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ABSTRACT:

Electrical impedance tomography (EIT) is a transformative, non-invasive im-
aging tool in critical care, providing real-time, continuous monitoring of lung
function. Originally applied to assess ventilation distribution in mechanically
ventilated patients. EIT's scope has expanded significantly. It now en-
compasses a wide range of applications, including positive end-expiratory
pressure (PEEP) titration, spontaneous breathing assessment, air trapping
detection, alveolar recruitment guidance, and ventilation-perfusion (V/Q)
matching. EIT supports personalized respiratory management across a range
of therapies, including mechanical ventilation, high-flow nasal cannula
(HFNC), and non-invasive ventilation (NIV), by identifying ventilation het-
erogeneity and preventing ventilator-induced lung injury (VILI). The ability
of EIT to quantify regional lung mechanics, detect changes due to therapeu-
tic interventions like suctioning and bronchodilation, and visualize complex
phenomena such as pendelluft underscores its role in optimizing ventilation
strategies and enhancing patient outcomes in critical care. Despite some
technical challenges, EIT's integration into respiratory monitoring protocols is
advancing, supporting data-driven, individualized management approaches
that improve safety and outcomes for critically ill patients.

Keywords: Electrical impedance tomography; Critical care; Acute respiratory
failure; Mechanical ventilation; Ventilator-induced lung injury

INTRODUCTION

Acute respiratory failure (ARF) represents a critical condition characterized
by the lungs' inability to perform effective gas exchange, leading to severe hy-
poxemia (low oxygen levels), hypercapnia (elevated carbon dioxide levels), or a
combination of both[1]. This condition poses a significant challenge in critical
care settings, often necessitating mechanical ventilation to support oxygenation
and maintain adequate gas exchange. However, the management of ventilation
in these patients is complex, as inappropriate ventilator settings can contribute to
ventilator-induced lung injury (VILI) and precipitate further complications such
as barotrauma, volutrauma, atelectrauma, and biotrauma[2]. In the intensive
care unit (ICU), effective respiratory monitoring is essential for optimizing ven-
tilation settings and reducing the risks associated with mechanical ventilation.
Electrical impedance tomography (EIT) has emerged as a valuable, non-invasive
imaging technique in this context, offering continuous, real-time monitoring of
lung function at the bedside[3, 4]. EIT provides a unique perspective on regional
ventilation patterns, enabling clinicians to fine-tune ventilator settings based on
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precise, individualized insights into lung mechanics and
physiology. Initially developed for assessing ventilation
distribution, EIT’s applications have rapidly expanded
to encompass a broad range of uses [5-7]. It now serves
as a vital tool for various assessments, including positive
end-expiratory pressure (PEEP) titration[8], air trapping
detection[9], alveolar recruitment evaluation[10, 11], and
spontaneous breathing monitoring[11, 12]. Additionally,
EIT supports non-invasive respiratory strategies, such as
high-flow nasal cannula (HFNC) and non-invasive venti-
lation (NIV)[13, 14], demonstrating its adaptability across
different respiratory support methods. Moreover, EIT has
shown potential in assessing ventilation-perfusion match-
ing and detecting conditions such as pneumothorax and
pulmonary embolism, expanding its utility in critical care
diagnostics. This review aims to provide a comprehensive
overview of EIT, elucidating its fundamental principles and
outlining its diverse applications in critical care medicine.

PRINCIPLES AND PHYSIOLOGY OF EIT

Fundamental principles of EIT [15-18]

EIT is a non-invasive, radiation-free imaging technology
that provides real-time, continuous monitoring of lung
function at the bedside in critical care settings. This in-
novative approach offers unique insights into pulmonary
function through sophisticated principles and process-
es[4].

EIT technology relies on strategic electrode placement.
EIT systems utilize a flexible band or adhesive patches
with 16 or 32 embedded electrodes, designed to fit various
patient sizes and typically positioned between the fourth
and fifth intercostal spaces (Figure 1). This placement is

KEY MESSAGES:

« EIT provides continuous, real-time insights
into regional lung ventilation, enabling personal-
ized ventilator adjustments and reducing the risk
of ventilator-induced lung injury (VILI).

« Beyond ventilation monitoring, EIT assists
in PEEP titration, air trapping detection, alveolar
recruitment, spontaneous breathing assessment,
and ventilation-perfusion matching, making it
a versatile tool in critical care.

- Despite its advantages, proper interpreta-
tion and awareness of EIT's limitations are crucial
for its effective clinical application in critically ill
patients.

critical for accurate measurements, as positioning below
the sixth intercostal space may introduce diaphragmatic
interference. Placing the belt too high can lead to inaccu-
rate assessments of dorsal ventilation, while incorrect ori-
entation or rotation can distort the reconstructed image.
An angled placement, with the dorsal section higher than
the ventral, may underestimate dorsal lung ventilation,
potentially misrepresenting dorsal hypoventilation or
collapse. A transverse plane alignment is recommended
to ensure optimal results in standard EIT monitoring
[19, 20]. A reference electrode, usually placed on the
abdomen, standardizes potential measurements across
all electrode pairs. Once positioned, the system begins
data collection by sending small, high-frequency alter-

| Mechanical ventilator display |

EIT belt with
electrodes

Reference
electrode

EIT display

Figure 1. The image depicts a setup integrating EI'T and a mechanical ventilator for real-time monitoring of lung func-
tion.An EIT belt is placed around the thorax at the fourth to fifth intercostal spaces, ensuring optimal positioning to
capture accurate regional ventilation data while avoiding interference from the diaphragm. The belt contains multiple
electrodes, which are connected to the EIT device via cables. The EIT system is shown as a dedicated monitor displaying
dynamic lung images and ventilation distribution in real time. This monitor visualizes changes in impedance across dif-
ferent regions of the lung, represented by color-coded images that indicate variations in ventilation. The data collected
by the EIT belt is processed by advanced algorithms to generate these detailed images. This combined setup allows cli-
nicians to continuously monitor regional lung ventilation while adjusting ventilator parameters based on individualized

patient needs.



A pair of electrodes introduces
a small electrical current into
the patient's thorax
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Voltage measurement
Multiple electrodes around the thorax
detect electrical potential differences

Impedance calculation
Measured voltages are used to compute
bioelectrical impedance between electrodes

Image reconstruction
Data is processed to create a visual
map of thoracic electrical conductivity

Figure 2. The image provides a detailed view of the EIT electrode configuration and its functionality. The circular ar-
rangement of electrodes around the thorax enables the system to apply electrical currents through one electrode pair
while measuring voltage differences across others. This process generates data points used to reconstruct cross-sectional
images of lung conductivity. The central blue area in the image represents regions of higher impedance (e.g., air-filled
lungs), while surrounding areas reflect lower impedance values (e.g., blood-filled tissues). Each electrode is labeled,

illustrating its role in data acquisition and processing.

nating electrical currents (approximately 5 mA at 50-80
kHz) through electrode pairs. The remaining electrodes
function as sensors, measuring voltage differences across
the thoracic cavity (Figure 2). EIT operates on the prin-
ciple that different tissues have distinct electrical proper-
ties. The resistance to electric currents, known as imped-
ance, varies among tissue types such as lung, blood, and
air[19]. These impedance differences throughout the tho-
rax enable EIT to distinguish between various anatomi-
cal structures. For instance, air-filled lungs exhibit higher
impedance compared to blood-filled tissues. During res-
piration, lung expansion causes impedance to increase
during inhalation and decrease during exhalation. This
dynamic change allows EIT to visualize and quantify re-
gional ventilation patterns with remarkable precision. The
process of creating an EIT image involves a sophisticated
sequence of data acquisition and processing. Current is
applied sequentially through each electrode pair encir-
cling the thorax while voltage measurements are simulta-
neously recorded from all other electrodes. This rotation
approach generates a multitude of data points or frames
that are processed to construct a cross-sectional image of
lung conductivity. This image captures regional changes
in ventilation across the thoracic plane with remarkable
detail. Modern EIT systems boast impressive temporal
resolution, capable of acquiring approximately 50 frames
per second. This high acquisition rate provides near real-
time feedback on lung function, allowing for immediate
detection of changes in ventilation patterns. The conver-
sion of raw voltage data into meaningful images relies
on advanced reconstruction algorithms. These include
methods such as Shefhield back-projection, finite element

model (FEM)-based approaches, and the Graz consen-
sus reconstruction algorithm for EIT technique (GREIT)
[21]. These algorithms interpret raw data, filter noise, and
adjust for individual thoracic geometry variations to de-
liver high-resolution images. In the resulting EIT images,
each pixel corresponds to a specific region of the lung,
with colors indicating changes in impedance relative to
a baseline frame, thereby visualizing ventilation distri-
bution. EIT images display lung mechanics dynamically,
using color coding to differentiate between regions with
varying ventilation.

Functional EIT and quantitative measurement

Functional EIT represents a significant advancement in
respiratory monitoring, integrating static EIT images
with respiratory cycle waveforms, known as EIT plethys-
mograms, to provide detailed global and regional ventila-
tion data. A key feature of functional EIT is its ability to
segment the lungs into specific regions of interest (ROIs),
such as dorsal and ventral sections or left and right lung
regions. This segmentation enables clinicians to inde-
pendently assess ventilation patterns in different areas of
the lung, offering critical insights into regional lung func-
tion that may not be evident from global measurements
alone (Figure 3). The integration of EIT plethysmograms
with static images allows for the calculation of various
quantitative metrics that provide valuable information
about lung mechanics. These metrics include regional
compliance, tidal volume, and end-expiratory lung im-
pedance (EELI). Such measurements offer a comprehen-
sive view of lung function, enabling clinicians to detect
subtle changes in respiratory status that might otherwise
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go unnoticed. Functional EIT excels in assessing ventila-
tion heterogeneity, which is crucial for managing patients
with complex respiratory conditions. By providing detailed
information on the distribution of ventilation across differ-
ent lung regions, EIT supports the development of indi-
vidualized ventilator strategies tailored to patient-specific
needs. This capability is particularly valuable in optimiz-
ing ventilator settings for patients with conditions such
as acute respiratory distress syndrome (ARDS), where
maintaining appropriate regional ventilation is essential
to prevent further lung injury. For instance, ARDS often
presents with heterogeneous lung involvement, making
it challenging to balance alveolar recruitment and over-
distension. Functional EIT helps clinicians identify these
regional differences, ensuring ventilator settings are ad-
justed to minimize injury while maximizing oxygenation.
Several quantitative EIT metrics have been developed
to enhance data interpretation (Table 1). These include the
global inhomogeneity (GI) index, which measures overall
ventilation distribution; the anterior-posterior ventilation
ratio, which evaluates the balance of ventilation between
the front and back of the lungs; regional compliance
measurements; and tidal variation analysis. Each metric
provides unique insights into both global and local lung
ventilation characteristics, allowing for a more nuanced
evaluation of respiratory function. The combination of
these quantitative metrics with the visual representation
provided by EIT images creates a powerful tool for respi-
ratory monitoring and management. Clinicians can use
this information to make informed decisions about venti-
lation strategies, assess the effectiveness of interventions,
and monitor disease progression or recovery overtime.

Factors affecting EIT readings

EIT has emerged as a valuable tool for ventilation mon-
itoring in critical care settings. However, the accuracy
and reliability of EIT readings can be influenced by vari-
ous physiological and technical factors, which clinicians
must consider for optimal interpretation and application
of this technology. One of the primary considerations in
EIT measurements is the impact of cardiac motion and
changes in thoracic blood or fluid volume. These phys-
iological processes can introduce impedance variations
that are not directly related to ventilation. While primarily
used for respiratory monitoring, EIT is sensitive enough
to detect these cardiac-induced fluctuations. Advanced
EIT systems have addressed this issue by implementing
digital filtering techniques to minimize these cardiac-re-
lated artifacts, thereby improving the focus on ventila-
tion-related data. Patient movement presents another
significant challenge in EIT data acquisition. Any shift
in position can alter the spatial relationship between
the electrodes and the thoracic structures, potentially
leading to misinterpretation of the impedance changes.
Similarly, issues with electrode contact, such as poor ad-
hesion or displacement, can compromise the quality of
the electrical signals. Furthermore, electrical interference
from nearby medical devices in the intensive care unit
environment may introduce noise into the EIT measure-
ments. The precise positioning of the EIT belt is crucial for
accurate data collection. Incorrect placement, particularly
if the belt is positioned too low on the thorax, can result
in artifacts from diaphragm movement. These artifacts
can significantly distort the ventilation image and lead
to erroneous conclusions about regional lung function.

Ventilation Distribution Ratios

lllustrates the proportion of tidal volume in different lung
areas, categorized into: Anterior/Posterior regions or
Right/Left lungs. Values are presented as percentages,
offering a clear overview of lung function distribution
across these areas

Real-time Dynamic Image

Offers a dynamic, visual representation of the patient's
breathing patterns.

This live image aids healthcare providers in monitoring and
evaluating the patient's respiratory condition as it happens
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abnormalities.

Figure 3. EIT display showcasing key features such as ventilation distribution ratios, dynamic lung imaging, ventilation
distribution maps, plethysmograms, ventilatory metrics, patient position adjustment, and ROIs for real-time respiratory
monitoring and analysis.
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Table 1. Quantitative metrics and clinical significance of EIT parameters.

Measure Description Clinical Significance Availability
Global Inhomogeneity ~ Measures the degree of ventilation High GI values indicate uneven ventila- Offline
(GI) Index distribution inhomogeneity, often tion distribution, suggesting conditions
compared at different PEEP levels or  like regional lung injury or ARDS. Useful
conditions. for PEEP titration, assessing spontaneous
breathing, and intraoperative lung monitor-
ing. [22, 23]
End-Expiratory Lung  Indicator of end-expiratory lung Correlates with lung aeration at end-ex- Bedside and offline
Impedance (EELI) volume, calculated as the average halation, helping guide PEEP titration and
minimum of the plethysmography assess lung recruitment potential, especially
curve across respiratory cycles. in patients with derecruitment risk.[13]
Regional Ventilation Identifies regions of delayed imped- ~ Regions with high RVD are more depen- Bedside and offline
Delay (RVD) Index ance change in response to inspira-  dent on PEEP; minimizing RVD improves
tory airflow, indicating regional tidal ~synchronized ventilation, reducing repeti-
recruitment. tive opening and closing of lung areas.[24]
Center of Ventilation Represents the vertical distribution Monitors shifts in ventilation distribution, Bedside and offline
(CoV) of ventilation along the gravitational  particularly useful for assessing ventilation
axis, with a balanced CoV at 50%. symmetry during positioning changes like
prone positioning and detecting atelectasis.
(25]
Tidal Impedance Vari-  Reflects the change in impedance Helps identify overdistension or collapse, Bedside and offline
ation (TIV) between inspiration and expiration,  supporting optimal PEEP and tidal volume
indicating tidal volume distribution.  settings. Useful for assessing ventilation
patterns in lung regions.[16]
Regional compliance Compliance is calculated by dividing Monitors regional lung compliance, crucial ~ Bedside and offline
regional TIV by the change in driv-  for respiratory failure management, and
ing pressure. Measure the change in  supports personalized PEEP and driving
impedance per unit of pressure in pressure adjustments. Useful for detecting
specific lung regions. overdistention or recruitment.[23]
Overdistension and Identifies PEEP level where com- Guides optimal PEEP setting to balance Bedside and offline
Collapse (ODCL) pliance loss due to overdistention recruitment and overdistension.
equals that due to collapse.
Pendelluft Air movement between different Indicates pressure of time-constant inequal- Bedside and offline
lung regions without external vol- ities or diaphragm dysfunction.
ume change.
Silent spaces Area of the lung with minimal or no  Helps identify atelectasis or severe airflow  Bedside and offline

ventilation.

limitation.

Therefore, stable patient positioning and meticulous at-
tention to electrode placement are essential for obtaining
reliable EIT measurements. Certain patient-specific fac-
tors can also complicate the use of EIT. The presence of
chest tubes, bandages, wounds, or skin burns may hinder
correct belt placement, potentially affecting the quality
and reliability of the data. In such cases, alternative elec-
trode configurations or placement strategies may need to
be considered. It is important to note that EIT is gener-
ally contraindicated in patients with active pacemakers
or implantable cardioverter-defibrillators (ICDs) due to
potential interference risks. The electrical currents used
in EIT, although small, could theoretically interact with
these devices, posing a safety concern.

Comparative analysis with other imaging modal-
ities

EIT has emerged as a valuable tool in critical care, comple-
menting established imaging modalities such as Comput-
ed Tomography (CT) and lung ultrasound. Several studies
have validated EIT against CT for assessing lung ventila-

tion and recruitment. Costa et al. demonstrated a strong
correlation between EIT and CT in detecting alveolar
collapse during lung recruitment maneuvers and PEEP
titration in an animal model[18]. Similarly, Frerichs et al.
validated EIT against electron beam CT for detecting
local lung air content[6], while Victorino et al. showed
that EIT could accurately assess regional lung ventilation
when compared to CT[5]. Comparisons between EIT and
lung ultrasound are less extensive, but emerging research
shows promise. A recent study comparing quantitative
lung ultrasound (Q-LUS) with EIT for detecting dynamic
changes in lung aeration in preterm lambs found good
correlation between the two techniques[26]. EIT excels
in providing continuous, real-time monitoring, which is
particularly valuable in critical care settings. CT is limited
to intermittent scans, while ultrasound offers real-time
imaging but is typically used intermittently. Regarding
spatial resolution, CT provides excellent, sub-millimeter
resolution, surpassing both EIT (moderate resolution of
3-5 cm in the cross-sectional plane) and ultrasound (good
for superficial structures but limited for deep lung tissue).
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In terms of diagnostic precision, each modality has its
strengths. EIT is particularly good for regional ventila-
tion assessment but has limitations in identifying specific
pathologies. CT remains the gold standard for detailed
anatomical imaging and specific diagnoses. Ultrasound
is excellent for assessing pleural and some parenchymal
conditions but is limited by air artifacts in lung tissue.
While EIT offers unique advantages in bedside monitor-
ing, it's important to contextualize its role alongside other
imaging modalities (Table 2).

CLINICAL APPLICATIONS OF EIT IN
CRITICAL CARE

Clinical applications of EIT in ARDS

ARDS, common in ICU patients, is characterized by dif-
fuse alveolar damage due to increased alveolar and cap-
illary permeability. This leads to interstitial and alveolar
edema, inflammatory responses, and potential fibrosis. The
resulting increased lung weight causes alveolar collapse in
dependent regions, potentially contributing to multiorgan
failure[27, 28]. In ARDS management, optimizing alveo-
lar recruitment while preventing overdistension is crucial.
PEEP plays a key role in stabilizing alveoli and minimiz-
ing atelectrauma. However, determining optimal PEEP
levels requires balancing alveolar collapse prevention
with overdistension risk [29-32]. Various methods have
been proposed to determine the optimal PEEP in ARDS,
each with its own advantages and limitations (Table 3).

Optimal PEEP titration with EIT

EIT has emerged as a valuable tool for optimizing PEEP
in patients with ARDS. Two primary EIT-based strate-
gies have shown promise in clinical research: Costa's al-
gorithm and the changes in end-expiratory lung imped-
ance (AEELI) - guided approach. Costa et al. developed
an EIT-based algorithm to balance overdistension and al-
veolar collapse[18]. This method evaluates regional lung
compliance variations during a decremental PEEP trial
following maximal recruitment. It identifies compliance
loss at high PEEP levels as overdistension and at low lev-
els as alveolar collapse. The optimal PEEP is determined
at the intersection of overdistension and collapse com-
pliance-loss curves (ODCL), aiming to minimize both
phenomena simultaneously (Figure 4). This approach
has demonstrated significant benefits in ARDS patients
across multiple studies[41, 43]. An alternative strategy

Table 2. Comparison between different imaging modalities.

utilizes AEELI measured via EIT. Eronia et al.[44] con-
ducted a study where PEEP was adjusted in 2 cmH,O
increments if EELI decreased by more than 10% after
a recruitment maneuver. This method showed improve-
ments in PaO,/FiO, ratio and driving pressure com-
pared to the ARDS Network's lower PEEP/FiO, table.
While both methods show promise, the Costa algorithm
has been more widely adopted in clinical research. The
AEELI-guided approach, despite its potential, has seen
less frequent use in studies. Recent advancements in
EIT-guided PEEP titration have further expanded its
potential. These include integration with mechanical
power calculations to minimize ventilator-induced lung
injury[45], combination with esophageal pressure mea-
surements for a more comprehensive assessment of lung
mechanics, and the use of machine learning algorithms
to predict optimal PEEP settings based on EIT data.

EIT in patients with ARDS receiving veno-
venous extracorporeal membrane oxygenation
(VV ECMO).

EIT has emerged as a promising tool for optimizing
ventilation strategies in patients with ARDS receiving
VV ECMO. Current evidence suggests that EIT enables
clinicians to fine-tune PEEP settings and balance lung
recruitment. Franchineau et al. demonstrated the viabil-
ity of using EIT in VV-ECMO patients under ultrapro-
tective ventilation with minimal tidal volumes[46]. Their
study revealed a wide range of optimal PEEP levels across
severe ARDS patients, emphasizing the need for person-
alized ventilation strategies based on individual ARDS
lesion distribution. A case report has demonstrated the
use of an EIT-guided whole-process respiratory man-
agement strategy[47]. EIT offers real-time visualization
of regional ventilation during veno-venous extracor-
poreal membrane oxygenation (VV ECMO) therapy,
enabling clinicians to evaluate the effects of ventilator
settings and patient positioning on lung recruitment
and ventilation heterogeneity. For instance, EIT can
assist in guiding prone positioning by illustrating the
redistribution of ventilation from ventral to dorsal re-
gions. Additionally, EIT may aid in transitioning from
full ECMO support to conventional ventilation by pro-
viding feedback on regional lung recruitment as ECMO
flow is gradually reduced. This capability can help opti-
mize ventilator settings throughout the weaning process.

Feature EIT CT Ultrasound

Principle Impedance X-rays High frequency sound
Radiation exposure None High None

Real-time monitoring Continuous Limited Real-time, Intermittent
Spatial resolution Moderate Excellent Moderate

Bedside availability High Low High

Cost Moderate High low

Diagnostic precision Good for regional ventilation ~ Excellent for detailed anatomy Good
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Table 3. Summary table of PEEP optimization strategies in ARDS according to current evidence.

Strategy Description Advantages Limitation Evidence

PEEP/FiO, tables Standardized tables Simple, reproducible, Doesn't account for in-  Established in large
based on oxygenation widely used dividual lung mechanics RCTs (ARMA, ALVEO-
requirements LI trials) [33, 34]

Decremental PEEP Incrementally increase  Individualized approach Potential for increased ~ ART trial showed

titration then reduce PEEP to barotrauma; mixed increased mortality[35];
find optimal compli- mortality outcomes in ~ PHARLAP trial showed
ance/oxygenation large trials no benefit[36]

Esophageal pres- Uses esophageal Accounts for chest wall ~ Requires specialized EPVent-2 trial showed

sure-guided

Stress index

Pressure-volume curve
analysis

Driving pressure mini-
mization

CT-guided

EIT

manometry to esti-
mate transpulmonary
pressure

Analyzes pressure-time
curve during constant
flow. straight line (SI =
1) reflects optimal PEEP

Targets recruitment/
derecruitment points on
PV curve

Adjusts PEEP to mini-
mize driving pressure

Precise assessment of
recruitment/derecruit-
ment

Real-time regional ven-
tilation assessment

mechanics

May reduce inflamma-
tory markers and lung
injury

May improve compli-
ance and oxygenation

Associated with im-
proved survival; easy to
implement

High-resolution imag-
ing of lung tissue

Enables personalized
PEEP titration; may
reduce VILI

equipment and exper-
tise

Requires deep sedation;
limited large-scale
validation

Complex to implement
at bedside

May not address region-
al heterogeneity

Radiation exposure;
not for continuous
monitoring

Requires specific equip-
ment and expertise

no mortality benefit[37]

Small studies show
promise, but lacks large
RCTs[30]

Physiologically sound,
but practical challenges
limit use[38, 39]

Strong observational
data, but lacks large
RCT validation[40]

Valuable research tool,
impractical for routine
use

Growing evidence of
benefits in small stud-
ies[41, 42]
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Figure 4. EIT guided PEEP titration The images illustrate the process of PEEP titration using EIT based on Costa et al.'s
algorithm. The graph plots overdistension and collapse percentages against PEEP levels, with lung compliance shown
as a separate curve. The "crossing point" on the graph represents the optimal PEEP level, where the curves for overdis-
tension and collapse intersect. This point indicates the best compromise between minimizing alveolar overdistension
and preventing collapse while maximizing lung compliance. For each PEEP step, EIT provides a visual representation of
regional lung overdistension (highlighted in light blue) and alveolar collapse (highlighted in dark blue).
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EIT in obstructive lung disease

Obstructive lung disease (OLD), including asthma and
COPD, results in airway obstruction caused by inflamma-
tion, mucus, and structural changes, leading to increased
resistance, flow limitation, and lung hyperinflation. While
conventional spirometry provides global lung function as-
sessments, it cannot capture regional variations. Advanced
imaging such as computed tomography offers structural
insights but is invasive, costly, and unsuitable for routine
functional monitoring. EIT overcomes these limitations
by providing real-time, regional assessments of lung
function. It estimates flow and volume changes from im-
pedance variations during breathing, enabling EIT-based
spirometry to measure parameters like FEV1, FVC, and
flow-volume loops to reveal regional flow limitations.
This technique has been validated against conventional
spirometry and has shown the ability to detect increased
ventilation inhomogeneity in patients with COPD[48]. In
ventilated OLD patients, EIT can detect air trapping and
intrinsic PEEP, aiding treatment adjustments[49, 50]. EIT
tracks bronchodilator effects, demonstrating improved
regional ventilation distribution beyond global flow-
volume changes. It benefits patients who struggle with
spirometry by enabling lung function assessment with-
out forced maneuvers[51, 52]. Additionally, EIT assists
in optimizing PEEP by analyzing regional ventilation
delays and expiratory time constants, enabling clinicians
to select the most suitable ventilation mode or support
type for patients with flow limitation and lung hyperin-
flation[53, 54]. Moreover, EIT has revealed that suction-
ing does not reduce lung volume in OLD patients and
highlights the superiority of neurally adjusted ventilato-
ry assist over pressure support ventilation for improving
dorsal ventilation and reducing dead space in acute COPD
exacerbations[55]. EIT also evaluates pendelluft caused
by regional time constant differences or dynamic pleu-
ral pressure variations, visualizing airway obstruction
improvement after treatment[56]. Recent studies have
explored the potential of EIT as an early screening tool
for lung function impairment, even in participants with
normal spirometry results [57]. This suggests that EIT
could detect subtle changes in lung function before they
become apparent through conventional testing methods.
EIT has proven to be a valuable tool in enhancing OLD
diagnosis and management.

EIT in spontaneous breathing and weaning trials
Spontaneous breathing during mechanical ventilation
has been shown to enhance lung compliance, preserve
end-expiratory lung volumes, and minimize ventilation
redistribution to ventral lung regions, potentially reduc-
ing atelectrauma caused by cyclic alveolar collapse and
tidal recruitment[58]. EIT plays a critical role in visu-
alizing and quantifying spatial ventilation distribution
in real time, helping clinicians evaluate the benefits of
partial ventilatory support and predict outcomes during
spontaneous breathing trials (SBTs)[11, 59, 60]. The
technology utilizes parameters such as the GI index and
changes in EELI to assess weaning readiness and forecast

SBT success. One of the key advantages of EIT in this
context is its ability to detect subtle changes in regional
lung function that may not be apparent through con-
ventional monitoring methods. For instance, elevated
ventilation heterogeneity or a rapid decline in EELI may
signal muscle fatigue or inadequate respiratory drive,
indicating the need for continued ventilatory support.
This real-time feedback allows clinicians to make more
informed decisions about the timing and progression of
weaning attempts. Additionally, EIT can identify condi-
tions such as pendelluft, an abnormal airflow between
lung regions caused by asynchronous diaphragmatic
activity. By detecting potential self-inflicted lung injury
during spontaneous breathing, EIT enables clinicians
to adjust strategies to mitigate regional stress on lung
tissues. Recent studies have further expanded the appli-
cation of EIT in weaning trials. For example, Li et al.
found that certain EIT parameters during spontaneous
breathing trials could predict weaning success with
good sensitivity and specificity in patients after upper
abdominal surgery[61]. Another study by Longhini et
al. showed that EIT could guide the titration of pressure
support levels during weaning, potentially optimizing
the balance between respiratory muscle unloading and
patient effort[12]. While EIT provides valuable insights,
studies on its use in weaning and SBTs include diverse
methodologies and patient populations, limiting the
generalizability of findings. Further research is needed
to determine the most effective EIT-derived metrics for
predicting weaning success and optimizing outcomes
across different patient groups and clinical scenarios.

EIT with HFNC and NIV support

EIT has demonstrated significant potential in non-
invasive respiratory support settings, such as in patients
receiving HFNC or NIV for hypoxemic respiratory
failure. HFNC therapy is known to increase end-ex-
piratory lung volume and improve functional residual
capacity. EIT can visualize these effects in real-time,
allowing clinicians to track HFNC's impact on lung
aeration across different regions, independent of pa-
tient positioning[62]. This capability enables the cus-
tomization of oxygen delivery settings based on specific
patient needs. Riera et al. used EIT to demonstrate
that HFNC therapy increased EELI and tidal variation
of impedance, indicating improved lung volume and
ventilation[62]. Similarly, Mauri et al. utilized EIT to
show that HFNC reduced inspiratory effort and im-
proved ventilation distribution in patients with acute
hypoxemic respiratory failure[63]. For patients on NIV,
EIT assists in assessing regional ventilation and tidal
volume distribution, providing critical information on
how different NIV settings affect ventilation uniformity.
EIT-derived data on the ventilation heterogeneity in-
dex or anterior-posterior ventilation distribution help
clinicians tailor NIV settings and avoid exacerbating
regional lung injury, supporting safer and more effective
respiratory support[64].



EIT in prone positioning and other positions
Prone positioning is a recognized strategy in ARDS
management for enhancing oxygenation by redistribut-
ing ventilation to dependent lung regions. EIT enhanc-
es this approach by providing real-time monitoring of
ventilation distribution, allowing for precise adjustments
to ventilator settings to optimize gas exchange. A recent
study demonstrated that prolonged prone ventilation
increased dorsal ventilation and perfusion, resulting in
improved ventilation-perfusion matching and oxygen-
ation[65]. EIT is also valuable in evaluating other posi-
tions, such as lateral decubitus and semi-recumbent. In
the lateral decubitus position, EIT reveals ventilation
redistribution influenced by gravity, typically favoring
the non-dependent lung. This insight is particularly use-
ful for managing patients with unilateral lung disease
or those requiring selective lung ventilation. Sequen-
tial lateral positioning has been shown to increase EELI
in COVID-19 pneumonia, indicating recruitment and
providing an alternative for patients unable to tolerate
prone positioning[66]. In semi-recumbent positioning,
EIT demonstrates improved functional residual capacity
and a reduced risk of aspiration compared to supine posi-
tioning, offering valuable guidance for safely positioning
mechanically ventilated patients. By monitoring venti-
lation distribution in various positions, EIT supports
personalized respiratory management, enhancing lung
mechanics and oxygenation in critically ill patients.

ADVANCED APPLICATIONS

Detection of pendelluft

Pendelluft is the bidirectional movement of gas between
lung regions due to inhomogeneities in regional resis-
tances and compliances. This asynchronous filling and
emptying of different areas may not contribute to effec-
tive gas exchange and has implications for lung injury
and ventilation strategies[67]. EIT is a unique tool for
real-time pendelluft detection. Its high temporal resolu-
tion allows continuous monitoring of rapid changes in
air distribution during respiration, providing a dynamic
view of lung behavior previously unattainable. This
capability is crucial in critical care settings where quick
adjustments to ventilation strategies may be necessary.
EIT has revealed correlations between pendelluft and
regional lung inflammation, both modulated by PEEP,
suggesting potential for optimizing ventilation strate-
gies[68]. While negative associations with clinical out-
comes have been reported[69], the direct causal impact
of pendelluft on patient prognosis remains under investi-
gation. Researchers have used EIT to study how different
ventilatory settings affect regional lung mechanics during
spontaneous breathing. It has enabled detailed analysis
of air movement between dependent and non-dependent
lung regions, enhancing our understanding of ventila-
tion distribution in healthy and diseased lungs [56, 70].
Various EIT-based methods have been developed to quan-
tify pendelluft, tailored to different clinical scenarios. These
include measuring bidirectional gas flow magnitude and
analyzing the timing and duration of pendelluft events.

Electrical impedance tomography in critical care

EIT shows promise in guiding personalized ventilation
strategies by providing real-time feedback on regional
lung mechanics and pendelluft occurrence. This could
help minimize ventilator-induced lung injury and im-
prove outcomes in critically ill patients. Despite these
advancements, challenges remain in standardizing
measurement techniques, interpreting criteria, and val-
idating EIT findings against other imaging modalities.
Further research is needed to establish the clinical sig-
nificance of different pendelluft degrees and determine
optimal intervention thresholds.

Ventilation-perfusion (V/Q) matching and pul-
monary perfusion

Ventilation-perfusion (V/Q) matchingisacrucialaspectof
lung function, determining the efficiency of gas exchange
in the lungs. Accurate assessment of V/Q matching is es-
sential for understanding and managing various respira-
tory conditions. EIT has emerged as a promising tool for
evaluating V/Q matching and pulmonary perfusion in
real-time, offering significant advantages over traditional
imaging methods. EIT extends its functionality beyond
ventilation monitoring to assess pulmonary perfusion,
facilitating real-time evaluation of V/Q matching. By
measuring the impedance of fluids, EIT can visualize
perfusion distribution across the thorax. The perfu-
sion component of EIT imaging is typically achieved
through two main methods: the conductivity-contrast-
ing bolus injection technique and the pulsatility tech-
nique. The bolus technique involves the rapid injection
of a contrast agent, usually hypertonic saline, during
a brief apnea period. In contrast, the pulsatility tech-
nique filters the pulsatile heartbeat component from
the EIT signals to derive perfusion information. While
both methods have their merits, the bolus technique
has shown better agreement with established imaging
modalities such as Single-Photon Emission Computed
Tomography (SPECT) and Positron Emission Tomog-
raphy (PET), making it the current reference standard
for EIT-based V/Q assessment[71, 72]. The procedure
for the bolus technique is relatively straightforward.
Using a central line catheter, approximately 10 mL of
hypertonic saline (typically 5-10% NaCl) is rapidly in-
jected within 1-2 seconds[72] during a breath-hold of
8-15 seconds[73]. EIT images of perfusion (Q) are then
calculated by subtracting the heart pixels from the data.
The ventilation (V) component is derived by filtering
the pre-apnea ventilation signal to remove heart rate-
related components. This allows for pixel-by-pixel V/Q
matching to be determined[74]. A potential concern
regarding the bolus technique is the electrolyte load of
the saline injection. However, the salt load is relative-
ly small (10 mL of 5% saline corresponds to 0.5 g or
8.5 mEq of NaCl), and no adverse effects of electrolyte
disturbances have been reported to date after rapid or
repeated bolus administration. Nevertheless, it remains
unclear how the 10 mL requirement scales with patient
mass, blood volume, and cardiac output. Advanced soft-
ware is required to automatically process these EIT data
and calculate V/Q images at the bedside. If independent
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measures of minute ventilation and cardiac output are
available, a calibrated V/Q image can be produced. In
the absence of these measurements, the EIT-V/Q image
remains unitless, providing a relative V/Q image. Recent
studies have demonstrated EIT's potential in various clin-
ical applications. For instance, a case report by Prins et al.
demonstrated EIT's capability to detect pulmonary em-
bolism (PE) by visualizing the improvement in pulmo-
nary circulation following thrombolytic therapy[75].
He et al. developed a saline bolus-based EIT method
for rapid bedside assessment of regional lung perfusion
during ECMO therapy[76], highlighting EIT's versatility
in complex critical care scenarios. EIT-based V/Q assess-
ment has proven particularly valuable in improving our
understanding of gas exchange abnormalities and evalu-
ating the effects of various interventions on regional V/Q
matching. Pavlovsky et al. utilized EIT to study the effects
of PEEP on regional ventilation-perfusion mismatch in
ARDS patients[77], while Scaramuzzo et al. employed
EIT to investigate the influence of PEEP titration on the
effects of prone positioning in ARDS. Despite its many
advantages and promising results, it's important to note
that EIT-based V/Q assessment is still a relatively new
technique in the clinical context. Ongoing research is
focused on standardizing protocols, improving image
resolution, and validating EIT findings against estab-
lished imaging modalities. Further studies are needed to
validate its use across different patient populations and
clinical scenarios.

Detection of pneumothorax and pleural effusion
EIT’s sensitivity to impedance changes makes it an effec-
tive tool for pneumothorax detection in high-risk patients,
such as those with chest trauma or undergoing central
line placement. The rapid detection of changes in imped-
ance associated with air leakage can alert clinicians to
pneumothorax development before clinical signs become
apparent. Studies have shown that EIT-based algorithms
can detect pneumothoraces as small as 20 mL with high
sensitivity and specificity[78], and can identify the loca-
tion of the pneumothorax correctly within just three re-
spiratory cycles. In experimental models, EIT has proven
capable of identifying even smaller pneumothoraces (as
little as 10 mL) before changes in physiological parameters
like SpO, and heart rate become apparent[79]. One of the
key advantages of EIT in pneumothorax management is
its ability to provide real-time feedback on interventions.
For instance, studies have shown that EIT can visualize
the resolution of a pneumothorax after treatment. Addi-
tionally, EIT can differentiate pneumothorax from pleu-
ral effusion by recognizing the contrasting impedance
characteristics of air and fluid. This capability makes it
valuable for diagnosing and managing complications at
the bedside. In the realm of pleural effusion detection, re-
search has demonstrated a high correlation between lung
resistivity measured by EIT and the volume of pleural fluid
removed from patients[80]. The technique has shown sen-
sitivity to small changes in pleural fluid volume, making
it a potentially valuable tool for monitoring patients with
known or suspected pleural effusions. However, despite
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these promising results, EIT-based detection of pneumo-
thorax and pleural effusion is still in its developmental
stages and faces some limitations. Current algorithms of-
ten rely on comparisons to baseline measurements, which
may not always be available in acute clinical settings.
Additionally, while EIT has shown good correlation with
traditional imaging methods, further validation against
gold standard techniques is needed to establish its reli-
ability across various clinical scenarios.

Limitation of EIT

Although EIT is a valuable tool for real-time lung moni-
toring, it has limitations. Accurate measurements require
proper belt placement, which can be challenging in cases
of spinal injuries or damaged skin. EIT is contraindicated
in patients with pacemakers due to interference risks,
and defibrillation should not coincide with EIT use. Mea-
surements are sensitive to movement artifacts from body
repositioning, electrode pressure, or rapid fluid shifts,
although regional ventilation and compliance data are
unaffected. Image quality may be poor in morbidly obese
patients, and EIT's cross-sectional view (5-10 cm) as-
sumes uniform behavior across the lung, which may not
always be accurate. Furthermore, EIT provides relative,
not absolute, impedance values, requiring baseline refer-
ences for interpretation. While EIT effectively analyzes
ventral-to-dorsal ventilation distribution, it lacks cranial-
to-caudal coverage, limiting its scope in some cases.
Proper belt positioning and careful interpretation remain
key to maximizing EIT’s clinical utility.

Future directions

The future of EIT in critical care is on the cusp of signifi-
cant breakthroughs, with several promising avenues of re-
search emerging. As this innovative technology continues
to evolve, researchers and clinicians are exploring novel
approaches to enhance its capabilities and expand its ap-
plications in intensive care environments. A particularly
promising direction focuses on the development of ad-
vanced EIT algorithms capable of simultaneously assess-
ing ventilation and perfusion in real-time. This approach
holds the potential to transform the management of com-
plex respiratory conditions such as ARDS and pulmonary
embolism. However, the journey towards clinical imple-
mentation is not without challenges. Ongoing efforts are
required to standardize measurement techniques and
interpretation criteria, while further validation against
established imaging modalities is essential to confirm
EIT's accuracy and reliability across diverse clinical sce-
narios. Additionally, the development of algorithms that
do not rely on baseline measurements would significantly
enhance EIT's applicability in acute settings. The integra-
tion of artificial intelligence and machine learning with
EIT presents a paradigm-shifting opportunity. These cut-
ting-edge technologies could revolutionize image recon-
struction, automate lung contour detection, refine signal
filtering, and correct artifacts. Furthermore, they have
the potential to unveil subtle patterns in ventilation-per-
tusion relationships that may elude human observation,
potentially enabling earlier detection of patient deteri-



oration or treatment response. Three-dimensional EIT
represents another frontier of innovation. By employing
multiple electrode belts and sophisticated reconstruction
algorithms, 3D-EIT could dramatically improve spatial
resolution and image quality. This advancement promises
more precise ventilation-perfusion assessments and a re-
duction in artifacts caused by organ movement, offering a
more comprehensive and accurate view of lung function.

CONCLUSION

EIT has revolutionized critical care by offering real-time,
non-invasive insights into regional lung function. Its
ability to optimize ventilation strategies, guide inter-
ventions, and assess ventilation-perfusion matching has
transformed patient management in intensive care units.
While challenges remain, such as artifact sensitivity and
application in specific patient populations, EI'T's potential
to personalize respiratory care is undeniable. The future of
EIT is promising, with ongoing advancements in image re-
construction, artificial intelligence integration, and three-
dimensional imaging set to expand its capabilities. These
innovations will likely enhance diagnostic precision and
enable more targeted interventions, further improving
patient outcomes. As EIT technology matures, its role in
critical care will undoubtedly grow. Through continued
research, validation, and standardization efforts, EIT is
poised to become an indispensable tool in intensive care
medicine. By providing a window into the complex dy-
namics of lung function, EIT empowers clinicians to
make informed decisions and deliver tailored care. In
essence, EIT represents a paradigm shift in critical care
monitoring. Its evolution from a novel technology to a
cornerstone of respiratory management exemplifies the
power of innovation in medicine. As we look to the future,
EIT stands as a beacon of progress, promising a new era
of personalized, precise, and effective critical care.
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