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Background: Endoscopic submucosal dissection (ESD) under general anesthesia in left lateral position
may lead to transient impairment of pulmonary function. We used electrical impedance tomography (EIT),
an increasingly implied non-invasive instrument for bedside real-time monitoring regional changes in
ventilation, to assess the changes of regional lung aeration and ventilation in patients undergoing ESD.
Methods: Twenty-two patients scheduled for elective ESD under mechanical ventilation in left lateral
position were studied. We acquired 2-min EIT records at four time points: (M1) baseline, before induction
of anesthesia, (M2) after the start of mechanical ventilation and before surgery, (M3) after surgery and before
extubation, and (M4) after extubation and before leaving operation room, respectively. To quantify regional
changes in lung ventilation, we calculated the ventilation proportion of left and right lung regions. Possible
changes in lung aeration were detected by changes in end-expiratory lung impedance (EELI). Global
inhomogeneity index (GI) was also analyzed.

Results: After tracheal intubation in the left lateral position, left lung showed a lower ventilation
proportion (M1, 49.6% vs. M2, 36.2% P<0.05), a reduction in EELI {AEELI -87 [-809; 253]} and a higher
GI index value (M1, 0.29£0.09 vs. M2, 0.41+0.12, P<0.05), while right lung showed a higher ventilation
proportion (M1, 50.4% vs. M2, 63.8%, P<0.05) and an increase in EELI {AEELI 161 [-952; 1,905]}. During
ESD operation, no changes in either regional ventilation distribution or GI index were observed. After
extubation, the GI values in right and left lung were both returned to the level before anesthesia.
Conclusions: In patients with left lateral position undergoing ESD, left lung was characterized by
decreased ventilation and more inhomogeneity while right lung was opposite after intubation. ESD
procedure with carbon dioxide insufflation did not lead to significant changes in either regional ventilation

or homogeneity. And the change of lung inhomogeneity during ESD procedure is transient.
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Introduction

Gastric cancer is globally the third leading cause of cancer
death worldwide, with almost 990,000 cases of gastric cancer
detected annually. Endoscopic submucosal dissection (ESD)
has been regarded as an effective and minimally invasive
endoscopic treatment for early gastric cancer (1,2). ESD is
accompanied by general anesthesia, left lateral position and
repetitive carbon dioxide insufflation during the procedure.
These procedural factors might create both collapse of the
left part and overdistention of the right part of the lung,
which may increase the risk for ventilation-induced lung
injury (VILI) and possibly lead to pulmonary complications
immediately thereafter (3,4). Therefore, information
on regional lung aeration and ventilation in patients
undergoing ESD with general anesthesia is important for
anesthesiologists in perioperative management.

In spontaneous breathing, the ventilation is greatest
in the most dependent lung regions, which is due to the
gravity gradient and to the fact that the lower diaphragm,
on the dependent side, is able to contract more efficiently
(5,6). This is the known gravity-dependent phenomena that
dependent lung regions receive a higher portion of inspired
gas in lateral position during spontaneous tidal breathing.
However, after induction of general anesthesia, lateral
positioning has shown to cause curvature of the diaphragm
by abdominal content and basal parts of the dependent lung
may become atelectatic (7). In addition, the lung compliance
is decreased and a distinct redistribution of ventilation in
favor of the dependent regions is also happened when in
lateral decubitus position (8). Traditionally, it has been
suggested that gravity is the main physiological determinate
that contributes to the non-homogeneous distribution of
ventilation in the mechanical lungs (9,10).

As a new noninvasive and radiation-free imaging tool,
electrical impedance tomography (EIT) can provide
instantaneous monitoring of variations in overall lung
volume and regional distribution of ventilation at the
bedside (11). The measuring principle of EIT is to
estimate changes in intrathoracic impedance against the
flow of alternating electrical currents applied to the thorax
during breathing (12). EIT detects areas of reduced lung
aeration by measuring a parallel reduction in electrical
resistance, which reflects the fact that electrically conducting
structures are less stretched and more densely arranged (13).
A number of quantitative measures can be derived from
EIT data to characterize ventilation distribution (14). The
level of end-expiratory lung impedance (EELI) is shown
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to be a surrogate estimate of end-expiratory lung volume
(EELV) (15). The distribution of tidal volume in the
lungs of patients under mechanical ventilation is often
inhomogeneous and the global inhomogeneity index (GI
index) is commonly used to describe uneven air distribution
within the lung (16,17). As there is no radiation burden,
EIT is currently the only commercially available technique
that allows real-time and bedside imaging of ventilation
distribution of the lungs. EIT has shown potential in
optimizing ventilator settings in clinically ill patients and in
reducing the risk of VILI (18-21). EIT is also especially for
evaluation of therapeutic interventions such as recruitment
maneuvers and PEEP titration (22-24). However, there is a
lack of evidence regarding the potential application of EIT
in mechanically ventilated patients with lateral position.

As patients undergoing ESD with left lateral position
are prone to pulmonary complications, we prospectively
investigated their regional lung aeration and ventilation
changes using EIT, which may allow better monitoring
of lung function. We present the following article in
accordance with the STROBE reporting checklist (available
at http://dx.doi.org/10.21037/apm-20-1029).

Methods

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). This
prospective observational study was approved by the local
ethics committee of The First Affiliated Hospital, Zhejiang
University II'T20200029A) and registered on Clinical Trials.
org.cn (ChiCTR1900025184). This study was conducted
from Aug. 2019 to Sep. 2019. Twenty-two patients
undergoing elective ESD with mechanically ventilation
in left lateral position were enrolled. Patients with
hemodynamic instability, chronic obstructive pulmonary
disease, bronchial asthma, known interstitial lung disease or
any contraindication for the use of EIT such as implantable
electronic cardiac devices were excluded. Written informed
consents were obtained from all patients or their legal
representatives.

After entering operation room, all patients were
monitored with non-invasive blood pressure, peripheral
oxygen saturation, and a five-lead ECG. Before anesthesia
induction, patients were placed in left lateral position with
a shoulder pad to ensure adequate cervical reclination and
to avoid positional changes between measurements (25,26).
A 16-electrode EIT monitoring belt (PulmoVista 500TM
EIT belt, Drigerwerk, Liibeck, Germany) was placed
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equidistantly on the thorax circumference between the
4th and 6th intercostal spaces and connected to a portable
EIT monitor (PulmoVista 500TM, Drigerwerk, Liibeck,
Germany) (12,27). The size of the EIT belt was chosen
according to the manufacturer’s recommendations. Before
anesthesia induction, patients were given oxygen with mask
for 5 minutes. Anesthesia was induced with midazolam 0.04
mg-kg™' i.v., sufentanil 0.5 pg-kg™ i.v., propofol 2 mg-kg™ i.v.
and vecuronium mg-kg™ i.v. Following muscle relaxation,
all patients were tracheally intubated and ventilated
mechanically using a Primus respirator (Driger, Libeck,
Germany) in a volume-controlled mode (tidal volume of
8 mL-kg™ of ideal body weight, a standardized PEEP level of
0 emH,O and inspiration-to-expiration ratio of 1:2) (28-30).
Breathing frequency was adapted to maintain end-tidal
carbon dioxide partial pressure between 4.5 and 5.1 kPa.
Propofol at the rate of 3-7 mg-kg™"-h™', cisatracurium
2-3 pgkg”-min™" and remifentanil 0.2 pg-kg™-min™" were
continued to maintain anesthesia. And sufentanil was
intermittently administered during surgery.

EIT measurements were started after a stabilization
period of 5-10 minutes and obtained for 2 minutes at four
predefined time points. Measurement one (M1, baseline)
was carried out after arrival in the operation room in the
awake, spontaneously breathing and left lateral positioning
patients. During measurement two (M2), data were acquired
soon after intubation and before surgery. Measurement
three (M3) was made immediately after surgery and
before extubation. Measurement four (M4) was performed
when the patient was extubated and before leaving
operation room. The horizontal images of the lungs were
continuously obtained by EIT monitoring. Then the images
were generated by using a modified Newton-Raphson
reconstruction algorithm (Draeger EIT Data Analysis
Tool 6.1; Draeger Medical GmbH). EIT reconstructed
functional images with high temporal resolution based on
the assessment of impedance changes during the respiratory
cycle. After image reconstruction, the relative impedance
changes were translated into a color scale. Impedance
changes of less than 10% of the determined maximum
impedance change were colored black. Impedance changes
above 10% of the maximum impedance change were
displayed in dark blue/light blue and white. EIT data were
recorded at a scan rate of 30 Hz, downloaded and analysed
off-line (31).

From EIT, we calculated (I) regional ventilation
proportion, expressed as a percentage, (II) EELI variation
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(A EELI), values shown as arbitrary units (a.u.), (III) the
inhomogeneity index, GI index, and (IV) geometrical center
of ventilation, CoV, as derived from EIT measurements.
We selected the regions of interest (ROI) within the
chest contours of the right and left lung based on three-
dimensional thoracic models. To analyze regional effects of
the procedure, EI'T images were primarily divided into a left
ROI and a right ROI. Numeric values were continuously
calculated and displayed over time to express the ventilation
distribution as regional proportions. Tidal EIT images from
10 consecutive breaths were created by determining, for
each pixel, the change in EELI in arbitrary units (a.u.) from
baseline. GI aims to describe ventilation inhomogeneity
and increased GI indicates higher heterogeneity within the
set of reconstructed pixels (17,24). A value close to 0.5 does
not necessarily mean a homogeneous air distribution in the
whole respiratory system, but a value close to 1 definitely
means inhomogeneous distribution between the left and
right lungs according to EI'T data. Based on the differential
images obtained between different time points, a series of
GI indices were calculated as previous reports (17). The
CoV was a previously described parameter to express the
geometrical center of tidal distribution within the thoracic
cross section (32).

Statistical analysis

An a priori power calculation (G*Power 3.1.9.2,
Universities of Kiel and Dusseldorf, Germany) revealed
a sample size of 19 to be sufficient to detect a difference
in lung ventilation with calculated effect size of 0.28 to
achieve an error probability for 0=0.05 and 1-p=0.80.
Data analysis was performed using GraphPad Prism 6.0
(GraphPad Software, La Jolla, CA, USA). Data were tested
for normal distribution with the Kolmogorov-Smirnov
normality test. Quantitative variables are presented as mean
and standard deviation (SD) or median and interquartile
range. Qualitative variables are expressed as proportions.
Data were tested using #-tests or U tests, as appropriate. For
changes of parameters between the time points, repeated
measures analyses of variance (ANOVA) were used. A P
value <0.05 was considered statistically significant.

Results

A total of 22 consecutive patients were included in this
study. Baseline parameters presenting the physiologic and
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Table 1 Baseline characteristics of patients (n=22)

Characteristics Outcome
Age, years 61.3+1.3
Females/males 7/15
BMI, kg/m® 21.5+1.5
ASAl/I 13/9
Surgery duration, minutes 71.9+8.7

Duration between after surgery and leaving operation 18.9+1.5
room, minutes

Length of hospital stay, days 4.6+0.3

BMI, body mass index; ASA, American Society of Anesthesiology.

demographic data of the study population were summarized
in Tuble 1.

Regional ventilation proportion

Examples of EIT images from one representative patient
at predefined four time points were depicted in Figurel.
Comparison of right lung ventilation at the four distinct
time points of the procedure showed significant increase
after intubation (M1, 50.4% vs. M2, 63.8%, P<0.05) and
then returned to the baseline level after extubation (M1,
50.4% vs. M4, 59.4%, P>0.05). While, comparison of
left lung ventilation at the four distinct time points of the
procedure showed significant decrease after intubation (M1,
49.6% vs. M2, 36.2%, P<0.05) and then returned to the
baseline level after extubation (M1, 49.6% vs. M4, 40.6%,
P>0.05). During ESD operation, no changes in ventilation
proportion of right lung or left lung were observed between
M2 and M3 (Figure 2A,B).

The assessment of the lungs with the use of EIT
showed ventilated areas were similar in the right and left
lungs at baseline (50.4% vs. 49.6%). There was increased
ventilation proportion of right lung compared with left lung
after intubation and after surgery and before extubation,
respectively (63.8% vs. 36.2%, 64.0% vs. 36.3%, both
P<0.001). After extubation, the ventilation proportion of
right lung was still higher than that of left lung (59.4% us.
40.6%) (Figure 2C,D,E,F).

AEELI

After intubation in left lateral position, an increase in EELI
was seen within the right aspect of the measured thoracic
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cross section, while a decrease with the left ROI was
observed {AEELI right 161 [-952; 1,905]; left -87 [-809;
253]}. EIT measurements following extubation also revealed
regional effects of this procedure: The right and left lung
regions showed a significant decrease in aeration compared
with the level after surgery and before extubation {AEELI
right ~497 [-960; ~101]; left 268 [-2,294; 143]} (Tuble 2).

GI index

Figure 3 presents a comparison of the GI index values
at four time points. The mean GI value of each patient
was used for comparison. After intubation, the GI index
increased in total (M1, 0.37+0.09 vs. M2, 0.45+0.07, P<0.05)
and left lung (M1, 0.29£0.09 vs. M2, 0.41:0.12, P<0.05).
After surgery and before extubation, it did not significantly
differ from the GI value before surgery and after intubation
in total (M2, 0.45+0.07 vs. M3, 0.44+0.06) and left lung
(M2, 0.41+0.12 vs. M3, 0.37+0.10). A significantly higher
GI value was found compared with baseline in total (M1,
0.37+0.09 vs. M3, 0.44+0.06, P<0.05) and left lung (M1,
0.29+0.09 vs. M3, 0.37+0.10, P<0.05). After extubation,
the GI value was decreased to the level at baseline. In
right lung, significant differences were found in GI values
after surgery and before extubation when compared to
baseline (M1, 0.35+0.078 vs. M3, 0.39+0.07, P<0.05). After
extubation, the GI index was returned to the level that was
similar with the baseline.

Center of ventilation measurement

Accordingly, CoV did not show significant changes over the
course of time points from M1 to M4 (M1, 49.8% vs. M2,
47.1%, vs. M3, 47.4% vs. M4, 49.6%) (Figure 4).

Clinical outcomes

Summary of clinical outcomes is shown in 7able 3. No
patient was detected with postoperative hypoxemia, cough,
pulmonary edema, pneumonia or atelectasis. Two patients
(9%) had fever after surgery. In addition, no patient was
treated with atomization inhalation or transferred to
intensive care unit postoperatively.

Discussion

In this study aimed at assessing, in mechanically ventilated
patients with left lateral position, changes in reginal lung
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Figure 1 Ventilation map reconstructed by EIT from one representative patient at predefined four time points using a color scale: the

lighter the blue, the greater the regional ventilation. Dynamic image represents the changes in tissue properties between a baseline (reference)

measurement frame and the current frame. Tidal image represents the difference of impedance between end-inspiration and end-expiration.

(A) Regional ventilation at M1; (B) regional ventilation at M2; (C) regional ventilation at M3; (D) regional ventilation at M4. M1, after

arrival in the operation room; M2, soon after intubation and before surgery; M3, immediately after surgery and before extubation; M4, after

extubated and before leaving operation room; ROL region of interest; T'V, tidal volume.
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Figure 2 Ventilation proportion of right lung and left lung using EIT. (A) Ventilation proportion of right lung at different time point; (B)
ventilation proportion of left lung at different time points; (C) comparison of ventilation proportion between right and left lung at M1;
(D) comparison of ventilation proportion between right and left lung at M2; (E) comparison of ventilation proportion between right and
left lung at M3 and (F) comparison of ventilation proportion between right and left lung at M4. M1, after arrival in the operation room;
M2, soon after intubation and before surgery; M3, immediately after surgery and before extubation; M4, after extubated and before leaving
operation room; *, significant difference, P<0.05; ***, significant difference, P<0.001.

Table 2 Changes in EELI

Variable Right lung Left lung
AEELI measured: after intubation 161 [-952; 1,905] —87 [-809; 253]
AEELI measured: after extubation —497 [-960; —101] —268 [-2,294; 143]
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Figure 3 Global inhomogeneity index measured by EIT. (GL), global inhomogeneity index at different time points in global lung; (LL),
global inhomogeneity index at different time points in left lung; (RL), global inhomogeneity index at different time points in right lung. M1,
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after extubated and before leaving operation room; GL, global lung; RL, right lung; LL, left lung; GI, global inhomogeneity; *, significant

difference, P<0.05.
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Figure 4 Center of ventilation measurement using EI'T at different
time points. M1, after arrival in the operation room; M2, soon
after intubation and before surgery; M3, immediately after surgery
and before extubation; M4, after extubated and before leaving

operation room; CoV, center of ventilation.

Table 3 Clinical outcomes for 22 patients undergoing ESD in left
lateral position

Variable Number Percentage
Hypoxemia 0 0

Fever 2 9%

Cough 0 0
Pulmonary edema 0 0
Pneumonia 0 0
Atelectasis 0 0
Atomization inhalation 0 0
treatment

Transfer to intensive care unit 0 0

© Annals of Palliative Medicine. All rights reserved.

aeration, ventilation distribution and inhomogeneity
occurring during ESD process, we found the following:
(I) after intubation, left lung was characterized by
decreased ventilation, as suggested by the lower ventilation
proportion, reduction in EELI reflecting in a fall in EELV
and greater lung inhomogeneity, as indicated by higher
GI index value, while right lung was opposite as higher
ventilation proportion and increase in EELI; (II) ESD
operation with carbon dioxide insufflation did not lead to
significant changes in either regional ventilation distribution
or homogeneity; and (III) after extubation, regional lung
homogeneity was back to the level before anesthesia. Taken
together, these findings suggest temporary changes of lung
status during the whole ESD surgery.

As the application of minimally invasive surgery
including ESD has increased over the years, bedside tools
capable of identifying the consequences of therapeutic
interventions with sufficient sensitivity and specificity could
allow optimization of ventilation strategies for such settings.
Recent studies have shown that the concept of lung-
protective ventilation might have a positive impact not only
in critically ill patients, but also in patients without known
lung injury who are undergoing surgery (33,34). During
ESD under general anesthesia in left lateral position, gas
exchange is impaired because of a mismatch of the regional
distribution of ventilation and perfusion (35). The main
pathogenic mechanism is the development of atelectasis in
left lung areas and over distension in right lung areas (36).
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Given that surgery procedure and artificial ventilation in
lateral position can cause harm to healthy lungs, detecting
regional ventilation to guide strategies for such patients
have been especially advocated. However, identification
of regional lung dysfunction and monitoring of surgery
effects at the bedside still remains difficult, because global
parameters of lung mechanics provide only integral
information, lacking resolution at the regional level. EIT
could provide regional information on pulmonary status
of patients. Further, the gravity-related topographical
changes of intrapulmonary gas distribution in the lungs
associated with lateral position could be established by EIT.
Therefore, in this study we use EIT continuous imaging
to help assess the changes of regional lung aeration and
ventilation in patients with left lateral position undergoing
ESD.

Numerous studies examined the application of EIT on
mechanically ventilated patients in the supine position. As
we could show in the present study, EI'T has the unique
ability to display regional ventilation defects in lateral
position right at the bedside. As the main result of study,
we found that in spontaneously breathing patients with
left lateral position, ventilated areas were similar in the left
and right lungs. While other studies indicate the finding of
greater ventilation in the dependent lung in spontaneous
breathing (5). This consistency may be due to the effect
of placing the electrodes in transverse planes at different
thoracic levels. With the induction of anesthesia, ventilation
in the right lung regions increased significantly while in
the left lung regions decreased significantly, suggesting
a ventilation-perfusion mismatch. Moreover, analysis of
ventilation proportion of left and right lung indicated
significant difference after intubation until to the end of
surgery. This finding corresponds with previous studies
which showed a significant shift of ventilation towards
the nondependent lung after being positioned on their
side (7). In left lateral position, the ventilation gradient is
redistributed along the gravitational axis. The subsequent
compression of left lung areas by right abdominal organs
may be the most important pathophysiological causes of
“left lateral positioning anesthesia-induced atelectasis” (37).
Moreover, during surgery, there was not significantly more
ventilation in the right lung or less ventilation in the left
lung happened, indicating carbon dioxide insufflation
during ESD procedure had no significant effect on regional
ventilation.

This study also showed that ESD under general
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anesthesia with left lateral position led to regionally
dissimilar alterations of EELI. As the effects of positioning
changes of patients on the EELI were described, patients in
our study were remained in left positioning between four
measurements and we thoroughly avoided any positioning
alteration (38). A fall in EELI may just reflect aeration loss.
The observed reduction in EELI in left lung areas after
intubation is suggestive of collapse caused by left lateral
position. An increase in EELI within the right aspect of
the scan volume indicates increased regional aeration after
intubation. The observed changes in EELI distribution
most likely result from the same gravitational factors that
contribute to the non-homogeneous aeration distribution in
patients with left lateral (9,10). The results were consistent
with previous studies that also suggest the ventilation-related
changes in impedance along the craniocaudal axis were in
agreement with traditional respiratory physiology (37).
Based on the results of the present study, the EELI derived
by EIT could in future serve as such non-invasive and
continuously available parameters.

Ventilation inhomogeneity is associated with overall
disease severity and mortality, an intervention that
decreases ventilation inhomogeneity could therefore,
theoretically, result in improved patients outcomes (39,40).
EIT is commonly used to identify heterogeneities in
the distribution of ventilation caused by pathologies and
ventilator settings. The GI, as one compact index, is able
to describe the inhomogeneity of tidal volume distribution
in the entire lung (24). In the present study, the common
inhomogeneity measure GI was used to quantify the lung
condition in patients undergoing ESD with left lateral
position. In general, we found a similar trend in total lung
and left lung that GI index appears to be greater after
intubation. Under condition of anesthesia in left lateral
position, the alveoli in the left lung may collapse, which may
lead to an inhomogeneous air distribution in the entire lung
(41,42). In addition, we failed to observe differences in the
GI index during operation period, indicating ESD operation
with carbon dioxide insufflation did not cause changes with
respect to ventilation inhomogeneity. After extubation,
ventilation distribution became more homogenous, as
indicated by the decrease of the GI index that equals to the
level at baseline in the entire lung, suggesting temporary
changes of lung inhomogeneity during the whole ESD
surgery. The EIT-based GI index could potentially help
clinicians to optimize mechanical ventilation during general
anaesthesia in left lateral position by the adjustment of
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PEEP, tidal volumes, and recruitment manoeuvres in the
future. This interplay of personalized ventilation parameters
to mitigate the side effects of anesthesia and surgery may
achieve the best possible protective effect for the lungs.

The reliability of EI'T results has already been confirmed
by several clinical and animal studies (43-45). Although the
resolution of the images is limited, EIT can be accurately
visualized in the regional ventilation, which makes it
an ideal candidate for early detection of atelectasis (46).
Moreover, spatial resolution of EIT may not be sufficient to
detect minor changes as it has been shown to be inferior to
computed tomography scans, which are considered as gold
standard of lung imaging. This means formation of subtle
atelectases may have been missed in our investigation.

Our study has certain limitations. We did not compare
different EIT-guided ventilation settings but merely
documented how ventilation conditions and body
positions affected the function of the lungs. We also did
not measure lung perfusion using EIT, as matching on V/
Q is also important for final gas exchange. In addition, the
oxygenation of the studied patients was lack, and it would
be of interest how lung aeration changed with changes in
oxygenation during ESD. We excluded patients with pre-
existing pulmonary diseases. However, further investigations
in these patients to get benefit from EIT by the application
of a targeted ventilatory approach are inevitable.

Conclusions

In patients with left lateral position undergoing ESD,
left lung was characterized by decreased ventilation and
more inhomogeneity while right lung was opposite after
intubation. ESD procedure did not lead to significant
changes in either regional ventilation distribution or
homogeneity. After extubation, regional homogeneity
returned to the level before anesthesia, supporting the
notion that the effect of ESD operation with carbon dioxide
insufflation and general anesthesia in left lateral positioning
on lung condition is transient. Therefore, EI'T may be a
promising clinical tool for continuous and noninvasive
monitoring of pulmonary status that can be especially useful
in mechanically ventilated patients with left lateral position
during surgery. More clinical validation studies are awaited
to explore the full potential of the technology.
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