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Electrical impedance tomography (EIT) is a noninvasive, non-radiologic imaging modality that may
be useful for the quantification of lung disorders and titration of mechanical ventilation. The
principle of operation is based on changes in electrical conductivity that occur as a function of
changes in lung volume during ventilation. EIT offers potentially important benefits over standard
imaging modalities because the system is portable and non-radiologic and can be applied to patients
for long periods of time. Rather than providing a technical dissection of the methods utilized to
gather, compile, reconstruct, and display EIT images, the present article seeks to provide an
overview of the clinical application of this technology as it relates to monitoring mechanical venti-
lation and providing decision support at the bedside. EIT has been shown to be useful in the
detection of pneumothoraces, quantification of pulmonary edema and comparison of distribution of
ventilation between different modes of ventilation and may offer superior individual titration of
PEEP and other ventilator parameters compared with existing approaches. Although application of
EIT is still primarily done within a research context, it may prove to be a useful bedside tool in the
future. However, head-to-head comparisons with existing methods of mechanical ventilation titra-
tion in humans need to be conducted before its application in general ICUs can be recommended.
Key words: electrical impedance tomography; regional distribution of ventilation; lung imaging,; me-
chanical ventilation. [Respir Care 2016;61(10):1417-1424. © 2016 Daedalus Enterprises]

Introduction

Electrical impedance tomography (EIT) uses electrical
currents to assess the conductivity distribution within the
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body from voltage measurements of its surface. This con-
cept was first described as a method to explore subterra-
nean mineral deposits in the early 1900s' and later adapted
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for medical use. When we breathe, volumes of electrically
insulating air move in and out of the lungs. This volume
changes within the lungs, which produces conductivity
changes that can be detected by EIT. Barber and Brown
introduced EIT to the medical community in the early
1980s.2 From there, a wide spectrum of applications in
medicine ranging from gastric emptying, brain function,
and breast imaging to lung function have been explored.
Lung imaging is an ideal application of EIT because hu-
man ventilation exhibits large changes in volume (and
therefore electrical conductivity) and also because of the
fact that the lungs are relatively close to the surface (where
measurements are obtained). Imaging of ventilation could
become a key clinical application of EIT.

Early EIT devices were fairly limited due to poor sen-
sitivity and signal interference in the clinical setting.? Af-
ter years of waxing and waning interest from a few inves-
tigators and companies, a renewed interest in ventilation
technology helped to resolve many of these shortcomings.
As with any new modality, EIT and its clinical utility and
application need to be methodically explored. Rather than
providing a technical dissection of the methods utilized to
gather, compile, reconstruct, and display EIT images, the
present article seeks to provide an overview of the clinical
application of this technology as it relates to monitoring me-
chanical ventilation and providing decision support at the
bedside.

Patients who require positive-pressure ventilation to re-
verse inadequate gas exchange are at risk of ventilator-
induced lung injury, primarily through overdistention (vo-
lutrauma) or repeated opening and closing of gas exchange
units with each breath (tidal recruitment) leading to atelec-
trauma. This can lead to an inflammatory cascade of events
known as biotrauma.>* This awareness has triggered addi-
tional lung-protective research, including the use of EIT to
guide mechanical ventilation. Key components of lung pro-
tection are reducing not only global overdistention or col-
lapse, but regional collapse as well, while maintaining ade-
quate gas exchange. Before the use of EIT, radiographic
images were the only way to look at regional distribution of
ventilation.

EIT capitalizes on changes in electrical impendence be-
tween air-filled versus tissue or fluid-filled spaces to char-
acterize and quantify regional distribution of lung volume
at the bedside. This technology has been validated in an-
imal® and human®’ studies. EIT utilizes a series of elec-
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Fig. 1. Electrical impedance tomographic (EIT) images are created
using a series of electrodes placed across the chest, each of
which send and receive electrical impulses with one another (A).
Shown are a functional EIT image (white indicates highest volume
changes, non-ventilated regions are dark blue) (B) and computed
tomography scan (C) from a patient with a pleural effusion and
significant lung disease. Courtesy Dréger.

trodes (typically 16 or 32) arranged circumferentially
around the patient’s thorax (Fig. 1A). Small currents, which
are undetectable to the patient, are passed between the
electrodes, and impedance is measured between and among
the electrode array. Through a complex interrogation and
manipulation of these impedance values, a 2-dimensional
image is formed (Fig. 1B) and has been shown to correlate
with clinical and radiographic changes in subjects (Fig.
1C).6 The ability to estimate lung volume and regional
distribution of ventilation noninvasively and in real-time
may give us valuable insight into never before understood
effects of mechanical ventilation changes.

Application of Lung EIT

Current strategies to provide lung-protective ventilation
rely on avoiding conditions associated with lung injury.
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There is growing interest in developing individualized me-
chanical ventilation treatment plans. The use of EIT has
demonstrated reasonable agreement with traditional imag-
ing modalities for assessing regional lung volume changes
in animals and humans.>#° Although radiological and EIT
images both provide information about regional distribu-
tion of air in the lungs, the image characteristics provided
by these modalities are quite different. Radiological im-
ages of the lung provide useful information on the distri-
bution of ventilation and proportion and location of alve-
olar collapse but are limited because only a discrete sample
in time is obtained; specifically, changes that occur dy-
namically or at any other time point would be missed by
traditional imaging modalities. EIT images typically re-
flect changes in lung inflation, which means that EIT dis-
plays ventilated lung regions rather than morphological or
anatomical structures of the lung. In the literature, this is
referred to as functional EIT. The ideal clinical monitor for
mechanically ventilated patients would provide measures
of ventilation and perfusion as well as some metric of the
spatial agreement between the two. Indeed, EIT has been
used as a tool to assess changes not only in ventilation but
in pulmonary perfusion as well.!%-12 However, a robust
clinical trial assessing the accuracy of perfusion mapping
by EIT and its clinical utility needs to be conducted. None-
theless, the regional information contained in EIT and com-
puted tomography (CT) images are closely related to each
other when pathological conditions, such as pleural effu-
sion or atelectasis, lead to non-aerated and non-ventilated
(non-functional) lung regions. Whereas CT images display
lungs regions with trapped air (eg, pneumothorax) in black
because of the large air content, most EIT systems also
display those regions in black because they are not venti-
lated.'3-# Conversely, a CT image may indicate a region
of consolidated lung tissue in a white color because of the
high fluid content, whereas this region might be displayed
in the EIT image in black or dark blue if this region is not
ventilated or is only partially ventilated.'> See Figure 2 for
details.

PEEP Titration

The application of PEEP is known to prevent alveoli
collapse and homogenize ventilation. Setting the optimal
and individualized PEEP levels in patients with and with-
out lung injury to avoid atelectasis and alveolar strain is
difficult at best. Several methods have been proposed to
titrate PEEP: low-flow pressure-volume curves,'¢ CT,!7
esophageal monometry, best pulmonary compliance,'® and
standardized tables based on gas exchange or oxygen re-
quirements (PEEP-F, table).!?20 With the exception of
CT, none of the aforementioned have the ability to detect
regional inhomogeneous distribution of ventilation. Al-
though PEEP adjustments based on PEEP-F,, charts have
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Fig. 2. A: Functional electrical impedance tomographic tidal image
of a patient with a pneumothorax. Note the black in the upper right
of box 2; this means that impedance is not changing in that region,
and therefore no volume is changing. B: Corresponding computed
tomogram demonstrating apneumothorax (circled area) in the same
region. Courtesy Drager.

been shown to offer a weak correlation with lung re-
cruitability (R* = 0.29) in adult subjects with ARDS, the
majority of recruitability of a patient cannot be explained
with standard methods of PEEP titration. Algorithms for
the quantification of recruitable alveolar collapse and over-
distention have been demonstrated with EIT and have
shown agreement with CT. However, these methods must
be compared with standard methods, including PEEP-F\q
charts, pressure-volume curves, and esophageal monom-
etry, before a clear benefit of EIT-derived lung mechanics
can be asserted.

EIT offers a radiation-free technique of quantifying re-
gional distribution of ventilation at the bedside. Pulletz
et al?! describe the use of regional opening pressure and
regional closing pressure based on the simultaneous mea-
surement of airway pressure and EIT impendence change
that can reduce inhomogeneous distribution of ventilation
in healthy and lung-injured subjects. Our group was able
to identify lung opening, overdistention, and collapse within
a stair-step lung recruitment protocol.?? Figure 3 demon-
strates a baseline setting of PEEP of 15 cm H,O that climbs
to 30 cm H,O in a patient with ARDS. Pixel coloring is
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Fig. 3. Baseline electrical impedance tomographic tidal images in which changes in impedance are compared, using the Costa et al23

definition of alveolar overdistension (orange) and opening (blue).

often used to describe changes visually. Most EIT images
have a color legend to help guide interpretation. Figure 3
utilizes the Costa et al?* definition of alveolar overdisten-
tion (orange) and opening (blue). As you will see, overd-
istention (orange) starts with the second step (Fig. 3B) but
may be outweighed by the benefit of volume recruited. At
step 3, a PEEP of 25 cm H,O (Fig. 3C), you will see that
overdistention and recruitment appear to be balanced, with
slightly more overdistention. However, in step 4, a PEEP
of 30 cm H,O0, it is clear that overdistention is occurring in
the majority of this window of the lung. Overdistention is
often required of the compliant sections of the lung to
recruit the noncompliant diseased sections. Although lung
recruitments maneuvers have been shown to be beneficial
in improving gas exchange, the stress and strain required
are a concern. EIT can help quantify gains (recruitment)
and losses (overdistention or de-recruitment) at the bed-
side and in real time when gas exchange improvements
can be misleading; thus, the clinician would be able to
prioritize recruitment versus overdistention for select
patients.

Effects of Position Changes
Properly positioning patients who require mechanical
ventilation is one of several strategies demonstrated to

reduce complications of mechanical ventilation.?* Head-
of-bed elevation has been part of a ventilator-associated
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pneumonia prevention bundle for years.?> EIT has been
used to evaluate whether global and regional end-expira-
tory lung volumes improve by the degree of elevation.
Spooner et al?¢ found that head-of-bed elevation increases
end-expiratory lung volumes and recommended, unless
contraindicated, all mechanically ventilated patients should
have their head of bed elevated. Figure 4 demonstrates the
improvements in impedance by regions and the degree of
elevation. Compared to standard head of bed elevation,
Bein et al?” showed that tilting ARDS subjects 60 degrees
on their left or right sides did not effect distribution of
ventilation. In such cases, the role of EIT serves as a
metric to assess the functional effect on the pulmonary
system in response to position changes.

Effects of Mode of Ventilation

Newer modes of ventilation have been cleared by the
FDA, often through substantial similarity to a predicate
device. However, there are extremely limited data that
would substantiate a claim that one mode of ventilation is
superior to another. Often, regional distribution of venti-
lation is not evaluated as part of the FDA clearance pro-
cess. Mauri et al?® compared the involvement of dependent
(dorsal) lung regions of ARDS subjects ventilated with
pressure support ventilation. They concluded that an in-
crease in PEEP by 5 cm H,O improved regional distribu-
tion of ventilation, improving compliance and leading to a

RESPIRATORY CARE ® OCTOBER 2016 VoL 61 No 10
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Fig. 4. Changes from baseline in mean end-expiratory lung imped-
ance (EELI) by lung region and at each head-of-bed level. From
Reference 26.
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Fig. 5. Differences in regional distribution of ventilation within the
same patient, using pressure support ventilation (A) and neurally
adjusted ventilatory assist (B). In this patient, there appears to be
a more homogeneous distribution of ventilation using neurally ad-
justed ventilatory assist ventilation.

decrease in pressure support ventilation by 4 cm H,0.%8
Likewise, observations by Blankman et al>® showing that
lower support, both in pressure control and neurally ad-
justed ventilatory assist mode, provided improved venti-
lation in dependent regions using regional distribution of
ventilation as assessed by EIT as the outcome.

We are currently evaluating the distribution of ventila-
tion between neurally adjusted ventilatory assist and pres-
sure support ventilation in a pediatric crossover trial in
which EIT imaging is assisting in our evaluation of the
effects of modes of ventilation (ClinicalTrials.gov regis-
tration NCT-01504373). Figure 5 demonstrates the differ-
ences in regional distribution of ventilation within the same
patient. EIT may allow us to individualize care and utilize
modes of ventilation that produce the most objective im-
provement.

Assessment of Regional Distribution of Ventilation

Patients with lung injury suffer from inhomogeneous
conditions, differing properties of dependent and non-
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dependent regions, and the effects of positioning and shifts
in transpulmonary pressure. The varying and often unmea-
surable conditions place the clinician at a disadvantage to
completely understand which condition is occurring. When
patients spontaneously breathe while receiving positive-
pressure ventilation, negative pleural pressure increases
transpulmonary pressure. Because spontaneous ventilation
often augments gas exchange, minimizes muscle atrophy,
and improves respiratory system compliance, it is tradi-
tionally encouraged. However, in the injured lung, this
pleural pressure is not uniformly transmitted and can result
in a pendelluft phenomenon from non-dependent to de-
pendent lung regions without changes in tidal volume,
meaning that without EIT or CT scan, most clinicians
would be blind to this phenomenon. During lung-protec-
tive ventilation with strict adherence to limiting tidal vol-
umes, a strong inspiratory effort may be injurious by caus-
ing local overdistention in the dependent lung units.3° The
pendelluft effect may be the reason why, in mild lung
injury, spontaneous breathing is beneficial, yet in severe
lung disease, spontaneous breathing may be harmful.3!
Further, this hypothesis has been tested in a well-performed
randomized controlled trial published by Papazian et al3?
demonstrating that early paralysis in severe ARDS is ben-
eficial. EIT has the potential to identify in which patients
pendelluft is occurring.

EIT has been shown in animal models and human case
reports to be an accurate indicator of pneumothoraces. '3-33-34
More recently, EIT-derived parameters have been used to
differentiate atelectatic, overdistended, and adequately re-
cruited lung in different lung regions by a number of
investigators.>21-22.35-41 Despite a large body of literature,
only recently have EIT-derived indices has been shown to
improve outcomes in an experimental model of lung in-
jury. Wolf et al*?> developed an EIT-guided mechanical
ventilation strategy that demonstrated promise in an ani-
mal model. Through this experimental model, they were
able to demonstrate that EIT-guided ventilation was supe-
rior to a national and standardized ventilation protocol
called the Acute Respiratory Distress syndrome Network
(ARDSNet) Ventilator Protocol.#3-4¢ EIT-guided ventila-
tion produced improved gas exchange and improved aer-
ation as corroborated by CT imaging and had no adverse
hemodynamic impact. Importantly, lung histopathology
showed reduced lung injury in the EIT-guided group com-
pared with the control group. In an experimental model of
lung injury, EIT offers regional ventilation assessment to
allow the clinician to optimize treatment with mechanical
ventilation.

Another way to assess changes in regional distribution
of ventilation is through the use of A impedance over time
graphs. Figure 6 is a graphical display of a patient who is
receiving tidal ventilation (baseline phase noted in figure).
The patient receives a recruitment maneuver and returns to
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A Global impedance

Increased EELV

Time

Fig. 6. Graphical display of global impedance changes over time. Following the baseline assessment, the patient is exposed to a recruitment
maneuver followed by a reassessment of distribution of ventilation. The reassessment shows the increase in end-expired lung volume

(EELV) following the recruitment maneuver. Courtesy Dréager.

Table 1. Known Manufacturers of Electrical Impedance Tomography Technology, System Names, Electrode Configurations, and How They
Measure Tidal Volume
Manufacturer EIT System Pneumotachometer

Driger Medical

Swisstom BB? (32-electrode belt)

Timpel Enlight 1800 (32-electrode bipartite belts)

EIT = electrical impedance tomography; VIT = ventilator integrated tomography

PulmoVista 500 (16-electrode belt)

Driéger Evita or V500 data connection
Maquet (Europe) and SALVIA elisa 800 VIT
Built-in pressure differential

the previous settings. As you see, the recruitment maneu-
ver resulted in an increase in end-expired lung volumes
relative to the baseline tidal ventilation phase (blue line).
This can be explored globally as in Figure 6 or by
region to determine the effect of a change in mechanical
ventilation, position, or procedure, such as a recruit-
ment maneuver, chest tube, or compartment decompres-
sion. This is often used within research protocols be-
cause it is more objective than EIT images.

Quantification of Pulmonary Edema

Until recently, the assessment of pulmonary edema has
required invasive measurements or is often unreliable. Chest
radiographs are often used to estimate pulmonary fluid
content but are only capable of detecting extravascular
lung water >38% of normal.#’ In an experimental animal
model, a novel noninvasive technique using changes in
thoracic EIT with lateral body rotation was able to esti-
mate extravascular lung water.*® This lung water EIT ratio
holds promise in assisting clinicians with fluid resuscita-
tion and management while minimizing ventilator-induced
lung injury.

Available Technologies

To our knowledge, there are 3 manufacturers of EIT
devices. None are cleared by the FDA for use in the United
States. Table 1 describes the 3 manufacturers of EIT sys-
tems, the number of electrodes they use, and how they
measure tidal volumes: the PulmoVista 500 (Driger Med-
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ical, Liibeck, Germany), BB? (Swisstom AG, Landquart,
Switzerland), and Enlight 1800 (Timpel, Sao Paulo, Brazil).
The PulmoVista 500 uses 16 electrodes to measure the
voltages utilized for image reconstruction, whereas the
BB? and Enlight 1800 employ a 32-electrode array. For
the PulmoVista 500, mathematical simulations based on this
electrode arrangement demonstrate a spatial resolution of
15% of the thoracic diameter; however, the resolution de-
creases to 20% toward the center of the body. Whereas CT
scanners typically provide images consisting of 512 X 512
or more pixels, EIT images from the PulmoVista 500 only
consist of 32 X 32 pixels, 256 times fewer pixels than CT
images.? Although the 16 electrode array is limited in the
number of pixels that can be reconstructed for each image,
its use is the most investigated and accepted in the field.
The BB? is unique, since the electrode belt offers onboard
computation, permitting filtering and processing for image
reconstruction in a small package. The Timpel Enlight
system has recently been shown to be useful in the
detection and quantification of edema in a model of
lung injury.#8

Limitations

Although EIT appears to offer important advantages
over traditional methods of assessing the adequacy of me-
chanical ventilation, widespread adoption of the technol-
ogy has not occurred. Importantly, large clinical trials dem-
onstrating the superiority of EIT over traditional methods
of mechanical ventilation titration have not been com-
pleted. Until such time that substantial evidence exists

RESPIRATORY CARE ® OCTOBER 2016 VoL 61 No 10



ELECcTRICAL IMPEDANCE TOMOGRAPHY DURING MECHANICAL VENTILATION

demonstrating the superiority of EIT (in humans), it will
probably remain a research tool for most institutions. Fur-
ther, the availability of devices is extremely limited; no
such device is cleared by the FDA, and therefore are not
available for purchase in the United States. Another im-
portant limitation is the spatial resolution of currently avail-
able (for research purposes) devices. EIT offers only a
small fraction of the resolution obtained during CT. An-
other important limitation is the reliance on accurate place-
ment of the electrodes on the chest; there are limited data
assessing the feasibility of long-term application of the
belts and electrodes used during EIT.

Conclusions

EIT has been shown to be useful in the detection of
pneumothoraces, quantification of pulmonary edema, and
comparison of distribution of ventilation between different
modes of ventilation and may offer superior individual
titration of PEEP and other ventilator parameters com-
pared with existing approaches. Further research demon-
strating clinical benefit is needed and ongoing. Further, the
feasibility of long-term or continuous use of EIT for me-
chanically ventilated patients needs to be assessed, and
head-to-head comparisons with existing methods of me-
chanical ventilation titration in humans need to be con-
ducted. Although still in its adolescence, EIT may prove to
be a useful bedside tool in the ICU in the near future.
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