∥∥
W2
k

 (5)

where

x̂k = R(gk + n) (6)

with n indicating the added noise on voltage data and the
weights Wk offer the possibility of emphasizing on certain
data sets/locations if needed, R is the reconstruction matrix
and x̂k represents the estimated image from the kth training
data set.
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FIGURE 11. Using a common EIT signal, generated at left lateral mode
and reconstructing images assuming a prior model and ROI via GREIT
algorithm at (a) supine mode, (b) left lateral mode, the corresponding
silent spaces at dependent left lung at (c) supine, (d) left lateral.

FIGURE 12. The dependent lung calculated silent spaces via GREIT
algorithm with supine prior model in blue and right lateral prior in red for
(a) left lateral, (b) right lateral modes.

The second algorithm applied, decomposes system matrix
A as:

A = U6VT (7)

R = A†
= V6−1U

T
(8)

FIGURE 13. The dependent lung calculated silent spaces via tSVD
algorithm with supine prior model in blue and right lateral prior in red for
(a) left lateral, (b) right lateral modes.

where the singular values in the diagonal matrix 6 present
how the basis vectors ofAwould affect themeasured voltages
when inverted. Therefore, the small singular values of A
which carry little information yet can significantly amplify
the noise during inversion are neglected and the reconstruc-
tion matrix is built upon the truncated matrix A, keeping the
first p number of singular values s = {s1, . . . , sp} instead:

Rp = Vp6
−1
p UT

p (9)

III. RESULTS
The simulated EIT signal was generated assuming 32 equally
spaced electrodes with injection and measurement at skip
4 pattern at duration of 200 frames. Electrode potentials were
further corrupted with 10% noise.

Here for GREIT algorithm the training was done via cir-
cular targets of size 0.1 (10% of maximum domain radius)
and a noise figure of 0.5 implying the signal to noise ratio of
image being half of the data whereas truncation threshold of
0.3 (i.e., sps1 = 0.3) has been chosen for the tSVD method.

The background electric conductivity was assumed to
be 1 Sm-1 with the dependent lung conductivity reduced
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TABLE 3. Dependent lung silent space values based on using lateral and supine prior models.

to 0.3 S.m-1 to represent relative air volume change. The
assigned values and parameters were kept constant for all
cases throughout the study.

An example when the EIT signal is generated at left lateral
mode whereas images are reconstructed with assumptions at
default supine versus recumbency consistent left lateral are
plotted in Fig. 11(a) and Fig. 11(b) together with their corre-
sponding left lung silent spaces in Fig.11(c) and Fig.11(d) at
an arbitrary time frame for patient number 9 and applying the
GREIT algorithm.

For each member from the 10 patients set under study,
an EIT signal (as boundary voltages) was simulated assuming
the patient in either left or right lateral position with the
corresponding dependent lung being filled with air. Subse-
quent to additional noise, every generated signal was used
to reconstruct images, once when the corresponding patient’s
default supine model/ROI was applied followed by the case
where the recumbency consistent lateral counterparts were
implemented.

As the dependent lung was assumed to be filled completely
with air during EIT signal generation, in an ideal, noiseless
situation one would expect the silent spaces to be zero.

The silent spaces were calculated for both scenarios and
results are reported in bar chart format in Fig. 12 with GREIT
as the reconstruction algorithm and in Fig. 13 while apply-
ing tSVD. The statistics regarding each case are written in
Table 3.
The maximum improvements in case of tSVD were 27.8%

and 30.1% in left and right laterals respectively whereas the
same quantities reduced to 11.1% and 12.8% when GREIT
was applied.

IV. DISCUSSION
It is evident from the results that the application of a
model/ROI consistent with the patient recumbency position
could improve the calculations of silent spaces, however, the
amount of such improvementsmay vary. This is mainly due to
genetical and pathological differences among patients mean-
ing at under arm level where the EIT belt is often instructed
to be placed, the internal organ contours corresponding to
the planar cross section of the chest, differ from one patient
to another. Therefore, the effect of movement of the heart
and mediastinum as the consequence of change in patient
recumbency position wouldn’t stay identical thus making it
infeasible to introduce a conclusive trend at least within a
small statistical population.

One solution to this problem is using frontal chest X-ray
images as a guide. This type of image is often available even
at neonatal age range as they provide diagnostic information
while the radiation dosage is significantly less than CT scan-
ning. Such an image could point out at the desired height
equal to under arm level hence how much the contours could
potentially be affected by the internal movements. Evaluating
the results obtained in this work, it seems the less heart cross
section is involved in the contours the less the impact would
be since the ratio of lungs cross section area to the area of
mediastinum increases and results become less sensitive to
the movements.

Fig. 14 demonstrates two examples to point out this issue
related to patient Id 07 plotted on top panels and Id 04 on
the bottom ones. Each row contains the chest cross-section at
nipple line level at the left versus the frontal view on the right-
hand side. It is evident that patient with Id 07 has more area
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FIGURE 14. The CT scans of the patients at the nipple line level left
panels and corresponding coronal images on the right panels of
(a)-(b) Id 07, (c)-(d) Id 04.

occupied by the heart relative to the equivalent transversal
slice shown for patient with Id 04. Therefore, following the
recumbency position movements one should expect a higher
impact on the calculated silent spaces for Id 07.

The other aspect is related to the calculated values with
different reconstruction algorithms. As also shown earlier
in [21] the GREIT algorithm smoothens the effect of prior
model application via the optimization process implemented
during formation of the reconstruction matrix. This would
provide the flexibility for the algorithm to partly compensate
for the application of improper prior model by adjusting
weights within the training step. On the contrary as plotted
in Fig. 13, tSVD reveals clearly the effect of the applied
prior models. In addition, since in tSVD the small singular
values are truncated the remaining independent columns in
reconstruction matrix have little potential to amplify noise.
Therefore, the standard deviations on the calculated results
from a noisy signal are considerably lower relative to GREIT
algorithm.

Finally, it should be noted in this work the outer shape of
the chest is assumed to remain constant as the recumbency
positions change which is not accurate and it is only done
as it would facilitate identifying the impact of internal organ
movements.

V. CONCLUSION
This study evaluated the internal organs movements within
the thorax region and showed the possible impact of displace-
ments/deformations that occur during recumbency position
change on the silent spaces. The potential improvements
amid applying a posture consistent model/ROI against the
usage of their corresponding default mode as supine, are
evident in both implemented reconstruction algorithms. The
results presented here could also be useful, when an adequate

estimation of model/ROI is not be available to provide an
insight how the calculated silent spaces values change in
relative terms as patient switch recumbency.

The results suggest that more cases are still required for
reaching a conclusive verdict such as introducing a compen-
sation factor according to recumbency position. For instance,
when a patient is switched from supine to lateral the cal-
culated silent spaces which would still be based on supine
situation could be multiplied by this factor (less than one and
depending on the contribution of heart portion in electrode 2D
plane) as the dependent lung capacity would reduce amid the
displacement/deformation of internal organs. Furthermore,
a more comprehensive simulation should be conducted in 3D
as the next step to include possible displacements/rotations
in transversal and sagittal planes to evaluate their effect in
changing the ROI during various recumbency modes as the
performed simulations here are among the first ones in such
category.
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