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Abstract

Acute respiratory distress syndrome is a refractory respiratory syndrome with a high prevalence in the Intensive Care Unit.
Though much improvement has been achieved over the last 50 decades, the disease continues to be under-recognized and
under-treated, and its mortality remains high. Since the first report, the radiologic examination has been an essential part in
evaluating this disease. Chest X-ray radiography and computed tomography are conventional imaging techniques in routine
clinical practice. Other image modalities, including lung ultrasound, electrical impedance tomography, positron emission
tomography, have demonstrated their respective advantages over recent years but have not yet been broadly applied in clinical
practice. Among these modalities, computed tomography and its quantitative analysis have shown an irreplaceable power in
diagnosis, intervention evaluation and prognostic prediction. In this review, we briefly introduced the basics of acute respira-
tory distress syndrome and summarized imaging advances. In addition, we focused on the computed tomography modality

and highlighted the value of its quantitative assessment.
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Introduction

Acute respiratory distress syndrome (ARDS), once known
as adult respiratory distress syndrome, has been a critical
problem in intensive care medicine since it was proposed
50 years ago [1]. It is characterized as acute refractory
hypoxemia due to pulmonary or systemic factors with high
mortality. In Berlin definition 2012 [2], the most recognized
version up to now, the disease was defined as a syndrome
that onset within one week, with bilateral pulmonary opac-
ity on chest images and the ratio of the partial pressure of
arterial oxygen to the fraction of inspired oxygen (PaO,/
Fi0O,) less than 300 mm Hg, and exclusion of cardiogenic
pulmonary edema. Though the ARDS understanding has
been much improved in the last five decades, the disease is
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still under-recognized and under-treated [3]. So far, there is
no specific pharmacotherapy for treatment. The most effec-
tive management remains the ventilatory supportive therapy,
and the optimal strategy still needs to reach a consensus [4].

For patients with symptoms of acute respiratory distress,
there is a high degree of overlap in parenchymal changes.
The imaging plays an important role. Since the first descrip-
tion in ARDS, chest X-ray radiograph (CXR) and chest
computed tomography (CT) have been conventional imag-
ing techniques for assessing this disease. The typical imag-
ing findings of ARDS are described as bilateral pulmonary
infiltrates on CXR and bilateral ground-glass opacity or con-
solidation on chest CT, usually distributed in the dependent
regions.

Over the years, progressive imaging techniques and novel
image processing methods have provided new insights into
this disease in diagnosis, treatment guidance, and prognostic
prediction, but the evaluation still needs to be improved.
In this paper, we briefly introduced the basic knowledge of
ARDS and reviewed the main imaging techniques used in
this disease and summarized their progression. As the criti-
cal value of CT in ARDS, we emphasize on this modality
and focus its quantitative application.
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Basics of ARDS

The definition of ARDS has updates for several ver-
sions, the most accepted two are the American—European
Consensus Conference (AECC) definition 1994 [5] and
the Berlin definition 2012. The criteria are summarized
in Table 1. The Berlin definition clarifies some specific
criteria and covers several limitations of previous ver-
sions. One of the most important statements is the clas-
sification of severity based on the PaO,/FiO, (mild,
moderate and severe were defined as 200 mmHg < PaO,/
FIO, <300 mmHg, 100 mmHg < PaO,/FIO, <200 mmHg,
Pa0O,/F10, <100 mmHg, respectively). With this defini-
tion, ARDS represents 10% of patients admitted to Inten-
sive Care Unit (ICU) and accounts for 24% in patients who
needed mechanical ventilation [3]. In a recent multicenter
prospective longitudinal study in mainland China, 3.57%
of ICU admissions fulfill ARDS criteria, 75.9% of them
are managed with mechanical ventilation [6].

The most confusing diagnosis of ARDS is cardiogenic
pulmonary edema. The gold standard that helps diagnose
cardiogenic pulmonary edema is pulmonary capillary
wedge pressure. Echocardiography is used extensively in
clinic to indicate cardiac insufficiency. Some biomarkers
like the brain natriuretic peptide is linked to heart fail-
ure whereas a high level of plasma C-reactive protein is
attributed to inflammatory diseases [7]. On radiographic
images, the more diffused craniocaudal distribution and
the more even horizontal distribution are related with
ARDS while more upper-lobe dominant craniocaudal
distribution and more central horizontal distribution are
associated with cardiogenic pulmonary edema [8]. Other
imaging findings like peribronchovascular changes and the
vascular diameter could be potentially valuable. Generally,
this differential diagnosis is established by the clinicians

Table 1 Definitions of ARDS in AECC 1994 and Berlin 2012

based on a comprehensive resource. Be noted that these
two entities can coexist.

The mortality remains high since the disease was discov-
ered and is various in different regions and hospitals. The
LUNG SAFE study presented hospital mortality of 40% in
50 countries (34.9%, 40.3%, 46.1% for mild, moderate, and
severe illness, respectively) [3]. The CHARDSnet group
reported hospital mortality of 46.3% in mainland China
(31.4%, 40.4%, 56.2% for mild, moderate, and severe ill-
ness, respectively) [6].

The risk factors of ARDS are grouped into direct and
indirect categories. The direct lung-injury risks include
pneumonia, aspiration of gastric contents, pulmonary con-
tusion, inhalation injury, near-drowning. The indirect factors
cover sepsis, nonthoracic trauma or hemorrhagic shock, pan-
creatitis, major burn injury, drug overdose, blood products
transfusion, cardiopulmonary bypass, reperfusion edema
after lung transplantation or embolectomy and Thompson
et al. [9].

The mechanical characteristics of ARDS are described
as decreased lung volume and compliance due to inflamma-
tory and diffuse endothelial and epithelial injury, so-called
the “baby lung”. The pathology of ARDS is characterized
as an increase in lung weight and a decrease in pulmonary
compliance. The diffuse alveolar damage and the formation
of hyaline membrane along the alveoli result in refractory
hypoxia. The pathophysiological can be divided into three
phases: the exudative or inflammatory phase, proliferative
phase, and fibrotic phase [10].

Imaging of ARDS

Chest X-ray radiography (CXR)

In the definition of AECC [5], bilateral infiltrates on frontal
chest radiograph is one of the critical criteria. This criterion

AECC Definition 1994

Berlin Definition 2012

Timing Acute onset, specific time not defined
Imaging Bilateral infiltrates observed on frontal chest radiograph
Oxygenation PaO,/ Acute lung injury:
FiO, (mmHg) Pa0,/Fi0, <300
Acute respiratory distress syndrome: PaO,/FiO, <200
PEEP (cm H,0) Not specified
PAWP <17 mm Hg

Origin of edema Absence of left atrial hypertension

Acute onset within 1 week

Bilateral infiltrates involving two or more quadrants
on a frontal chest radiograph or CT

The term acute lung injury was removed

Mild: PaO,/FiO, 200-300

Moderate: PaO,/FiO, 100-199

Severe: PaO,/FiO, <100

Minimum PEEP of 5

Not fully explained by cardiac failure or fluid overload

AECC American-European Consensus Conference, PaO,/FiO, partial pressure of arterial oxygen to the fraction of inspired oxygen, PEEP posi-

tive end-expiratory pressure, PAWP pulmonary artery wedge pressure
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is detailed in the Berlin definition [2] that bilateral infiltrates
involving two or more quadrants on a frontal CXR should
be considered. Some advantages of CXR should be empha-
sized, e.g., inexpensive, portable, sensitive for detection of
pneumothorax and available to monitor devices’ position,
but limitations like relatively low quality, challenging for
differential diagnosis should also be noticed. A daily routine
CXR was recommended by the American College of Radi-
ology in 2006. It is usually obtained in an anteroposterior
projection. The radiographic manifestation evolves with the
corresponding pathophysiological phases [11]. In the early
time of the disease, usually in 48 h, there is possible that
no manifestations can be found in chest radiograph. In days
2-7 after the disease onset, the early patchy air-space infil-
trates progress to bilateral consolidations. The pulmonary
infiltrates usually involve more than three lobes. In severe
cases, a “white lung” may be presented. In the late phase of
the disease, fibrotic imaging signs can appear and sometimes
result in the decreased irreversible respiratory function. Fig-
ure 1 demonstrates the typical imaging findings of ARDS
on CXR.

A study was made to investigate the diagnostic accuracy
of CXR with CT as the standard reference [12]. This study
suggested a limited diagnostic sensitivity of 0.73, specific-
ity of 0.70, positive and negative predictive values of 0.88
and 0.47. In another study, Julidn et al. presented a sensitiv-
ity of 68% and a specificity of 74%, respectively [13]. This
under-recognition may be attributed to the poor detection
of the pulmonary lesions on CXR and its subjective inter-
pretation. These years, novel algorisms have been studied to
improve the detection of pulmonary lesions and the accuracy
of its diagnosis. Rajpurkar et al. developed a deep learning
algorism with satisfactory performance to classify important
pulmonary abnormalities [14]. Kermany et al. applied an

artificial intelligence framework based on transfer learning
algorism to detect the pneumonia on CXR and further dif-
ferentiate the viral and the bacteria pneumonia [15]. The
framework demonstrated a strong performance. With these
results, we believe the application of radiography in ARDS
patients would be promising (Table 2).

Warren et al. described the Radiographic Assessment of
Lung Edema (RALE) score to assess the radiographic opac-
ity [16] (Fig. 2). The radiograph was divided into quadrants,
and the total score was calculated by the addition of the
opacification area (0—4) and the density degree (hazy =1,
moderate =2, dense =3). They showed that the inter-rater
agreement of the RALE score was excellent. Later, it was
reported that the change of RALE score in the early days was
associated with patients’ prognosis. However, it is a little
controversial whether the baseline assessment could predict
the 90-day mortality [17, 18].

Computer tomography (CT)

The symptoms of acute respiratory distress cover a broad
spectrum of entities. CT is the most widely used modality to
figure out the potential etiology, e.g., trauma, potential car-
diovascular diseases, pulmonary embolism, pneumothorax,
pneumonia, pulmonary hemorrhage. Though risks of criti-
cal incidents and difficulties when transporting the ARDS
patients from the emergency room or ICU to the CT exami-
nation room. Since the first application in ARDS patients
in the 1980s [19-21], CT has been a routine examination to
evaluate this illness in most hospitals.

Alveoli collapse and pulmonary interstitial edema cause
main findings on CT images. The CT manifestations evolve
in the course of the disease. The most common findings
are bilateral ground-glass opacities and consolidation that

Fig. 1 Typical images of chest X-ray radiograph. The portable chest
X-ray radiographs of a patient with ARDS resulted from pneumonia.
a The baseline image within 24 h of patient admission, demonstrating

bilateral infiltrates. b, ¢ 5 and 9 days after the admission, showing the
progression of the infiltration
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Table 2 Advantages and limitations of different modalities in ARDS

Advantages Limitations
Chest X-ray radiography Inexpensive Relatively low quality
Bedside and portable Challenging for differential diagnosis
Sensitive detection of pneumothorax Subjective interpretation
Available to monitor devices’ position
Computed tomography High resolution Radiation

Short-time scanning
Quantitative analysis

Lung ultrasound
Non-radiation

Electrical impedance tomography
Bedside
Non-radiation

Positron emission tomography

Bedside and relatively portable

Demonstration of gas change

Demonstration of metabolic activity

More expensive than CXR
Risks of critical incidents when transporting

Operator dependent

Subjective interpretation
Relatively low spatial resolution
Limited tissue penetration

No demonstration of infiltration
Relatively low spatial resolution

Long-time examination
Radiation

Seore - o a2
Consolidation 1 2
Densiy 1 :
-

L“ ' S = “ )

Extent  of
opacities

alveolar

None
<25%
25%-50%
50%-75%
>75%

Hazy
Moderate
Dense

Left Lung
Upper Quadrant
Cons * Den = Q3 score

Lower Quadrant
Cons * Den = Q4 score

Q3 Q4 Total
4 4

2 2

4*2=8 4*2=8 19

Fig.2 The Radiographic Assessment of Lung Edema score to assess the pulmonary opacity. reproduced from Warren et al. [16]

cannot fully be explained by cardiovascular factors or fluid
overload, usually in dorsal dependent regions. In the late
phase, signs of pulmonary fibrosis can be presented [22].
Additional pathological findings, including pleural effusions,
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CT examination helps to confirm predisposing intrapulmo-
nary or extrapulmonary factors [24]. In a study comparing
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the CT appearance between intrapulmonary and extrapul-
monary injury, the extent of the non-dependent region of
intense parenchymal opacification was larger in patients with
intrapulmonary injury than extrapulmonary injury [25]. In
ARDS caused by pulmonary pneumonia, chest CT some-
times has the potential ability to suggest the infectious path-
ogen with a specific radiographic pattern [26]. Additionally,
the visual inspection also contributes to the mortality predic-
tion and treatment guidance. When the lung involvement is
in excess of 80%, the mortality significantly increases [23,
27]. Other findings like right atrium/left atrium ratio> 1 and
varicoid traction bronchiectasis are also more common in
non-survivors [27].

Quantitative CT analysis

Measurement of image density allows quantitative assess-
ment of lung infiltrates. With a tissue density of 0 HU and
a gas density of 1000 HU, the gas and tissue volume can
be computed. Given that tissue density is assumed to be
1 g/cm?, the lung weights can also be calculated. The exact
computational formulas were provided by Louis et al. in
their paper [28]. They compared the gas and tissue distribu-
tion in ARDS patients with healthy volunteers at the level of
zero positive end-expiratory pressure (PEEP). In their study,
the end-expiratory lung volume was reduced, and the loss
of gas was more pronounced in the lower lobes. They also
classified the lung morphology on CT appearance into three
groups: diffuse attenuation, lobar attenuation (also named
focal in later papers), and patchy attenuation. Figure 3

demonstrates these three patterns. They found these three
groups had a distinct response to PEEP and mortality [29,
30]. This morphological phenotype on CT images has been
increasingly highlighted and recognized as a radiographic
presentation of ARDS heterogeneity. The ignorance of this
difference is seen as a crucial factor contributing to the fail-
ure of many randomized clinical trials [31].

Apart from calculating the lung weight and the gas vol-
ume, quantitative CT analysis can identify compartments
with varying degrees of aeration. Lung regions are grouped
into four classes by CT attenuation densities: values between
— 1000 and —901 HU, —900 and —501 HU, — 500 and
— 101 HU, — 100 and + 100HU are, respectively, defined as
hyper- inflated, normally aerated, poorly aerated and non-
aerated lung tissues. There may be a subtle difference in
some researches about the threshold of different aerated lung
tissue. A paper summarized all thresholds in previous stud-
ies and described the most commonly used one [32].

Quantitative CT application

In the last 50 years, the ventilation strategy has changed
from “open the lung” to “protect the lung” [33-36]. Dur-
ing the ventilation procedure, lung recruitment capacity is
an important aspect to be considered in ventilation strategy
decision, especially in the setting of PEEP. In lungs with
low potentially recruitable regions, the high PEEP level
may bring more damage than benefit. There are several
modalities to define the recruitability: CT, pressure—volume
curve, bedside lung ultrasound (LUS), electrical impedance

Fig. 3 Typical images of chest CT of ARDS patients. Three patterns of ARDS on CT images. a, b Focal, ¢, d diffuse, e, f patchy
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tomography (EIT) et al. [37-39]. To date, CT is still recog-
nized as the gold standard for evaluating lung recruitment
capability [40]. The recruitment region of the lung is evalu-
ated at two airway pressures, 5 cm H,O and 45 cm H,0. It
was defined as the volume change of the non-aerated lung
tissue (attenuation density between + 100 and — 100 HU)
[41]. In another method, the recruitable lung parenchyma
was quantified as the change of a combination of poorly
and non-aerated lung tissues, i.e., —500 to+ 100HU [42].
In a recent study by Nishiyama et al. [43], the region below
—500 HU was defined as the well-aerated lung region. They
found that both the volumes of well-aerated and hyper-
inflated lung regions were significantly higher in ICU and
28-day survivors. They reported a well-aerated lung region/
predicted total lung capacity cutoff value of 40% for the
survival difference. Notably, the hyper-inflated lung tissue
should also be taken into account for ventilator-induced lung
injury. The typical images of these quantitative analysis are
shown in Fig. 4.

Recently, Davide et al. also used the above quantitative
CT analysis to investigate the radiologic difference between
the typical ARDS and the ARDS caused by Corona Virus
Disease 2019 (COVID-19) [44]. By calculating the lung
weight and the volume of various aerated lung tissue, they
revealed that the COVID-19-ARDS has remarkably higher
lung gas volume and a greater amount of normally aerated

and less non-aerated lung tissue after matching the PaO,/
FiO,.

Technical progress in chest CT image processing

Earlier, the automatic segmentation of the lung parenchyma
is a tough task because the density of consolidation is not
easy to distinguish from the adjacent chest wall and the
mediastinum [45]. Most quantitative studies depend on
labor-intensive manual work, and the sample size in these
studies is generally limited. Researchers have tried to use
fewer slices, one, three, or ten, usually at the level of ana-
tomical landmarks, to replace the whole lung in the process
of quantitative analysis, but the results are not so satisfactory
[46, 47]. COVID-19, which broke out at the end of 2020 and
rapidly swept worldwide, has greatly facilitated the develop-
ment of the chest CT postprocessing. One of the significant
advances in chest CT imaging is the automatic segmenta-
tion of lung anatomy. The whole lung, the lung lobe, and
the pulmonary lesion (mostly the pneumonia lesion) can be
extracted automatically by deep learning algorism [45, 48,
49]. With this development, the quantitative CT analysis can
be applied more widely but has yet to be used in routine
clinical practice.

In addition to traditional quantitative measurements, a
novel method of radiomics has been implemented in this

Fig.4 Quantitative CT analysis of ARDS patients. Reproduced from Nishiyama et al. [43]
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area today. The term radiomics was first prompt in 2012 and
then was applied extensively in oncology [50]. The radiom-
ics provides a series of high-throughput features beyond the
visual assessment. Rohrich et al. constructed a radiomics
score based on the initial CT to predict the risk of ARDS
after trauma with an accuracy that surpass the traditional
scores [51]. Chen et al. made a combined model with tradi-
tional quantitative imaging metrics and radiomics features to
monitor the ARDS in the course of COVID-19. The AUC of
the combined model reached 0.94 in their study [52]. With
these results, we believe the novel radiomics model would
show great power in predicting ARDS and even the treat-
ment response and the prognosis of this disease.

Other imaging techniques

CT is used as a reference to evaluate a new technique. LUS is
a radiation-free, inexpensive imaging technique and can be
operated bedside conveniently. In recent years, the applica-
tion of LUS in critically ill patients has been facilitated, usu-
ally in neonates [53, 54]. Davide et al. revealed a sensitivity
of 82.7-92.3% and a specificity of 90.2-98.6% for LUS in
detecting the morphologic patterns with the CT as the refer-
ence [55]. A semiquantitative aeration score has been cre-
ated to assess the lung aeration and has a good correlation
with the quantitative CT [56, 57]. In this method, six regions
in hemithorax were observed (upper and lower parts of ante-
rior, lateral, and posterior chest wall). The detailed scoring
criteria are according to the ultrasound pattern. The global
and regional scores are calculated. It was reported that this
lung aeration score was associated with the PEEP-induced
lung recruitment, specifically, a score of 18 or higher sug-
gest a recruitment volume was greater than 600 ml [37]. Not
only for the diagnosis, LUS assessment is also valuable in
evaluating the response to the treatment like prone position
ventilation and prognosis of patients [58].

There are other imaging techniques developed rapidly
these years. EIT is a real-time modality to monitor ARDS
patients bedside. This technique is based on the resistivity
changes across lungs [59]. Different from CT, EIT measures
the pulmonary ventilation, i.e., the gas in and out of the lung,
but cannot show specific aerated status. It is used to monitor
the ventilation at bedside, but has not been applied in clinical
practice yet [60].

Positron emission tomography (PET) imaging is a tra-
ditional modality used in oncology. Its most advantage is
that it provides the morphological findings and suggests the
activity of lesions. In ARDS cases, though there is the het-
erogeneity of pulmonary lesions on CT images, it is nearly
uniformly involved on PET images [61]. This gives impor-
tant information that the normally aerated lung tissues are
also affected. Besides, this modality can provide informa-
tion for perfusion and metabolic activity of inflammatory

cells [62-64]. Although it may not be feasible for critically
ill patients to do the PET examination, this imaging tech-
nique can help figure out the pathophysiological process in
patients’ body.

Summary

This year is the 54th year since ARDS was discovered.
Imaging techniques including CXR, CT, LUS, EIT, PET
have shown respective advantages in assessing this disease
through the years. CT demonstrates an irreplaceable value
in the diagnosis, treatment guidance, and prognostic predic-
tion among all modalities. The lung weight, gas and tissue
volume can be quantitatively measured on CT images. In
particular, pulmonary regions with varying degrees of aera-
tion can be calculated. Thus, CT is recognized as the golden
standard for evaluating lung recruitment. The achievement
of automatic segmentation of the whole lung and even the
lesions has greatly improved the quantitative assessment
efficiency. The novel radiomics method calculated voxel by
voxel shows excellence in recent times and is promising in
applying ARDS in the feature.
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