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Abstract

In patients with the acute respiratory distress syndrome (ARDS), lung imaging is a fundamental tool in the study of the
morphological and mechanistic features of the lungs. Chest computed tomography studies led to major advances

in the understanding of ARDS physiology. They allowed the in vivo study of the syndrome’s lung features in rela-

tion with its impact on respiratory physiology and physiology, but also explored the lungs'response to mechanical
ventilation, be it alveolar recruitment or ventilator-induced lung injuries. Coupled with positron emission tomography,
morphological findings were put in relation with ventilation, perfusion or acute lung inflammation. Lung imaging has
always been central in the care of patients with ARDS, with modern point-of-care tools such as electrical impedance
tomography or lung ultrasounds guiding clinical reasoning beyond macro-respiratory mechanics. Finally, artificial
intelligence and machine learning now assist imaging post-processing software, which allows real-time analysis of
quantitative parameters that describe the syndrome’s complexity. This narrative review aims to draw a didactic and
comprehensive picture of how modern imaging techniques improved our understanding of the syndrome, and have
the potential to help the clinician guide ventilatory treatment and refine patient prognostication.

Keywords: Acute respiratory distress syndrome, Ventilator-induced lung injuries, Computed tomography, Electrical
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Introduction

Lung imaging is a fundamental tool in the study of the
morphological and mechanistic features of the acute res-
piratory distress syndrome (ARDS), and may help guide
clinical management. The lungs are large organs with
great morphologic heterogeneity, as they have the unique
characteristic of containing, tissue, extracellular matrices,
gas and a large blood compartment, requiring the use of
3-dimension imaging tools. This is supported by the vari-
ety of the lungs’ response to ventilatory settings in terms
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of aeration, ventilation, and perfusion. Lung imaging also
offers the opportunity of studying ARDS mechanisms at
a quasi-cellular level, while usual 2-dimensional imag-
ing techniques may oversimplify lung biomechanics.
From chest X-ray radiographs to quantitative computed
tomography (CT), the description of ARDS morpho-
logical and mechanistic features has never been this
advanced. Positron emission tomography (PET), with its
high specificity and sensitivity for biochemical processes,
has led to major advances in our understanding of the
pathogenesis of ARDS and of ventilator-induced lung
injuries (VILI). Using lung ultrasounds (LUS) or electri-
cal impedance tomography (EIT), the clinician can per-
sonalize mechanical ventilation at the bedside.

This review aims to draw a comprehensive picture of
how medical imaging improved our understanding of the
syndrome, and how different imaging modalities further
improve our knowledge and enhance personalized care
of ICU patients with ARDS.
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Imaging and physiopathology

Since the description of ARDS in 1967, lung imaging
has been a key element of the syndrome’s definition and
all ARDS definitions have included imaging criteria [1].
ARDS can present with morphological features such as
alveolar consolidation, ground-glass opacities, intersti-
tial edema with reticular patterns, or normally appearing
lung parenchyma. However, none of these elements are
specific to ARDS [2]. These radiologic findings, which are
preferentially located in dependent regions, are the con-
sequences of alveolar flooding by edema, inflammatory
interstitial edema, and congestion of pulmonary capil-
laries. Consequently, chest X-ray radiography remains
essential to the initial diagnosis of ARDS as a first-line
imaging tool, and is useful for daily clinical management
[3].

Take-home message

The complexity of the lung injury in acute respiratory distress syn-
drome (ARDS) compels the use of 3-dimensional imaging tools,
such as computed tomography, lung ultrasounds, electrical imped-
ance tomography or positron emission tomography, capable of
capturing heterogeneity from apex to lung base, and accounting for
the spatial distribution of aeration, ventilation and perfusion. Lung
imaging, be it in the experimental setting, or at the bedside of criti-
cally ill patients with ARDS, has led to major advances in the under-
standing and management of the syndrome, and has the potential
to guide ventilatory and non-ventilatory strategies in the near future

Quantitative CT imaging

The variety and extent of CT findings, such as dependent
alveolar consolidation or diffuse ground-glass opacities,
allowed their extensive study and correlation with the
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Fig. 1 Quantitative CT analysis. The figure shows how the CT number of 9 schematic voxels may inform the changes of aeration that the lungs
undergo during ARDS and in response to ventilatory management. Panel 1 shows 9 normally inflated voxels (blue, CT number between — 900 and
— 501 HU). Once ARDS occurs (panel 2), a number of voxels become poorly inflated (n=2, yellow, CT between — 500 and — 101 HU) and non-
inflated (n=3, green, CT number between — 100 and 100 HU) despite the application of 5 cmH,O of PEEP. When PEEP is increased to 10 cmH,0
(panel 3), a poorly inflated voxel is restored to normal inflation, but a normally inflated voxel becomes hyperinflated (n=1, red, CT number below
—901 HU). During tidal ventilation (panel 4), voxels pass from normal inflation to hyperinflation (tidal hyperinflation), while others are passing from
non-inflation to normal inflation (tidal opening and closing, or atelectrauma). ARDS acute respiratory distress syndrome, CT computed tomography,
HU Hounsfield unit, PEEP positive end-expiratory pressure

(See figure on next page.)

Fig. 2 Representative lung CTs before and after ARDS induction in swine. The upper part of the figure shows 2 CT slice at mid-chest level in the
same animal under mechanical ventilation, general anesthesia and neuromuscular blockade. CTs are acquired at end-expiration, before and after
experimental ARDS is induced by intratracheal instillation of hydrochloric acid. The CT image on the right shows typical ARDS CT findings, with
dependent alveolar consolidation and ground-glass opacities in the mid-level section. The medial part of the figure shows the distribution of CT
numbers of the CT slices presented above, after the exclusion of extra-pulmonary areas by manual segmentation. To better represent the change in
inflation, CT numbers were classified based on 4 inflation compartments: non-inflated (CT number between — 100 and 100 HU), poorly inflated (CT
number between — 500 and — 101 HU), normally inflated (CT number between — 900 and — 501 HU) and hyperinflated (CT number below — 900
HU). The histograms clearly demonstrated how the non-aerated compartment increases, and the normally inflated compartment is diminished as

a consequence of experimental ARDS. Finally, the lower part of the figure shows the parametric images of inhomogeneities based on the patented
method by Cressoni and colleagues in the same CT slices (patent WO 2013/088336A1 “Method for determining inhomogeneity in animal tissue
and equipment to implement it"). The image on the right shows how ARDS increases lung inhomogeneities, especially in zones at the interface of
regions with different aeration (voxels in red). ARDS acute respiratory distress syndrome, CT computed tomography, HU Hounsfield unit
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physiological shunt, degree of hypoxia, and clinical his-
tory of the disease [4—6]. With the increase in comput-
ing power, came the era of quantitative CT, which led to
further description of the syndrome’s characteristics, in

terms of quantification of the loss in the aerated compart-
ment (the baby lung) or the non-invasive quantification
of the lungs’ extra-weight (as a marker of the edematous
injury) and non-aerated compartment extent, as well as
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the description of the effects of positive end-expiratory
pressure (PEEP) and tidal volume (V) on lung recruit-
ment, inflation and hyperinflation (Fig. 1) [4, 7-9]. Using
the voxels’ CT number, in Hounsfield units (HU), one can
also classify the lung as being non-aerated, poorly-aer-
ated, normally-aerated, or hyperinflated, and follow the
evolution over time of these four clusters [10]. An impor-
tant finding is that the distribution of CT numbers are
dramatically shifted towards O (the CT number of water)
in ARDS (Fig. 2) [4].

By performing coupled CT image acquisitions at end-
expiration and end-inspiration in ventilated patients
without spontaneous breathing, differences in aer-
ated volumes correspond to the CT-derived regional
Vr (Fig. 1). This allowed the study of the correlation of
CT parameters with respiratory mechanics, and helped
describe how the decrease in aerated volume led to high
lung elastance, rather than the intrinsic change in specific
lung elastance [11]. Furthermore, repeated CT scans in
dogs with oleic acid-induced ARDS exposed to increas-
ing airway pressures allowed the identification of the
pressure at which the lung “reopens’, demonstrating that
ARDS lungs may be recruited albeit at the price of exces-
sively high intra-thoracic pressures [12].

More recently, the heterogeneity of lung abnormali-
ties was quantified using a method developed by Cres-
soni and colleagues. By comparing the inflation of a given
voxel to that of its surrounding voxels, the authors pro-
duced parametric maps of the heterogeneity of aeration
using a single CT acquisition, estimating the regional
stress raisers at the interface of regions with different
compliance (Fig. 2) [13]. This parameter was shown to
increase over time in pigs ventilated with injurious set-
tings, and its extent above a certain species-specific
threshold was associated with worse individual outcome
[13, 14].

Regional perfusion and ventilation

PET functional lung imaging has allowed further descrip-
tion of ventilation and perfusion alterations that occur
in ARDS. Vidal Melo and colleagues showed that ARDS
was characterized by a considerable perfusion-ventilation
mismatch in mechanically ventilated sheep, with ventila-
tion directed to anterior, non-perfused regions, and per-
fusion mainly distributed to dorsal, non-aerated regions
[15]. However, this redistribution is variable across sub-
jects, and may explain why individuals with similar ARDS
severity in CT may have very different PaO,/FiO, ratios
[16]. This perfusion-ventilation mismatch may be ampli-
fied by inappropriate PEEP levels, which may preferen-
tially direct blood flow to dependent non-aerated regions
(see below) [17].

More recently, EIT allowed the study at the patient’s
bedside of regional ventilation, using changes in lung
tissue impedance to detect relative changes in inflation
and aeration induced by modification of ventilatory set-
tings [18]. Although this technique is limited in its spa-
tial resolution and field of view, its strength relies on its
temporal resolution, allowing the detection of dynamic
phenomena occurring during lung inflation or deflation.
Richard and colleagues showed that EIT and PET meas-
urements of regional ventilation were well correlated and
within narrow limits of agreements in swine with acute
lung injury [19].

Lung imaging and clinical management

PEEP and alveolar recruitment with CT

The effect of PEEP on regional lung aeration was first
described by Gattinoni and colleagues, in relation to an
improvement in oxygenation and shunt fraction when
alveolar recruitment occurred [8, 13]. They observed
that lung recruitment by PEEP was extremely het-
erogenous and difficult to predict using respiratory
mechanics and gas exchange in a large cohort of ARDS
patients [20]. They also observed that lung recruitment
increased with the extent of the non-aerated compart-
ment at PEEP 5 cmH,0O, and was larger in the most
severe cases of ARDS [20]. As a consequence, higher
PEEP levels were also shown to induce dorsal redistri-
bution of Vi [9]. Yet, the opening pressure required to
perform a fully “open lung” strategy to prevent atelec-
trauma and decrease lung inhomogeneities were well
above 15 cmH,O and thus may not be compatible with
the prevention of volutrauma if it exceeds the inspira-
tory capacity in combination with conventional Vi
[21-23]. Of note, in this study, a PEEP increase from
5 cmH,0 to 15 cmH,0O was responsible for 50% of the
recruitment achieved at PEEP 45 ¢mH,O indicating
that a compromise may be needed between recruit-
ment and hemodynamic impairment. CT studies iden-
tified that the response to PEEP in terms of alveolar
recruitment may lead to overdistension of normally
aerated regions [24]. Overdistension can subsequently
induce the redirection of blood flow to dependent non-
aerated regions due to the PEEP-induced compression
of anterior peri-alveolar capillaries, which would ham-
per or even reverse the expected response to PEEP on
hypoxemia [17]. Some authors recently suggested the
use of recruitment to hyperinflation ratio to choose the
best trade-off when setting PEEP and V. in patients
with ARDS [25].

While quantitative assessment has remained to date a
research tool, the visual assessment of alveolar recruit-
ment on 2 CTs acquired at 2 PEEP levels has recently
been shown to be robust enough to allow quantification



999

of the recruitment potential as a readily available tech-
nique in the usual care [26]. In more pragmatic terms, the
use of CT protocols to assess the lungs’ response to PEEP
has clearly demonstrated their usefulness, but remains
limited in clinical use due to difficulties to transport
patients to the imaging facility and the lack of undisput-
able proof of an impact on patient prognosis.

PEEP and alveolar recruitment with LUS

At the bedside, LUS may be a useful tool to guide the cli-
nician to choose the best PEEP. Using a systematic LUS
protocol exploring 12 lung regions, Bouhemad and col-
leagues demonstrated a good correlation between lung
recruitment identified on the pressure—volume curve,
and the ultrasound reaeration score [27]. A major limi-
tation of this study was that no gold standard of lung
recruitment was used to confirm these results. Using a
simplified protocol, exploring only posterior dependent
regions, others have shown a decrease in the non-aerated
area measured in LUS imaging with increasing PEEP lev-
els, in relation to improved oxygenation [28]. Because
the LUS-based methods do not quantify hyperinflation,
it must be notified that using exclusively these methods
may drive the clinician towards selecting higher PEEP, as

the downside effects of PEEP (hyperinflation, hemody-
namic impairment) are neglected [29].

PEEP and alveolar recruitment with EIT

Point-of-care EIT has the advantage of allowing continu-
ous bedside evaluation of the patients’ ventilation pat-
tern. It allows the monitoring of regional end-expiratory
impedance in response to varying PEEP levels, with a
good correlation with changes in end-expiratory lung
volumes [30]. Also, EIT identifies lung recruitment if
a region is deemed “silent” at a low PEEP level (i.e., the
regional change in impedance, AZ, is null as it is not aer-
ated, and hence non-ventilated), and regional ventilation
appears at a higher PEEP level (with a detectable AZ due
to re-aeration and resuming of regional ventilation) [31,
32].

Furthermore, using the regional variations of AZ
induced by changes in PEEP, multiple indices of lung
recruitment have been proposed, such as the ventilation
map that shows how AZ is distributed along the antero-
posterior axis, or the left-to-right direction [33]. Hence,
ventilatory strategies can quantify how the relative dis-
tribution of ventilation is homogenized between anterior
and posterior segments. EIT also allows the estimation of
regional lung compliance, by dividing the voxel AZ by the
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Fig. 3 Inflation response to PEEP evaluated in lung EIT and quantitative CT in patients with ARDS. The figure shows the average proportion of the 3
inflation compartments derived from the innovative methods proposed by Beda and colleagues in which EIT AZ, as a surrogate of volume, is used
to compute a pressure-volume response curve at each PEEP level of a decremental PEEP ramp. Red bars are the proportion of voxels estimated to
be exposed to tidal hyperinflation, blue bars those that undergo tidal collapse, and green bars voxels in which the change in the P-V curve is linear
and ventilation is considered homogenous. These EIT-derived parameters are compared to CT-derived inflation compartments at end-expiration
and at the same PEEP levels (on the right side). Inflation compartments in CT are defined as follows: non-aerated (— 100 to 100 HU, black bars),
poorly aerated (-500 to -101 HU, dark grey bars), normally aerated (— 900 to 501 HU, light grey bars), and hyperaerated (— 1000 to — 901 HU, white
bars). The authors conclude that there was a significant correlation between the ElT-computed overdistension parameter and non-inflated volumes
at low PEEP levels, and with hyperinflated volumes at high PEEP levels, although the strength of correlation were weak. CT computed tomography,
EIT electrical impedance tomography, PEEP positive end-expiratory pressure. Reproduced with permission from Wolters Kluwer Health [42]
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respiratory system driving pressure. When performing
a decrementing PEEP ramp, one can identify significant
collapse or overdistention, when the AZ-based com-
pliance decreases below, or above the best-compliance
PEEP level, respectively (Fig. 3). This may guide PEEP
choice, by selecting the one PEEP that offers the best
compromise between collapse and overdistension, with
the downside that this empirically assumes that both
phenomena are equally deleterious.

Using a three-step process aiming to maximize recruit-
ment and minimize PEEP-related overdistension in a
swine ARDS model, Wolf and colleagues showed that
their strategy significantly led to the use of increased
PEEP levels, improved lung compliance and oxygenation
[33]. Using a more complex algorithm, Becher and col-
leagues used EIT to set both PEEP and V in 20 patients
with ARDS, and showed that this strategy also led to
higher PEEP levels, while only limitedly affecting V set-
tings, and induced significant increases in mechanical
stress and strain on the one (negative) hand, and PaO,/
FiO, ratios on the other [34]. A similar strategy was
evaluated in 15 humans with ARDS under extracorpor-
eal membrane oxygenation (ECMO); the authors showed
that the best PEEP based on their algorithm was between
5 and 15 cmH,0, and could lead to a 30% extent of over-
distended zones while reducing alveolar collapse to 0% at
PEEP 15 cmH,O [35]. Conversely, this study showed that
the best PEEP was 5 cmH,0 in a third of enrolled severe
ARDS patients treated with ECMO. Finally, in a large
randomized, open label, controlled trial comparing an
EIT-based PEEP selection versus a low PEEP-FiO, table,
the authors concluded in no difference in PEEP levels,
oxygenation, and clinical outcome [36]. Taken together,
these results clearly demonstrate that the priority is PEEP
individualization in these patients.

Tidal inflation and tidal hyperinflation in CT
The deleterious consequences of inappropriate V; set-
tings on the lung parenchyma have been known for dec-
ades. Excessive Vi rapidly leads to ventilator-induced
lung injuries in experimental models, that can be wit-
nessed by the appearance of lung consolidation with
increased lung weight, and barotrauma [37]. Second, V.
toxicity is directly related to the remaining aerated vol-
ume, namely the “Baby Lung”; this relationship between
V; and end-expiratory lung volume (EELV) is named
dynamic strain [38]. Regional dynamic strain may be
quantified regionally or at voxel level with CT (using 3D
deformation tools), and is associated with increased lung
inflammation in experimental models of VILI [39, 40].
When tidal inflation leads to tidal hyperinflation
(change in hyperinflated volume between end-expiration
and end-inspiration), patients presented with a higher

risk of mortality, even though their plateau pressure
remained controlled [10]. Hyperinflation (or hyperaera-
tion) is a marker of excessive V, and must be distin-
guished from overdistension which relates to excessive
alveolar stress. The amount of tidal hyperinflation is
not only related to Vi setting buts also directly to the
applied PEEP, which increases the EELV and shifts aera-
tion compartments towards lower CT values. Other
methodological pitfalls regarding tidal hyperinflation
are the significant impact of CT reconstruction kernels
on hyperinflated CT compartments, and the unknown
significance of the widely used threshold of -900 HU to
define it [41].

Tidal inflation and tidal overdistension with EIT

In addition to optimizing recruitment as described
above, EIT may also help clinicians quantify regional
ventilation and tidal overdistension at the bedside.
EIT has received increasing interest due to its ability to
detect intratidal regional overdistension. Beda and col-
leagues identified overdistension using the shape of the
pressure—volume curve and dynamic EIT acquisitions
suggesting that EIT has the potential to detect exces-
sive V at the regional level and could help personaliza-
tion of V; [42, 43]. Another feature of EIT is that it can
study intratidal events such as the pendelluft phenom-
enon. This term, which describes the transition of gas
from one lung region to another, is frequently due to
diaphragmatic efforts which redirect gas to dependent
and caudal regions, by generating the collapse of anterior
and cephalic regions [44]. Hence, Muders and colleagues
identified that regional ventilation was delayed in certain
lung regions during experimental acute lung injury, and
showed that it correlated to tidal recruitment [45].

Imaging the effects of prone position

on ventilation and perfusion

Gattinoni and colleagues first performed in 1991 chest
CT acquisitions of patients with ARDS in the prone
(PP) and the supine position (SP). They showed that the
amount of edema measured in CT was unaffected by the
body position, but that aeration was redistributed to the
posterior regions of patients in PP. They hence coined
the concept of a sponge-like lung, which acts as a visco-
elastic body in which the excess weight of superior lung
sections compresses inferior levels [46]. When coupled
with PEEP trials, PP enhances lung recruitment potential
quantified in CT, while decreasing tidal hyperinflation
and atelectrauma, a finding directly related to the homog-
enization of aeration and ventilation induced by the body
position [47]. Perchiazzi also observed that CT-estimated
lung strain was mainly distributed to dependent lung
regions in animals in SP without experimental ARDS and
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Fig. 4 Prone position-induced changes, in interaction with PEEP,

in ventilation and perfusion along the dorso-ventral gradient in an
experimental model of ARDS. The figure shows the mean normal-
ized values of regional ventilation (A) and perfusion (B), measured

in PET by inhaled "* N and injected ['°0]-H,0, in 10 lung sections
distributed along the dorso-ventral gradient of animals in the supine
(SP) or the prone position (PP) and with zero end-expiratory pressure
(ZEEP) or a PEEP of 10 cmH,O (PEEP) The figure shows that perfusion
is redistributed to ventral lung regions, to a greater degree compared
to regional ventilation, when a prone position is performed in con-
junction with the application of PEEP. PEEP positive end-expiratory
pressure, PET positron emission tomography, PP prone position, SP
supine position, ZEEP zero end-expiratory pressure. Reproduced with
permission from Wolters Kluwer Health [50]

that PP led to radical homogenization of strain between
dependent and non-dependent regions, compared to SP
[48].

The impact of PP on shunt fraction and hypoxemia was
explained by the combined evaluation of ventilation and
perfusion with PET [49]. Prone position, while recruiting
dorsal regions, increases their ventilation, while perfu-
sion remains predominant in these regions whatever the
position, improving ventilation-perfusion matching at
low PEEP. At higher PEEDP, ventilation and perfusion are
driven toward ventral regions (as a possible consequence
of overdistension) (Fig. 4) [50, 51]. In parallel, the shunt
fraction decreased in the posterior regions during PP
[52].
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Fig. 5 Lung cellular metabolic activity assessed in PET in animals
with ARDS in the supine and prone position. The figure shows the tis-
sue-corrected [WsF}—ﬂuorodeoxyqucose cellular uptake rate, a marker
of cellular metabolism and inflammation in the lungs of sheep before
and after 24 h of experimental ARDS and mechanical ventilation. Ani-
mals are compared based on their body position (supine vs. prone).
The figure illustrates how prone positioning (PP) may decrease the
inflammatory response of dependent regions that appear in supine
animals after 24 h. The article from which this figure is taken suggests
that the prevention of lung inflammation is related to the decrease in
regional lung strain allowed by PP in posterior regions. Adapted with
permission from the American Thoracic Society. Copyright © 2022
American Thoracic Society. All rights reserved [39]

Imaging lung inflammation

The non-invasive quantification of lung inflammation
has remained one of the great challenges of modern
ARDS imaging. The principal radiotracer used in exper-
imental and clinical studies was fluorodeoxyglucose
(*®F) ([*®F]-FDG), which quantifies the cellular glucose-
specific metabolic demand. Its principal advantages are
its widespread availability, as well as the existence of
advanced quantification methodology using kinetic mod-
els developed specifically for the injured lungs [53]. It is
however criticized for not being specific to the inflamma-
tory response, as some non-inflammatory cells such as
pneumocytes-2 may contribute to the tracer’s uptake in
ARDS [54].

One of the most ground-breaking findings that was
made possible by lung PET scans in humans was the
description of an increased metabolic activity with
['8F]-FDG in the anterior, apparently uninjured, lung
regions of patients with ARDS [55], suggesting that a bio-
logical response could be present in normally appearing
lung regions on CT. Subsequently, Musch and colleagues
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showed that high volume ventilation with extreme pla-
teau pressures increased [°F]-FDG lung uptake in
healthy sheep [56]. This correlation of injurious ventila-
tion with ['8F]-FDG uptake was later confirmed experi-
mentally by Retamal and colleagues who observed its
correlation with lung strain at the voxel level [57]. Further
answers regarding the mechanical determinants of ven-
tilator-induced increased lung metabolic demand were
given by Guldner and colleagues who demonstrated that
high regional ventilation did trigger an augmentation in
['8F]-FDG uptake, while ventilatory settings generating
tidal alveolar opening-closing were not [58, 59]. Motta-
Ribeiro and colleagues demonstrated that the homogeni-
zation of aeration and lung recruitment that is induced
by PP leads to lower strain quantified at voxel level in
CT, compared to SP, and was associated with a non-sig-
nificant decrease in ['®F]-FDG uptake (Fig. 5). This is the
only in vivo experimental evidence that PP may decrease
lung biotrauma, in direct association with its effects on
lung mechanics.

Other tracers were developed to describe acute lung
inflammation, aiming to overcome the limitations of
['8F]-FDG. N-benzyl-N-methyl-2-[7,8-dihydro-7-(2-['3F]
fluoroethyl)-8-oxo-2-phenyl-9H-purin-9-yl]acetamide
(*®F-FEDAC) and 1-(2-chlorophenyl)-N-methyl-N-(1-
methylpropyl)-3-isoquinolinecarboxamide (MCI(R)-
PK11195) PET tracers targeting the translocator protein
(18 kDa) (TSPO), a receptor located on the surface of
macrophages’ mitochondria, were well correlated with
the presence of macrophages and neutrophils within
the lungs of animals with experimental ARDS [60]. Mc]
(R)-PK11195 PET uptake was also significantly increased
after 4 h of high V; ventilation, in relation to high
dynamic strain and tidal hyperinflation (Fig. 6) [40].

The main limitation of PET imaging of lung inflamma-
tion is that the high tissue heterogeneity, due to the co-
presence of air, tissue and blood, is well below the spatial
resolution of this technique. Multiple efforts have been
made to correct this [61, 62]. Other limits of the translat-
ability of PET lung imaging to the clinical setting include
PET camera availability, PET radiotracer production, and

Under protective ventilation

After injurious ventilation

HU
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-1000

Fig. 6 Acute lung macrophage inflammation in response to high tidal volume ventilation. The figure shows the coupled PET-CT acquisitions in
3 lung slices acquired in the same animal, before and after 4 h of high tidal ventilation (targeting a transpulmonary pressure between 35 and 40
cmH,0). PET was performed using [11C](R)-PK11195, a TSPO-specific PET radiotracer that allow the non-invasive quantification of lung mac-

V)
+100 8

rophages. CT acquisitions are performed at end-inspiration and are shown as parametric images in which the voxel's CT number is expressed based
on the 4 inflation compartments (see color scale). The figure shows how the radiotracer’s lung uptake (in SUV) is increased in all lung regions after
injurious ventilation; this is especially true in ventral lung areas, where hyperinflation is distributed (red voxels on the end-inspiratory CT slices). CT
computed tomography, HU Hounsfield unit, PET positron emission tomography, SUV standardized uptake value
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the logistic and patient safety challenges that this tech-
nique imply.

What imaging taught us about COVID-19 ARDS

SARS-CoV-2-associated ARDS is easily identifiable on
chest CT due to the bilateral distribution of alveolar
and ground-glass opacities in the subpleural spaces,
frequently associated with dependent alveolar con-
solidation [63]. Chiumello and colleagues showed
that patients with ARDS due to coronavirus disease
2019 (COVID-19) were more hypoxemic than non-
COVID-19 when matched on similar respiratory sys-
tem compliance, and that venous admixture was not
related to the extent of non-aerated lung volume in
COVID-19 ARDS, suggesting that the clinical sever-
ity of COVID-19 ARDS was partly due to worsening

perfusion-ventilation mismatch and pulmonary vas-
culature impairment [64]. In another study compar-
ing COVID-19 and non-COVID-19 ARDS, the former
was associated with significantly less non-aerated lung
volume on CT [65]. The authors confirmed that the
lung aeration histograms of COVID-19 patients with
a low elastance were significantly shifted towards low
CT values, compared to non-COVID-19 ARDS or
COVID-19 ARDS with low elastance (Fig. 7) [66]. More
recently, Protti and colleagues showed that recruitment
accounted for 24% of the whole lung tissue from PEEP
5 to 45 cmH,0, a value significantly larger than that
reported by others [20, 25].

In a study using EIT to select the best PEEP based on
the collapse-overdistension compromise, Perier and col-
leagues showed that COVID-19 ARDS was associated
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with a significantly higher selected PEEP, compared to
non-COVID-19 ARDS. Secondly, the authors found that
EIT did not identify differences in the response to PEEP
between low elastance and high elastance COVID-19
ARDS. However, the amount of alveolar collapse was
variable across COVID-19 studies, in relation to varying
ventilatory management, patient morphometry (presence
of obesity) and timing of EIT measurements [67]. Finally,
EIT and LUS allowed the demonstration that awake
prone positioning induced lung reaeration of dorsolat-
eral lung regions, in conjunction with changes in posi-
tive pressure levels, with potentially important effects on
patient outcomes [68, 69].

Identifying complications of ARDS

Lung imaging, especially lung CT, is a key tool to help
identify complications that may occur during ARDS man-
agement that may not be easily identifiable on the lung
chest radiograph. Pneumothoraxes and pneumomedi-
astinum are frequent, ranging from 10 to 20% in observa-
tional cohorts, although the incidence is decreasing since
the advent of the protective ventilation era [70, 71]. Ante-
rior pneumothoraxes are difficult to identify on anterior
chest X-ray radiographs, and lung CT or LUS are useful
to rapidly rule out this complication. Likewise, LUS can
accurately diagnose and quantify pleural effusions which
may be more difficult on chest x-ray [72]. Finally, pulmo-
nary embolism is a difficult-to-diagnose complication
with a high incidence during ARDS (between 5 and 10%),
and requires CT with pulmonary angiography as part of
the diagnostic work-up in worsening ARDS patients [73].

ARDS imaging as a prognostication tool

A limited number of studies have evaluated the natural
radiologic history of persistent ARDS. Findings such as
traction bronchiectasis, intralobular or interlobular sep-
tal thickening, ground-glass opacities or honeycomb-
ing are all associated with prolonged disease and with
decreased survival in ARDS [74]. Especially, the scored
extent of ground-glass opacities and honeycombing was
positively correlated with fibroproliferation (assessed by
procollagen III concentration in the broncho-alveolar
lavage) in 192 patients with ARDS [75]. These elements
of CT semiology may be evaluated using CT-based scores
to follow a patient’s evolution over time, and assess its
mortality risk [76]. On the other hand, the persistence
of consolidation opacities is not usually associated with
ARDS prognosis. Of note, none of the abnormalities may
help distinguish between diffuse alveolar damage and
organizing pneumonia [77].

Technical aspects

Over the last decade, numerous technological advances
have allowed the acceleration of imaging research in
the ARDS field. First, the implementation of low-dose
chest CTs now allows the repetition of chest-centered
acquisition. Second, point-of-care EIT devices allow the
evaluation of the lungs’ regional response to ventilatory
management. The third revolution is the development
of artificial intelligence and machine learning. Multiple
algorithms now exist to accelerate and improve the auto-
matic lung segmentation in CT, compared to manual
segmentation, aiming to improve the identification of
consolidated lung regions [78]. Artificial intelligence (AI)
does not only apply to CT, but also to other lung imag-
ing modalities such as LUS, where the software allows
the identification of patterns invisible to the human eye
[79]. The third and most recent development is the abil-
ity for post-processing imaging software to perform 3D
deformation of lung volumes. This research tool allows
the registration, deformation, and monitoring of a single
voxel across multiple experimental conditions in which
the regional lung volume changes and the voxel moves
(39, 57].

Perspectives

The future of ARDS imaging will see the increased use
of point-of-care tools that will allow whole lung analy-
sis of anatomical, mechanistic and functional aspects of
the injured lung with high granularity. These tools, aug-
mented by AI algorithms, will improve the clinician’s
ability to individualize the ventilatory treatment. The first
step in this process is the development of fast end-user
machine-learning software programs with a real-time
interpretation of image output. The second step is the
choice of relevant image-derived parameters that guide
ventilatory settings and impact clinical outcome. These
strategies will need to be evaluated in randomized con-
trolled clinical trials evaluating the impact of imaging-
guided ventilation on patient-centered outcomes (Fig. 8).
Finally, novel imaging techniques, such multi-spectral
CT, might allow dynamic assessment of regional lung
perfusion after contrast agent injection with high resolu-
tion, low energy and fast acquisition times.

Conclusions

The history of ARDS is closely related to that of lung
imaging. Chest CT studies have led to major advances
in our understanding of ARDS physiology by allowing
the in vivo study of the mechanical forces that apply to
the injured lungs under mechanical ventilation. Coupled
with PET, morphological findings are now put in rela-
tion to functional parameters such as lung inflammation.
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Point-of-care tools such as EIT or LUS, although lim-
ited in their spatial resolution, have confirmed their
potential role in the assistance they bring to clinicians
to improve their clinical reasoning beyond macro-res-
piratory mechanics, and possibly improve their ability
to choose and select the best ventilation strategy. Yet, a
long path remains ahead, to pursue the development of
real-time, high-resolution, functional, and mechanis-
tic imaging technologies, as an intermediate step before
image-derived parameters may improve ARDS patients’
outcome.
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