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Abstract

critical illnesses.

tomography, Acute respiratory distress syndrome

Purpose: Imaging has become increasingly important across medical specialties for diagnostic, monitoring, and
investigative purposes in acute respiratory distress syndrome (ARDS).

Methods: This review addresses the use of imaging techniques for the diagnosis and management of ARDS as

well as gaining knowledge about its pathogenesis and pathophysiology. The techniques described in this article are
computed tomography, positron emission tomography, and two easily accessible imaging techniques available at the
bedside—ultrasound and electrical impedance tomography (EIT).

Results: The use of computed tomography has provided new insights into ARDS pathophysiology, demonstrating
that ARDS does not homogeneously affect the lung parenchyma and that lung injury severity is widely distributed in
the ARDS population. Positron emission tomography is a functional imaging technique whose value resides in adding
incremental insights to morphological imaging. It can quantify regional perfusion, ventilation, aeration, lung vascular
permeability, edema, and inflammation. Lung ultrasound and EIT are radiation-free, noninvasive tools available at the
bedside. Lung ultrasound can provide useful information on ARDS diagnosis when x-rays or CT scan are not available.
EIT is a useful tool to monitor lung ventilation and to assess the regional distribution of perfusion.

Conclusions: The future of imaging in critical care will probably develop in two main directions: easily accessible
imaging techniques that can be used at the bedside and sophisticated imaging methods that will be used to aid in
difficult diagnostic cases or to advance our understanding of the pathogenesis and pathophysiology of an array of
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Take-home message: Chest imaging has been used in the diagnosis
of acute respiratory distress syndrome (ARDS) since its first description in
1967. Computed tomography fundamentally changed the view of the
pathology demonstrating that ARDS does not homogeneously affect
the lung parenchyma. Positron emission tomography added functional
information to the morphological data and suggested that at least a

part of the normally aerated baby lung is inflamed. Lung ultrasound and
electrical impedance tomography are radiation-free, noninvasive tools
available at the bedside and useful for diagnosis and monitoring of ARDS
patients.

@ Springer

Introduction

Acute respiratory distress syndrome (ARDS) was first
introduced 50 years ago and multiple definitions have
been proposed over time up to the recent Berlin defini-
tion. Limited information, however, is available about
the epidemiology, recognition, management, and out-
comes of patients. Recent findings indicate that ARDS
represents 10.4 % of ICU admissions and that 60.2 % of
all patients with ARDS are clinician-recognized, indicat-
ing the potential for improvement in the diagnosis and
management [1]. In this context, imaging techniques
may be useful tools. In fact, imaging in critical care has
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become more and more important: some techniques
such as ultrasound and electrical impedance tomogra-
phy are used at the bedside, while other imaging methods
are useful in difficult diagnostic cases or to advance our
understanding of an array of critical illnesses. This review
article addresses both these domains in relation to ARDS.

CT scan in ARDS

History

The use of computed tomography (CT) in ARDS
was first reported by Rommelsheim in 1983 [2]. The
paper described “dorso-central distribution of densi-
ties observed especially during the edematous phase of
the syndrome” Unfortunately, this report (in German)
was ignored by the scientific community. Two later
papers [3, 4], published independently in April 1986,
changed our vision of ARDS. They showed that ARDS
densities are not homogeneously diffused, as chest
x-rays mostly suggested, but are mainly distributed in
the dependent lung regions. Moreover, the study from
Milan reported the CT scan effects of PEEP, showing
dramatic decrease of densities in some patients and no
change in others.

Quantitative CT scan analysis

The image produced by the CT scan consists of a matrix
of pixels, each representing a volume element of the tis-
sue (voxel). CT scan measures the attenuation coefficient
(¢), ie., the reduction of the radiation intensity upon
passage through matter. A u value is assigned to each
voxel (¢,.1), roughly proportional to its density, and is
expressed as a CT number standardized to that of water

(/’lwater):

Mvoxel — Mwater

CT = 1000 x
Mwater

As an example, a voxel whose CT number is —700 HU
is composed of 30 % of tissue (assuming a tissue density
of 1 g/cm®) and 70 % of gas. From density we compute
both the gas and the tissue volumes of a given region or
of the whole lung, defining its state of aeration (from col-
lapse to hyperinflation).

Since tissue density is assumed to be equal to that of
water (i.e, 1 g/cm®) then tissue volume equals tissue
weight.

Lung compartments at different degrees of aeration,
from totally non-aerated to hyperinflated tissue [5], can
be defined by analyzing the CT number frequency distri-
bution of all the voxels included in the lung profile.

The discriminant power of the CT scan is remarkable.
Modern CT scanners may acquire the entire volume of
the thorax in less than a breath hold, returning an imaged
volume consisting of virtually cubic voxels with a volume

of 0.216—0.343 mm?>. The volume of a normal acinus,
which includes approximately 2000 alveoli, is about
16-22 mm? at functional residual capacity (FRC). This
implies that the voxel volume is nearly 1/100 of the aci-
nus volume at FRC, i.e., the volume of approximately 20
alveoli.

The more traditional CT scan protocol introduced used
one to three axial images to infer the whole lung behav-
ior. This protocol, however, has been questioned because
it is less representative of the whole lung and it is impos-
sible to scan exactly the same anatomical structure as the
lung “moves” in different settings [6]. The availability of
faster CT scanners allows the continuous CT scanning
of the entire lung but it is difficult to rescan the entire
patient under multiple test conditions because of x-ray
exposure. A good compromise has been found with the
extrapolation from ten thoracic CT sections, a method
that can reduce radiation exposure and shorten the time
required for the analysis [7].

CT scan and lung mechanics

CT scan consistently showed that the decreased gas vol-
ume of the ARDS lung is primarily responsible for its
mechanical characteristics and that the lung compliance
is proportional to the residual ventilable lung [5]. The
smaller the open lung is, the lower the compliance is.
Therefore, the lung was small, rather than stiff, as origi-
nally described [8]. This observation led to the concept
of “baby lung’, which contributed to explain the possible
harm of the mechanical ventilation in ARDS. Over the
years the “baby lung” concept evolved [9], but the main
concept remains valid: a “normal” tidal volume delivered
to small baby lungs in ARDS patients may induce greatly
supraphysiological tissue strains and damage. Moreover,
hyperinflation (defined as the presence of voxels with
a density between —1000 and —900 HU) is present in
severe ARDS patients characterized by large non-aerated
compartments even at 6 mL/kg ventilation [10].

CT scan and recruitment

Airspace collapse during ARDS is primarily the result
of increased superimposed pressure due to the pres-
ence of edema [11]. The assessment of the recruitability
of the collapsed lung is relevant to select an appropri-
ate level of PEEP. In fact, both physiological studies [12,
13] and meta-analysis on patients from large PEEP trials
[14] suggested that the patients with severe ARDS may
benefit from higher PEEP levels. Several approaches
have been used to estimate the recruitment: improve-
ment of gas exchange [15], changes of lung mechan-
ics [16], ultrasound modifications [17], and electrical
impedance variations [18]. It is worth noting that these
methods, which measure different entities, are not
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necessarily interchangeable. For recruitability assess-
ment, two CT scans are taken at different airway pres-
sures (5 and 45 ¢cmH,0) to measure the amount of
non-aerated lung (+100 HU and —100 HU) regaining
inflation at high pressure (potential for lung recruit-
ment). With this method, Gattinoni et al. found that
recruitability is largely variable in ARDS patients and that
it increases with ARDS severity [13] (Fig. 1).

A second approach, although using the same termi-
nology and HU thresholds of the voxel-by-voxel analy-
sis, is based both on morphology and density analysis
[6]. In a given lung region, well identified through ana-
tomical markers, the contiguous voxels with inflation
up to —500 HU (non-aerated or poorly aerated) are
identified by a color code and manually contoured.
The manual delineation performed on the CT sec-
tion obtained at zero end-expiratory pressure (ZEEP)
is translated to the CT scan performed at PEEP using
anatomical landmarks such as pulmonary vessels or
segmental bronchi and recruitment is computed as the
difference of CT gas volume measured in the coun-
tered lung regions. Obviously, the two methods give
different results [19]. The voxel-by-voxel analysis meas-
ures the amount of tissue which will likely undergo
intratidal collapse and decollapse, a variable monotoni-
cally related to mortality, while the anatomical method
measures both the tissue regaining inflation and the tis-
sue shifting from poorly aerated to a normally aerated
status, without discriminating the two. In addition, the
morphological approach led to definition of ARDS as
lobar, patchy, and diffuse. It is tempting to speculate
that lobar pneumonia is more frequent in mild ARDS,
the patchy in intermediate ARDS, while the diffuse
pneumonia is more frequent in severe ARDS. A definite
relationship between morphology and function, how-
ever, is still lacking.

CT scan, stress, strain, and homogeneity

Strain is the deformation of lung tissue (tidal volume to
FRC ratio) when a transpulmonary pressure is applied.
The opposite reactive force rising in the tissue is called
stress. The total lung strain can be estimated through the
measurement of FRC by helium dilution or other tech-
niques [20]. What makes the CT scan unique, however,
is the regional measurement of lung strain. The strain
difference between contiguous structures is the key
measurement to estimate the lung homogeneity [21]. In
a homogeneous material, an applied force should cause
the same strain in each one of its part. In contrast, if the
strain is different in different voxels, we may infer that
the forces acting locally, and the resulting local stress, are
also proportionally different. Cressoni et al. found, with
the CT scan, that locally the stress may be near twofold

the applied pressure [21]. The amount of voxels in which
this phenomenon may occur (called “stress risers”)
increases with ARDS severity. Higher PEEP levels may
decrease this phenomenon [21].

CT scan in clinical practice

In ARDS patients, a CT scan, even using lower x-ray
exposure [22], taken possibly under standard conditions
at PEEP 5 cmH,O [23] will allow one to diagnose unex-
pected findings and may guide the choice of appropri-
ate respiratory treatment. Even the visual inspection of
a standard CT scan enables to assess the amount and
the distribution of densities as well as to detect pleural
effusions [24] or localized tension pneumothoraxes not
detectable with the standard x-rays. The acquisition of
a second CT scan at 45 cmH,O airway pressure allows
one to assess lung recruitability. Therefore, even the vis-
ual inspection provides robust insights into the amount
of edema, and lung recruitability, which are the anatomi-
cal and physiological basis for PEEP selection. Quantita-
tive CT scan analysis, however, allows one to measure
the lung weight, the fractions of tissue open and closed
to ventilation, how much tissue can be recruited, and to
what extent the stress risers are distributed. This infor-
mation might allow a rational use of PEEP values and
prone position.

PET imaging of ARDS

Positron emission tomography (PET) has been increas-
ingly used to study the pathophysiology of ARDS and
ventilator-induced lung injury (VILI) both in clinical and
experimental studies. PET is versatile and it can quantify
regional perfusion, ventilation, aeration, lung vascular
permeability, edema, metabolic activity of inflammatory
cells, enzyme activity, and pulmonary gene expression
[25].

PET imaging of regional lung function in ARDS and VILI
The tracers most frequently used are ['°OJoxygen-
labeled water (H1°0) to measure regional perfusion
and lung water; ["*N]nitrogen ('3N,), either dissolved
in saline solution and injected intravenously, to meas-
ure regional perfusion, shunt, ventilation of perfused
alveoli and gas trapping, or administered by inhalation
to measure regional aeration and ventilation (including
dead-space ventilation); 'C, in the form of carbon mon-
oxide (1!CO), to derive extravascular lung water (EVLW)
from H1°0 measurements of lung water, or as 'C-meth-
ylalbumin to measure vascular permeability. ®*Ga-trans-
ferrin can also be used to measure permeability and
8Ga-albumin aggregates have been used to measure the
regional distribution of pulmonary perfusion in experi-
mental studies [26].
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Fig. 1 a Frequency distribution of 68 ARDS patients according to the amount of lung recruitability, expressed as the percentage of the total lung
weight. ALl without ARDS was defined by a PaO,/FiO, of less than 300 but not less than 200, and ARDS was defined by a PaO,/FiO, of less than 200.
The amount of potentially recruitable lung was defined as the proportion of lung tissue in which aeration was restored at airway pressures between
5 and 45 cmH, 0. b Representative CT slices of the lung obtained 2 cm above the diaphragm dome at airway pressures of 5 cmH,O (left) and

45 cmH,0 (right) from a patient with a lower percentage of potentially recruitable lung (at or below the median value of 9 % of total lung weight).
¢ Representative CT slices of the lung obtained 2 cm above the diaphragm dome at airway pressures of 5 cmH,0 (left) and 45 cmH,0 (right) from a
patient in the group with a higher percentage of potentially recruitable lung (Reproduced from Gattinoni et al. [13])
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The value of PET resides in the incremental insights it
adds to morphological imaging. As an example, CT scan has
shown that in patients with ARDS, normally aerated lung
coexists with derecruited lung, predominant in depend-
ent regions. However, PET has revealed that the increase in
pulmonary vascular permeability is uniform throughout the
ARDS lung, without a ventrodorsal gradient [27], indicating
that even normally aerated regions are affected by the dis-
ease process. Furthermore, PET measurements of regional
perfusion have shown an inverse relationship between the
fraction of pulmonary blood flow to dependent lung regions
and the subject’s PaO,/FiO, ratio [28]. This implies that
subjects with the same amount and distribution of lung
opacities (i.e., with the same clinical CT or chest x-ray pic-
ture) can have markedly different PaO,, and hence “clinical
severity” of ARDS, depending on how efficiently their per-
fusion redistributes away from non-aerated regions. Com-
bined PET measurements of perfusion and shunt have also
identified redistribution of perfusion toward derecruited
regions as the mechanism for the worsening of oxygenation
sometimes observed with recruitment maneuvers [29] or
PEEP [30]. Taken together, these findings indicate that the
clinician must be cautious when using PaO, as an index of
ARDS severity or of response to recruitment strategies if the
distribution of perfusion is unknown.

The possibility to perform serial PET scans has
allowed insights into the temporal evolution of disease
processes associated with ARDS. Experimental studies
using PET with ®®Ga-albumin aggregates have shown a
biphasic response to acid aspiration, a frequent cause
of ARDS. Within 10 min and for the first hour after
aspiration, blood flow to affected regions increases,
suggesting a hyperemic response triggered by the initial
insult. However, by as early as 2 h, perfusion is lower
in regions with aspiration than in spared regions [31],
likely as a result of hypoxic pulmonary vasoconstric-
tion or direct vascular compression by the exudate.

PET imaging of inflammatory cell activity

Activated inflammatory cells, particularly neutrophils,
rely heavily on anaerobic glycolysis. PET with 2-['F]
fluoro-2-deoxy-p-glucose (['*F]FDG) has been used to
measure regional neutrophil metabolic activation in lung
inflammation [32, 33] and VILI [34]. Since the original
case report of increased pulmonary ['®F]JFDG uptake
in ARDS [35], subsequent studies have confirmed that
the metabolic activity of the ARDS lung is increased
compared with normal controls [25]. Such an increase
involves not only consolidated CT scan areas but also
parenchyma with normal density (Fig. 3 of Ref. [9]). In
fact, whereas in some patients the highest [*F]FDG
uptake occurs in areas with the highest density, in oth-
ers it occurs within aerated, normal density lung regions
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Fig. 2 Distribution of ['"*FIFDG uptake (Kip) as a function of regional
lung density (CTp) in ten patients with ARDS (dotted lines) compared
with that of four controls (solid line mean, bars standard deviation).

In some patients Kip increased linearly with CTp, (open symbols); this
was not the case for other patients (filled symbols). Note that, in all
patients, the metabolic rate was systematically increased across the
entire spectrum of normal lung attenuation (Reproduced from Bellani
etal. [84])

(Fig. 2). This observation suggests that metabolic activa-
tion of inflammatory cells in the normally aerated lung
may be due, at least in part, to the effect of mechanical
ventilation, an effect exerted predominantly on the non-
consolidated lung. Consistent with this hypothesis is the
finding that ['®F]JFDG uptake of the normally aerated
compartment is directly proportional to its regional tidal
volume normalized by end-expiratory lung volume and
increases sharply for plateau airway pressures higher than
27 cmH,0 [25], again indicating that this portion of the
ARDS lung may be inflamed by mechanical ventilation.

Subsequent experimental studies [36] have indeed shown
a direct linear relationship between regional lung volumet-
ric strain, measured by respiratory gating of inhaled N,
PET scans, and rate of phosphorylation of [*®F]FDG, which
has been shown to correlate with expression of inflam-
matory cytokines IL-1f, IL-8, and IL-10 in experimental
acute lung injury [37]. Moreover, endotoxemia, an experi-
mental surrogate for sepsis that often accompanies ARDS,
increases the susceptibility of the lung to a given strain,
pointing to a deleterious synergism between such an insult
and VILI. This synergism implies that the benefits of pro-
tective mechanical ventilation will be enhanced in the pres-
ence of endotoxemia even when it is mild and insufficient
to generate pulmonary edema per se [38] (Fig. 3).

While the role of large tidal volume and end-inspir-
atory lung overdistension in the pathogenesis of VILI is
well established, that of end-expiratory alveolar recruit-
ment-derecruitment is less definitive, at least in vivo [25,
39, 40].
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Fig. 3 Parametric images of pulmonary ['8FIFDG uptake rate (Kip) in two sheep who received a 2-h infusion of a small endotoxin dose (10 ng/kg/
min) while being subjected to injurious (left) or protective (right) mechanical ventilation. Note the much lower metabolic activity in the protectively

Future directions
While routine PET scanning of ARDS patients is not
feasible, PET could be useful in selected cases. Recent
experimental [41] and clinical [42] studies suggest that a
diffuse increase of [**F][FDG pulmonary uptake precedes
the development of clinically manifest ARDS. Conse-
quently, PET with ["®F]FDG could suggest early therapy
in cases at high risk of developing ARDS. Another poten-
tial clinical application of PET with ['*F]FDG is to moni-
tor the efficacy of anti-inflammatory treatment [43].
Recently, new PET tracers and techniques have been
developed to image other aspects of lung inflammation,
such as inducible nitric oxide synthase expression [44],
as well as pulmonary gene expression [45]. The current
availability of combined PET-CT and, in the near future,
PET-MR scanners [46] makes multimodality imaging a
valuable tool to further our understanding of ARDS.

Ultrasound in ARDS

Lung ultrasound basics

The use of ultrasound as a lung diagnostic tool dates
back to the 1960s but only recently its use spread in the
critical care setting. Gas-filled anatomical structures do
not transmit ultrasound waves, normally preventing the
lung visualization. Real images therefore appear only in
case of pleural effusion and lung consolidation. However,
air generates artifacts and lung ultrasound takes advan-
tage of specific artifact features. Normally aerated or

hyperinflated lung (or pneumothorax) generates horizon-
tal artifacts parallel to the pleural line (“A lines’, Fig. 4 and
video 1) whereas partial loss of aeration generates longi-
tudinal laser-like artifacts (“B lines’, Fig. 4; video 2). The
number of B lines and their spatial distribution (regularly
or irregularly spaced, coalescent) can be used to assess
the severity of the loss of aeration and suggest diagnosis.
Lung ultrasound is dynamic: lung sliding, i.e., the mutual
gliding of visceral and parietal pleura synchronous with
breathing, is a sign of lung ventilation. Lung sliding
should not be confused with the so-called lung pulse, a
sort of “heart noise” that is a short and high rate pleu-
ral movement synchronous with heartbeat (video 2). The
combination of static and dynamic information allows
independent evaluation of regional lung aeration and
ventilation. Lung semiotics are outlined in international
recommendations [47] and textbooks [48].

Lung ultrasound for diagnosis of ARDS

Lung ultrasound findings may facilitate the diagnosis
in acute respiratory failure (ARF) patients [49]. In par-
ticular, ARDS presents multiple B lines, typically with a
non-homogeneous non-gravity-dependent distribution,
pleural thickening, subpleural consolidations, decreased
or abolished lung sliding, spared areas especially in ante-
rior regions and in the early stage of the disease and
lung consolidation in dependent lung regions (Fig. 4;
videos 2, 3). The bedside lung ultrasound in emergency
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from O (all areas normally aerated) to 36 (all regions consolidated)

Fig. 4 Ultrasound patterns at different degrees of lung aeration. a Normal lung ultrasound pattern (score = 0). b Well-spaced B lines (moderate
loss of aeration; score = 1). ¢ Coalescent B lines (severe loss of aeration; score = 2). d Consolidated lung (complete loss of aeration; score = 3).
Horizontal arrows refer to pleural line between two rib shadows. In a and b, symbols mark A lines (asterisk) and B lines (hash). In ¢, black arrows mark
two small—hypoechoic—subpleural consolidations. In d, multiple linear and arborescent—hyperechoic—air bronchograms are clearly detectable
within the lung consolidation. To compute the lung ultrasound score, six standard areas are considered in each hemithorax: anterior, lateral, and
posterior regions, each divided into upper and lower fields. Lung ultrasound score corresponds to the sum of each area’s score, ranging therefore

(BLUE) protocol is a decision-tree proposed to translate
these findings into clinical practice [50]. It is based on the
assessment of (1) presence of A lines or B lines, (2) pres-
ence or absence of lung sliding, (3) presence or absence of
lung consolidation and/or pleural effusion at lung ultra-
sound evaluation of anterior (items 1 and 2) and poste-
rolateral (item 3) regions. These items are conveniently
grouped in order to define lung ultrasound profiles asso-
ciated with different causes of ARF (Table 1). Pneumonia
and ARDS were associated with the B’ profile (anterior
B lines without lung sliding), the A/B profile (predomi-
nant B lines on one side and predominant A lines on the

other side), the C profile (anterior consolidations), and
the A[V]-PLAPS profile (anterior A lines and posterolat-
eral alveolar consolidation/pleural effusion with no deep
vein thrombosis) [50].

One of the authors of the present review (D.L.) applied
the BLUE protocol in 100 consecutive patients with early
ARDS: anterior lung sliding was extensively or regionally
abolished in 45 %, PLAPS were almost always present
and a profile consistent with ARDS was allocated to 74 %
of patients (data not published). Lung ultrasound can be
a valid alternative to chest radiography or CT scan in
most occasions. Recently a modified Berlin definition of
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Table 1 Bedside lung ultrasound in emergency (BLUE) profiles (adapted from [50])

A profile: anterior bilateral lung siding

with A lines asthma
(1) with no DVT and no PLAPS: the nude
profile
A profile Pulmonary embolism
(2) with DVT

B profile: anterior bilateral and symmetri- Acute hemodynamic pulmonary

cal lung sliding with diffuse anterior edema
lung rockets

A’ profile: A profile without lung sliding ~ Pneumothorax

C profile: anterior lung consolidation Pneumonia/ARDS
(regardless size and number)

B’ profile: B profile with abolished lung ~ Pneumonia/ARDS
sliding)

A/B profile: one lung with half A profile, ~ Pneumonia/ARDS

the other lung with half B profile

A profile with no DVT and with PLAPS: the Pneumonia/ARDS
A-V-PLAPS profile

Exacerbated COPD or severe acute

89 97 Pulmonary embolism
81 99 Incidental DVT
97 95 Some ARDS
Chronic interstitial syndromes
88 100 If lung point® no alternative diagnosis.
Without: pleural symphysis
215 99 The few cases of anterior lung infarction
11 100 None
14.5 100 None
42 96 Pulmonary embolism

DVT deep venous thrombosis, PLAPS posterolateral alveolar and/or pleural syndrome

@ The physical location where the lung adheres to the parietal pleura in a patient with a pneumothorax and where a location with abolished lung sliding transitions
into an area of sliding, which represents the physical limit of pneumothorax as mapped on the chest wall

b Diagnoses found in 97% of adult patients seen in the ER and admitted to the ICU of a parisian, university-affiliated hospital. The 3% remaining causes are multiple,

yet each of them can benefit from one of these 8 profiles

ARDS based on lung ultrasound-detected bilateral lung
opacities was used to assess incidence and outcomes of
ARDS patients in resource-constrained settings [51].
Lung ultrasound also helps in differentiating patients
with “white” lungs at standard chest x-ray: it easily
detects and/or excludes conditions such as pleural effu-
sions or cardiogenic pulmonary edema [47-50, 52, 53].
Lung ultrasound can predict ARDS in specific settings:
ultrasound quantification of lung contusion identifies
trauma patients at risk of developing ARDS [54].

Lung ultrasound-guided management of ARDS patients
In ARDS patients lung ultrasound evaluation of over-
all and regional lung aeration may help the assessment
of illness severity, guide therapeutic interventions, and
monitor the patient’s response [55]. A human model
of controlled lung de-aeration identified four patterns
of progressive loss of aeration [56]. A lines correspond
to normally aerated or hyperinflated lung, well-spaced
B lines to moderate loss of aeration, coalescent B lines
to severe loss of aeration, and tissue-like pattern to com-
plete loss of aeration (Fig. 4). A simple qualitative lung
ultrasound evaluation can predict response to recruit-
ment maneuvers: ARDS patients with diffuse loss of aera-
tion had higher level of PEEP-induced lung recruitment if
compared to patients with focal loss of aeration [17].

A lung ultrasound-based aeration score (see Fig. 4 for
details) can also be obtained at the bedside, allowing

semiquantification of lung aeration [55, 57]. Lung ultrasound
score showed good correlation with findings of both quanti-
tative CT and transpulmonary thermodilution EVLW meas-
urements [58, 59]. Moreover, in the early phase of ARDS
associated with septic shock, lung ultrasound score revealed
the lung aeration impairment resulting from fluid loading:
thus, it was proposed as a “safeguard” against excessive fluid
resuscitation [60]. The lung ultrasound re-aeration score
accurately assessed the therapeutic result after 7 days of
antimicrobial therapy in patients with ventilator-associated
pneumonia (VAP) [61] and allowed the detection of PEEP-
induced lung recruitment in ARDS patients [17]. This sug-
gests that any intervention aimed at aeration improvement
(recruitment maneuvers, prone position, bronchoscopy; see
videos 4A, B) could be monitored by lung ultrasound [55,
57]. Lung ultrasound also helps early detection and appro-
priate treatment of lung complications in ventilated patients.
Lung ultrasound has a very high diagnostic accuracy for both
pneumothorax (video 1) and pleural effusions and improves
safety and efficacy of thoracentesis [52]. The ventilator-asso-
ciated pneumonia (VAP) ultrasound score based on specific
lung ultrasound signs (Fig. 4, videos 3, 5) helps early diag-
nosis of VAP in ICU patients [62]. Finally, ultrasound-based
assessment of heart-lung interaction can guide therapeutic
interventions in ARDS patients developing acute cor pulmo-
nale and/or shunting across a patent foramen ovale [63, 64].
Lung ultrasound technique has some limitations.
Lung ultrasound cannot detect lung overinflation,
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even if abolished lung sliding in non-dependent lung
regions may suggest it. Subcutaneous emphysema and
the presence of large thoracic dressings may preclude
propagation of ultrasound beams to the lung surface.
Moreover, in the case of severe chest trauma or burns
the lung ultrasound examination may be limited by the
patient’s pain and discomfort. Care should be taken in
order to avoid the transmission of infective agents by
the ultrasound probe. Training is required in order to
correctly perform lung ultrasound examination and
interpret the findings. Finally, even if lung ultrasound
is a highly repeatable technique, it is not a continuous
monitoring tool.

Electrical impedance tomography (EIT) in ARDS
Electrical impedance measures the opposition that a cir-
cuit presents to alternating electric currents and can be
used in many fields, from geology to medical imaging
[65]. Its measurements require the application around
the volume of interest of multiple pairs of electrodes
transmitting a low-intensity alternating current: cross-
sectional voltages are measured on the boundaries and
the impedance of the region is reconstructed to obtain
two- or three-dimensional images. Typically chest EIT is
obtained by placing an electrode belt around the thorax,
between the third and the sixth intercostal space [66].
The resulting image represents the impedance changes
occurring in a cross section of the thorax, typically as
thick as 5-10 cm [67].

Pulmonary ventilation EIT signal

EIT has been extensively studied to monitor regional
lung ventilation [65]. Lungs are a good target for EIT
because lung impedance is closely related to the degree of
parenchymal inflation [67]. EIT systems generate images
which do not display anatomical structures, but lung
regions that present cyclic variations in lung impedance.
Not ventilated (and not perfused) regions remain silent
(not seen) in the EIT images. Many studies confirmed
EIT’s good precision to estimate the distribution of gas
volume during spontaneous breathing [67, 68] or during
mechanical ventilation and following changes in the ven-
tilatory settings [69, 70]. The resolution of the image is
typically one-fifth of the thoracic diameter. More recent
studies validated EIT for the measurement of end-expir-
atory lung volume (EELV) versus nitrogen washout test
and plethysmography [67, 68] or for the measurement
of regional distribution of lung volume versus CT scan
[71, 72], single-photon emission computed tomography
(SPECT) [73], and PET [74]. EIT is widely considered a
radiation-free, noninvasive continuous monitor of lung
volume during ventilation [75], and possibly a guide to
optimal ventilatory care [69, 70] (Fig. 5).

Pulmonary perfusion EIT signal

Impedance properties are sensitive to the difference
between blood and air: therefore, EIT has also been stud-
ied to assess the regional distribution of perfusion and its
relationship with ventilation. The pulmonary perfusion
has been studied by EIT using two approaches measur-
ing impedance changes, either caused by pulsatility of
blood flow through the lung or caused by the first pass of
a hypertonic sodium chloride bolus injected in the right
atrium [76]. The first-pass contrast method was vali-
dated against a reference perfusion SCAN (SPECT and
dynamic CT). This test validated EIT to provide reliable
bedside information on lung perfusion [76]. Ongoing
studies in patients with pulmonary embolism are under
way. The lung pulsatility method so far has been shown
to provide qualitative information about lung perfusion,
e.g., following the activation of hypoxic pulmonary vaso-
constriction, or in chronic patients who develop emphy-
sema or pulmonary hypertension [66]. Conversely, the
administration of epoprostenol in patients with pulmo-
nary hypertension caused a marked and acute increase in
EIT pulsatility [77].

EIT applications in ARDS patients

EIT detects differences in regional ventilation to moni-
tor (a) lung heterogeneities caused by disease, (b) the
effects of ventilatory maneuvers (e.g., assessment of
lung recruitability), and (c) to measure the physiological
effects of PEEP and tidal volume [69, 70, 72, 73, 78].

In ARDS interstitial edema enhances the gravity effects
on the lung. Typically, EIT monitoring during edema
formation reveals a decrease in lung aeration in dorsal
regions, associated with a decrease in regional ventila-
tion. In association with such changes, EIT typically dis-
closes compensatory increases in regional ventilation of
ventral regions [70-72, 78, 79]. This shift in ventilation
distribution is so consistent and enhanced by lung weight
that, recently, Trepte et al. [80] were able to quantify the
EVLW during experimental acute lung injury by measur-
ing this shift in EIT ventilation during ventilation in dif-
ferent body positions.

In spontaneously breathing normal subjects ventila-
tion is higher in the dorsal lung. This is caused by the
greater apposition of the dorsal diaphragm, as well as
by gravity, bringing the dependent lung to a better part
of P-V curve, with better regional compliance [79]. In
the presence of increased lung weight, or during the loss
of muscle tone, however, airway closure and increased
pleural pressures in dependent zones tend to reverse
this pattern, and ventilation predominates in the non-
dependent lung. This abnormal shift is detectable by
EIT, as are the changes in the patency of dorsal lung
units due to the effects of tidal volume [69], PEEP [75],
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Fig. 5 EIT represents a very thick slice of the lung. Note that cross-sectional axial CT image (0.5 cm) (@) does not show much of an impairment of
left lung, whereas the EIT shows a big deficit in the left lung (b). Then, when looking at the coronal view (c), one can understand that the EIT was
disclosing the great impairment of left lung in regions well above the cross-sectional plane. This animal had ARDS plus pneumonia

and recruitment maneuvers (RM) [70]. Maneuvers that
enhance dorsal ventilation (sighs, recruiting maneuvers,
or higher PEEP in association with lower V) consist-
ently improve oxygenation [69], dorsal ventilation [70],
and lung protection in experimental studies [67, 80]. In
contrast, high pressure support levels or tidal volumes
are associated with increased ventral ventilation and
signals of non-dependent lung overdistension. Moreo-
ver, EIT-derived regional compliance (calculated as tidal
changes in pixel impedance divided by airway driving
pressures [71]), when measured serially during PEEP
titration, has been used to calculate the percentage of
collapsed lung units estimated by CT [79] or to distin-
guish between potentially recruitable or non-recruitable
lungs zones [71]. During incremental and decremental
PEEP trials, new indexes like EIT-derived “intratidal gas
distribution” and EIT-derived “hyperdistension” have
been calculated and shown to be promising indexes
to detect excessive lung strain [81, 82]. Finally, ARDS
patients can be clearly distinguished from patients with

healthy lungs by calculating EIT-derived regional time
constants [70, 71]. Not only time constants but also
other dynamic intratidal indexes of lung inflation are
promising in detecting pathological conditions like tidal
recruitment and pendelluft, the latter typically caused
by excessive patient efforts. When pendelluft occurs,
the possibility of overstretch of the dependent lung is
strongly suggested by EIT, even in patients submitted to
low tidal volume ventilation [82].

EIT limitations and future developments

Current research is aimed at enlarging EIT’s field of
application by improving image reconstruction algo-
rithms, creating dedicated algorithms for specific clinical
applications, improving its communication with ventila-
tors, correcting artifacts caused by changes in thoracic
shape, and providing three-dimensional absolute/rela-
tive images with better resolution. The study of lung pul-
satility will soon require faster EIT imaging systems and
advanced temporal filtering processes [67].
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Conclusion

Imaging in ARDS is likely the most relevant proce-
dure that allowed a better understanding of the syn-
drome, leading to a quantitative definition of concepts
such as normal, hyper-, or non-inflation, recruitability,
and lung inhomogeneity. To date it still represents the
best approach to characterize ARDS in the individual
patients. A brief note should be written on the use of
other techniques such as magnetic resonance imaging
(MRI) in lung image assessments; in fact, although its
use has been limited mainly to research, MRI when com-
bined with regional measures of perfusion provides a
new method to measure the regional distribution of ven-
tilation/perfusion [83]. Finally, if, in the near future, CT
scan technology allows acquisition at the bedside at low
x-ray exposure, its use should greatly expand, allowing,
we believe, a more rational approach to ARDS treatment.
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