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Roles of Electrical Impedance Tomography in Determining a Lung Protective
Strategy for Acute Respiratory Distress Syndrome in the Era of Coronavirus

Disease 2019

Toru Kotani, and Atsuko Shono

Abstract:

Electrical impedance tomography (EIT) is noninvasive and can be used at the bedside for real-time evaluation to identify
ventilation distribution of infected lungs. This review briefly describes the basic principle of EIT and summarizes the latest
findings on its potential contribution to lung protective strategies in coronavirus disease 2019 patients. Additionally, experi-
mental approaches for detecting the distribution of pulmonary blood flow in coronavirus disease 2019 patients are present-
ed. The findings underscore the role of EIT in determining lung protective strategies for coronavirus disease 2019-associat-

ed acute respiratory distress syndrome.
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Introduction

Acute respiratory distress syndrome (ARDS) is characterized
by life-threatening hypoxemia caused by hyperpermeability of
pulmonary capillaries resulting from various background dis-
eases or conditions. Although mechanical ventilation is re-
quired for ARDS diagnosis and treatment, it has become ob-
vious that ventilator-associated lung injury plays an important
role in the development of multiple organ failure, which is the
cause of death for ARDS. Large-scale clinical trials have dem-
onstrated that low tidal volume ventilation (LTV), which lim-
its both tidal volume and plateau pressure, improves ARDS
prognosis. Currently, LTV is one of lung protection strategies
and is essential for treating ARDS.

When gas exchange cannot be maintained by LTV, early
implementation of prone positioning acts as rescue therapy
and improves the prognosis. It is well known that prone posi-
tioning recruits collapsed regions and improves oxygenation.
Recent studies have suggested that prone positioning pro-
motes homogeneous ventilation distribution and might have a
lung protective effect. If the lungs are evenly ventilated by re-
ducing regional overdistention and recruiting the collapsed re-
gion, local stress and strain can be ameliorated, resulting in the
prevention of ventilator-induced lung injury. The importance
of homogeneity of regional ventilation has been increasingly
recognized. It has been reported that lung inhomogeneity dur-

ing tidal ventilation increases dynamic lung strain ©. In an ani-
mal model, increased dynamic strain was more associated with
the development of pulmonary edema, derangement of lung
mechanics, and higher mortality than static strain . However,
monitoring measures to assess regional ventilation homogene-
ity in critically ill patients at bedside are limited. Computed
tomography is a standard test for examining ventilation and
aeration of the lungs, but transportation of critically ill pa-
tients, radiation exposure, and limitations to static evaluation
are the major obstacles for its frequent use in the clinical prac-
tice. Developing a new testing method that can be performed
repeatedly at bedside is warranted.

Electrical Impedance Tomography

Body tissue consists of specific components such as water, lip-
ids, and electrolytes. These components have their own re-
sponses to an externally applied electric current. Gas in the
lungs acts as an electrical resistor and increases regional impe-
dance. Ventilation causes cyclic regional changes in impedance
depending on the regional difference in aeration. Electrical im-
pedance tomography (EIT) measures and visualizes the impe-
dance changes generated by ventilation in real time. The prin-
ciple of measurement is described elsewhere ©. Briefly, the im-
pedance value is measured by applying a small alternating cur-
rent through electrodes implemented in the EIT belt, which is
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Figure 1. EIT belt.

Figure 2. Serial static images of ventilation distribution from the start to the end of inspiration measured using electrical impe-
dance tomography. The ventilated region is colored from blue (normally ventilated) to white (maximally ventilated), depending
on the degree of the measured impedance value. Nonventilated regions are colored black. In this case, ventilation begins in ventral
regions, and ventilation is distributed more to ventral than dorsal regions at the end of inspiration.

normally placed at the fifth to sixth intercostal level of the pa-
tient’s chest (Figure 1). Sequential cross-sectional images are
reconstructed using raw impedance data, and the user watches
the dynamic image of ventilated lungs. Figure 2 presents typi-
cal sequential images of EIT. With a rate of 20-30 frames per
second, it is easy to recognize the spatial localization and tem-
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poral discordance or asynchrony of ventilation as a dynamic
image.

EIT is radiation free, and a dynamic regional ventilation
profile can be monitored at the bedside every time the ventila-
tor settings are changed.
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Clinical Implication of EIT

EIT provides reliable information to detect alveolar overdis-
tention and collapse. To assess the homogeneity of ventilation
distribution, the patient was paralyzed, and incremental and
decremental PEEP trials were performed at a fixed driving
pressure (10-12 cmH,0). The whole procedure was moni-
tored and recorded using EIT, and the saved impedance data
were analyzed using software (EIT diag, Draeger, Luebeck,
Germany).

In severe ARDS patients, EIT is used to optimize mechan-
ical ventilation settings “, providing useful information when
titrating personalized PEEP ©. EIT might help evaluate the
possibility of lung recruitment maneuvers and estimate re-
cruitable alveolar collapse . Prone positioning is a rescue ther-
apy for patients who do not respond to lung protective venti-
lation. We performed prone positioning for a patient with
ARDS who could not maintain gas exchange with LTV and
observed the process of the change in regional ventilation dis-
tribution using EIT . Initially, ventilation was shifted to the
mid-ventral region, and the dorsal area completely collapsed.
Twenty minutes after the initiation of prone positioning, ven-
tilation distribution became more homogeneous, and oxygen-
ation improved dramatically. The homogeneity of ventilation
was stabilized after the second session, and the patient sur-
vived. Prone positioning basically provides homogeneous ven-
tilation distribution in ARDS lungs, but temporary overdis-
tention in the dorsal region has also been observed immediate-
ly after initiation . The response to prone positioning varies
among cases and the close monitoring using EIT provides in-
formation to improve its efficacy.

Roles of EIT in the Era of the
Coronavirus Disease 2019 Pandemic

The outbreak of severe acute respiratory syndrome coronavi-
rus-2 (SARS-CoV-2) is an emergent threat to the current
global health. In Japan approximately 1.6% of patients with
coronavirus disease 2019 (COVID-19) are severe, defined by
the requirement of tracheal intubation and mechanical venti-
lation. It has been reported that COVID-19 pneumonia can
cause ARDS. Therefore, it is necessary for COVID-19-associ-
ated ARDS to implement the same lung protection strategy
described earlier. However, a recent study paid special atten-
tion to lung protection strategies for COVID-19. EIT plays a
role in determining lung protective strategies for COVID-19-
associated ARDS.

Identifying Phenotypes of COVID-19
Pneumonia

There are two phenotypes that have a decisive effect on me-
chanical ventilation strategies in COVID-19 pneumonia .
Conceptually, type L is characterized by low elastance, low
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ventilation-perfusion ratio, and low lung weight and recruita-
bility, whereas type H is defined as high elastance, high right to
left shunt, and high lung weight and recruitability. Recruita-
bility is defined as the possibility to open up collapsed areas of
the lung by positive pressure. A lung protective strategy of
limiting tidal volume and plateau pressure is not required for
type L but should be actively implemented in type H. Howev-
er, it is not easy to distinguish between the two types because
the lung weight cannot be measured clinically, and the meth-
od for evaluating recruitability is unclear. Measuring ventila-
tion-perfusion matching at bedside has not been established.
PEEP titration using EIT can not only evaluate recruitability
but also determine the optimum PEEP at the time of meas-
urement and provide regional ventilation homogeneity. As a
result, it is considered possible to attenuate the regional dy-
namic strain and inhomogeneity of transpulmonary pressure.

To assess the phenotype, regional ventilation distribution
was analyzed using EIT in mechanically ventilated patients
with acute hypoxemic respiratory failure (AHRF) and ARDS
due to COVID-19. Morais and colleagues “* presented three
cases of COVID-19 AHREF that had similar levels of oxygena-
tion but variable respiratory system compliance. EIT indicated
different characteristics of the regional ventilation profile and
was helpful in understanding the etiology of hypoxemia at
bedside. Tomasino and colleagues “V used EIT to identify the
characteristics of COVID-19 pneumonia and to decide
whether to use high PEEP or prone positioning.

Optimal PEEP

In a cohort study of mechanically ventilated non-COVID-19
patients, EIT was used to assess the optimal PEEP at which
both overdistention and collapse are minimized because both
phenomena were equally harmful for ARDS lungs .

Perier and colleagues ¥ compared the response to PEEP
titration between COVID-19 associated ARDS and ARDS
from other causes. They defined optimal PEEP using EIT as
the smallest sum of overdistention and collapse. COVID-19-
associated ARDS lungs required 12 cmH,O of PEEP and had
more collapse at low PEEP levels. Van der Zee and collea-
gues " reported that EIT monitoring during the decremental
PEEP trial to seek the level of lowest relative alveolar overdis-
tention and collapse provided personalized PEEP that did not
result in high driving pressure or transpulmonary pressure.
Shono and colleagues personalized PEEP levels and applied
prone positioning sessions to obtain homogeneous ventilation
distribution based on EIT analysis “. PEEPset corresponded
better with the higher PEEP-FIO, table (used in ALVEOLI
study) than the lower PEEP-FIO, table (used in ARMA
study), especially in patients with a higher body mass index.
However, Sella and colleagues " compared EIT-guided PEEP
and lower PEEP-FIO, table-guided PEEP and found a correla-
tion. The researchers mentioned that the opposite results
might be due to differences in the interpretation of the results
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presented by the same device and differences in the degree of
obesity.

Ventilation-Perfusion Matching

In addition, marked hypoxemia is often observed even in cases
without dorsal collapsed areas in COVID-19-infected lungs.
Ventilation-perfusion mismatch is considered to be the major
cause of this phenomenon. It is believed that COVID-19 hy-
percoagulability and vascular endothelial cell damage are re-
sponsible for this phenomenon, but the details are unclear.
Because ventilation-perfusion mismatch cannot be improved
by mechanical ventilation, responding to hypoxemia by in-
creasing ventilation pressure, including PEEP, results in con-
siderable lung injury risk due to overdistention. In summary,
investigation of ventilation-perfusion matching on the bedside
by EIT is useful for lung protection.

Recently, EIT has been used to assess regional lung perfu-
sion distribution in a clinical setting. Rapid injection of a con-
trast agent such as 10 ml of hypertonic sodium chloride ena-
bles the generation of a lung perfusion profile during an end-
expiratory hold maneuver . Mauri and colleagues reported
that the mismatching rate was elevated to 34% (32%-45%) of
lung units in COVID-19 lungs 7. Furthermore, in six of sev-
en patients, ventilated nonperfused units (dead space) repre-
sented a much larger proportion than perfused nonventilated
perfused units (shunt), although the potential for lung re-
cruitment had large variability. The researchers concluded that
an elevated dead space fraction might be a specific pathophy-
siological characteristic of COVID-19 ARDS.

Preventing Patient Self-Inflicted Lung
Injury

Strong inspiratory effort is often observed as a characteristic of
COVID-19 pneumonia. Damaged lungs with reduced com-
pliance generate large negative pressure in the thorax, increase
transpulmonary pressure, and can cause or aggravate lung in-
jury, patient self-inflicted lung injury (P-SILI). The pathologi-
cal changes caused by P-SILI are irreversible and worsen the
prognosis. Neuromuscular blockade to attenuate inspiratory
drive is effective in protecting lungs against P-SILI. However,
the use of neuromuscular blockade leads to alveolar collapse,
especially in the dorsal regions, with inappropriate PEEP lev-
els, resulting in inhomogeneous ventilation distribution. The
efficacy of EIT to prevent P-SILI has not been tested. Further
studies are warranted.

Conclusions

This review briefly described the basic principle of EIT and
summarized the latest findings on its potential contribution to
lung protective strategies in COVID-19 patients. EIT is non-
invasive and can be used for real-time evaluation to identify
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the ventilation distribution of infected lungs. The latest ap-
proach indicated the feasibility of detecting the distribution of
pulmonary blood flow and evaluating ventilation-perfusion
matching at bedside.

Article Information

Conflicts of Interest
None

Author Contributions
Concept and design: TK. Drafting of the manuscript: TK,
AS. The authors read and approved the final manuscript.

References

1. Gattinoni L, Carlesso E, Caironi P. Stress and strain within the
lung. Curr Opin Crit Care. 2012;18(1):42-7.

. Protti A, Andreis DT, Monti M, et al. Lung stress and strain
during mechanical ventilation: any difference between statics
and dynamics? Crit Care Med. 2013;41(4):1046-55.

. Shono A, Kotani T. Clinical implication of monitoring regional
ventilation using electrical impedance tomography. ] Intensive
Care. 2019;7(1):4.

. Bachmann MC, Morais C, Bugedo G, et al. Electrical
impedance tomography in acute respiratory distress syndrome.
Crit Care. 2018;22(1):263.

5. Spadaro S, Mauri T, Bohm SH, et al. Variation of poorly
ventilated lung units (silent spaces) measured by electrical
impedance tomography to dynamically assess recruitment. Crit
Care. 2018;22(1):26.

. Costa EL, Borges J B, Melo A, et al. Bedside estimation of
recruitable alveolar collapse and hyperdistension by electrical
impedance tomography. Intensive Care Med.
2009;35(6):1132-7.

. Kotani T, Tanabe H, Yusa H, et al. Electrical impedance
tomography-guided prone positioning in a patient with acute
cor pulmonale associated with severe acute respiratory distress
syndrome. ] Anesth. 2016;30(1):161-5.

. Kotani T, Hanaoka M, Hirahara S, et al. Regional
overdistension during prone positioning in a patient with acute
respiratory failure who was ventilated with a low tidal volume: a
case report. ] Intensive Care. 2018;6:18.

. Gattinoni L, Chiumello D, Caironi P, et al. COVID-19

pneumonia: different respiratory treatments for different

phenotypes? Intensive Care Med. 2020;46(6):1099-102.

Morais CCA, Safaee Fakhr B, De Santis Santiago RR, et al.

Bedside electrical impedance tomography unveils respiratory

“chimera” in COVID-19. Am ] Respir Crit Care Med.

2021;203(1):120-1.

Tomasino S, Sassanelli R, Marescalco C, et al. Electrical

10.

11.
impedance tomography and prone position during ventilation
in COVID-19 pneumonia: Case reports and a brief literature
review. Semin Cardiothorac Vasc Anesth. 2020;24(4):287-92.



JMA Journal: Volume 4, Issue 2

DOI: 10.31662/jmaj.2021-0014
https://www.jmaj.jp/

12.

13.

14.

15.

Pereira SM, Tucci MR, Morais CCA, et al. Individual positive
end-expiratory pressure settings optimize intraoperative
mechanical ventilation and reduce postoperative atelectasis.
Anesthesiology. 2018;129(6):1070-81.

Perier F, Tuffet S, Maraffi T, et al. Electrical impedance
tomography to titrate positive end-expiratory pressure in
COVID-19 acute respiratory distress syndrome. Crit Care.
2020;24(1):678.

van der Zee P, Somhorst P, Endeman H, et al. Electrical
impedance tomography for positive end-expiratory pressure
titration in COVID-19-related acute respiratory distress
syndrome. Am J Respir Crit Care Med. 2020;202(2):280-4.
Shono A, Kotani T, Frerichs I. Personalisation of therapies in
COVID-19 associated acute respiratory distress syndrome,
using electrical impedance tomography. J Crit Care Med.

85

16.

17.

2021;7(1):62-6.

Sella N, Zarantonello F, Andreatta G, et al. Positive end-
expiratory pressure titration in COVID-19 acute respiratory
failure: electrical impedance tomography vs. PEEP/FiO2 tables.
Crit Care. 2020;24(1):540.

Mauri T, Spinelli E, Scotti E, et al. Potential for lung
recruitment and ventilation-perfusion mismatch in patients
with the acute respiratory distress syndrome from coronavirus
disease 2019. Crit Care Med. 2020;48(8):1129-34.

JMA Journal is an Open Access journal distributed under the Crea-
tive Commons Attribution 4.0 International License. To view the de-
tails of this license, please visit (http://creativecommons.org/
licenses/by/4.0/).




