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This review was designed to discuss the role of thoracic-computed tomography (CT) in the evaluation and treatment of patients with ARDS and COVID-19 lung disease. Non-aerated lungs characterize the ARDS lungs, compared to normal lungs in the lowermost lung regions, compressive atelectasis. Heterogenous ARDS lungs have a tomographic vertical gradient characterized by progressively more aerated lung tissues from the gravity-dependent to gravity-independent lungs levels. The application of positive pressure ventilation to these heterogeneous ARDS lungs provides some areas of high shear stress, others of tidal hyperdistension or tidal recruitment that increases the chances of appearance and perpetuation of ventilator-induced lung injury. Other than helping to the correct diagnosis of ARDS, thoracic-computed tomography can help to the adjustments of PEEP, ideal tidal volume, and a better choice of patient position during invasive mechanical ventilation. Thoracic tomography can also help detect possible intra-thoracic complications and in the follow-up of the ARDS patients’ evolution during their hospital stay. In COVID-19 patients, thoracic-computed tomography was the most sensitive imaging technique for diagnosing pulmonary involvement. The most common finding is diffuse pulmonary infiltrates, ranging from ground-glass opacities to parenchymal consolidations, especially in the lower portions of the lungs’ periphery. Tomographic lung volume loss was associated with an increased risk for oxygenation support and patient intubation and the use of invasive mechanical ventilation. Pulmonary dual-energy angio-tomography in COVID-19 patients showed a significant number of pulmonary ischemic areas even in the absence of visible pulmonary arterial thrombosis, which may reflect micro-thrombosis associated with COVID-19 pneumonia. A greater thoracic tomography severity score in ARDS was independently related to poor outcomes.
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INTRODUCTION
Since 2012, the diagnosis of acute respiratory distress syndrome (ARDS) is made by the finding of a recent (less than 1 week) bilateral lung infiltrates in the chest radiography of a patient with PaO2/FIO2 less than 300 and a risk factor for ARDS according to Berlin definition (Ranieri et al., 2012). This new re-classification of ARDS (Ranieri et al., 2012) recognized that bilateral opacities consistent with pulmonary edema on the chest radiograph as defining criteria for ARDS could also be demonstrated on thoracic-computed tomography. The images of thoracic-computed tomography in patients with ARDS helped to confirm the diagnosis of ARDS (Bombino et al., 1991; Barbas et al., 2003; Caser et al., 2014; Barbas et al., 2014; Pesenti et al., 2016) (Figure 1), detecting parenchymal and interstitial alterations as well as the quantification of the amount and regional lung distribution of the non-aerated, poorly-aerated, aerated, and hyperinflated lung tissue (Pesenti et al., 2016). Moreover, thoracic-computed tomography can help to differentiate ARDS from cardiogenic pulmonary edema, alveolar hemorrhage, and acute interstitial pneumonia (Barbas et al., 2003).
[image: Figure 1]FIGURE 1 | Thoracic tomography of a normal person (A), person with ARDS (B), person with COVID-19 (C), and angio-tomography with pulmonary embolism (D) (authors own material from reference 14,17 and 45).
In 2003, Pelosi et al. (2003) reviewed pulmonary (caused by pneumonia, aspiration) and extra-pulmonary (caused by sepsis, pancreatitis) ARDS, they reported that a prevalent alveolar consolidation characterized the radiological presentation of pulmonary ARDS while the extra-pulmonary ARDS was characterized by ground-glass opacities. They also reported that in pulmonary ARDS the lung compliance was decreased, while in extra-pulmonary ARDS the chest wall and intra-abdominal chest compliance were decreased. They also showed that the effects of positive end-expiratory pressure (PEEP), recruitment maneuvers, and prone position were greater in extra-pulmonary ARDS (Pelosi et al., 1994).
So, this mini-review aims to discuss crucial articles that helped to better understand the role of thoracic-computed tomography to improve the diagnosis of the syndrome ARDS and COVID-19 lungs, to better understand its pathophysiology and the distribution of pulmonary edema according to the gravity force in different positions of the patients in the ICU bed and the ARDS lungs heterogeneity that could induce and perpetuate ventilator lung injury during inadequate positive pressure ventilation. This mini-review also discusses the role of thoracic tomography in detecting complications, prognosticating ARDS, and the part of dual-energy angio-tomography in COVID-19 patients.
QUANTITATIVE THORACIC-COMPUTED TOMOGRAPHY ANALYSIS IN ARDS
A pathophysiological hallmark of ARDS is the increased permeability of the alveolo-capillary membrane, leading to interstitial and alveolar flooding with edema rich in proteins and consequent collapse of the bottom areas of the lungs (Pesenti et al., 2016), shunt, and hypoxemia. In studying thoracic tomography of ARDS patients, the Gattinoni’ s group showed a greater vertical gradient of regional lung inflation in ARDS patients than normal patients (Cressoni et al., 2014). ARDS lungs compared to normal lungs are characterized by non-aerated lungs in the lowermost lung regions, compressive atelectasis, and progressively more aerated lung tissues from the lower to upper lung levels characterizing the ARDS heterogenous lungs (Cressoni et al., 2014), with areas of possible high shear stress and possible ventilator-induced lung injury during positive pressure ventilation.
The Gattinoni’s group reported the effects of PEEP on regional distribution of tidal volume and recruitment, while increasing PEEP from 0 to 20 cm H20, they observed that tidal volume distribution decreased significantly in the upper lungs regions, did not change in the middle levels, and increased significantly in the lower lungs regions. Studying ARDS patient’s lung recruitability and CT scan-derived PEEP, they observed that to overcome ARDS lungs compressive forces and to lift up the thoracic cage, a similar amount of PEEP was required in higher and lower recruiters (16.8 ± 4 vs. 16.6 ± 5.6 cm H20, p = 1) (Gattinoni et al., 1995). The Gattinoni’s group also reported the analysis of 68 patients who underwent whole-lung CT during breathing–holding sessions at airway pressures of 5, 15, and 45 cm H20, showing that the lung recruitability is heterogeneous and associated with the response to PEEP (Gattinoni et al., 2006).
Studies from Borges et al. (2006) and de Matos et al. (2012) reported that most of the collapsed lung tissue observed in early ARDS could be reversed using an image-monitored recruitment maneuver. After the lungs were opened up, a decremental PEEP titration maneuver guided by thoracic tomography was made to guarantee the lungs open, with less than 5% of collapsed lungs tissue. De Matos reported a case series of 51 ARDS patients, in which PEEP titration was guided by CT scan suggesting that it could be a good option to adjust PEEP and positive pressure ventilation in difficult and complex cases of ARDS (de Matos et al., 2012) (Figure 2). The ART, prospective, controlled, and clinical trial in ARDS patients (Cavalcanti et al., 2017) reported that unmonitored recruitment maneuvers with PEEP titration to the best compliance (titrated by respiratory mechanics and not guided by thoracic tomography) resulted in increased mortality compared to the control group. Therefore, it is not recommended carrying out lung recruitment maneuvers in invasively ventilated ARDS patients without respiratory image monitoring in ARDS patients.
[image: Figure 2]FIGURE 2 | Thoracic-computed tomography guided recruitment and PEEP titration in a patient with ARDS (authors own material from reference 14).
By studying thoracic tomography of ARDS patients in the prone position (Langer et al., 1988; Gattinoni et al., 2013a; Gattinoni et al., 2013b), it has been shown that in the prone position, computed thoracic tomography scan densities redistribute from the dorsal to ventral regions of the lungs as the dorsal region tends to reexpand preventing the ventral zone to hyperinflate. Recently, Guérin et al. (2013) studied early ARDS patients with PaO2/FIO2 less than 150, with PEEP > than 5 cm H20 comparing mechanical ventilation in the prone position (periods of 16 h) vs. the supine position showed a significant improvement in survival rates in the patients submitted to the prone position.
The quantitative thoracic-computed tomography in ARDS patients improved the knowledge of pathophysiology of ARDS, showing a vertical gradient from the most gravity-dependent parts of the lung to the independent parts of the lungs, and the studies of different tidal volumes, PEEPs, recruitment maneuvers, and the influence of the prone position helped to guide clinical studies testing different approaches of invasive mechanical ventilation in the evolution and prognosis of ARDS patients (Amato et al., 1998; Barbas et al., 2012; Barbas and Nemer, 2018; Barbas et al., 2019; Pelosi et al., 2021).
THORACIC-COMPUTED TOMOGRAPHY TO DETECT COMPLICATIONS OF ARDS AND POSSIBLE COMPLICATIONS RELATED TO RADIATION EXPOSURE
Simon et al. (2016), analyzing 204 thoracic-computed tomography of ARDS patients that full filled the Berlin definition criteria reported that the most common alterations of the lungs parenchyma were consolidations (94.1% of cases) and ground-glass opacities (85.3%). They also observed pleural effusions, mediastinal lymphadenopathy, signs of right ventricular strain and pulmonary hypertension, pericardial effusion, emphysema of the chest wall, pneumothorax, emphysema of the mediastinum, and pulmonary embolism, resulting in the change of ARDS patients’ management about 26.5% of cases. Chest CT allows the localization of invasive chest devices. Patients with more than 80% of involvement of the lung parenchyma had a significant increase in mortality (p < 0.004. Intrahospital transport was associated with critical incidents in 8.3% of cases (Simon et al., 2016).
Regarding the risks of radiation exposure, Chiumello et al. (2014) showed that a 70% reduction in the effective dose of radiation can be achieved in patients with ARDS during the acquisition of low-dose chest CT images, maintaining lung quantitative and anatomical results. The use of low-dose chest CT could reduce the risks associated with radiation exposure, and therefore potentially allow a more frequent application of CT to characterize the lungs and optimize mechanical ventilation in patients with ARDS.
THORACIC-COMPUTED TOMOGRAPHY ANALYSIS IN COVID-19 PATIENTS
Thoracic-computed tomography is the most sensitive imaging technique for the diagnosis of COVID-19 lung involvement (Chung et al., 2020; Shi et al., 2020), showing diffuse infiltrates, especially in lungs periphery, ranging from ground-glass opacities to parenchymal consolidations. Multiple radiological patterns were observed at different times throughout the course of the disease. Lanza et al. (2020) analyzed 222 patients with RT-PCR positive for SARS-COV 2 virus who received a thoracic-computed tomography at admission because of dyspnea or desaturation. Compromised lung volume was the most accurate outcome predictor (logistic regression, p < 0.001). Tomographic lung volume loss in the range of 6–23% increased the risk for oxygenation support and ranges above 23% increased the risk for patient intubation. Compromised lung volume % showed a negative correlation with PaO2/FiO2 ratio (p < 0.001) and was a risk factor for inhospital mortality (p < 0.001).
The Fleischner Society published a consensus statement on the use of chest radiography and computed tomography during the COVID-19 pandemic to guide physicians in the use of chest imaging in the management of COVID-19 (Kwee and Kwee, 2020; Rubin et al., 2020). The statement noted that uncertainty still exists whether thoracic tomography should be used as a stand-alone screening tool, or as an adjunct tool to RT-PCR tests, to exclude occult infection before immunosuppression or surgery in regions with high prevalence of COVID-19 (Kwee and Kwee, 2020; Rubin et al., 2020).
The statement indicated thoracic tomography for patients with moderate to severe respiratory symptoms to demonstrate features of SARS-COV 2 infection or alternative diagnosis (Rubin et al., 2020). The statement also suggested guidance in reporting thoracic tomography findings are potentially attributable to COVID-19 pneumonia (Rubin et al., 2020) 1. typical appearance, 2. indeterminate appearance, 3. atypical appearance, and 4. negative for pneumonia. For a proper COVID-19 pneumonia diagnosis it is decisive to associate thoracic tomography findings with RT-PCR results, clinical manifestations, and epidemiological data (Kwee and Kwee, 2020).
A total of 1,431 symptomatic and at a high risk for COVID-19 patients, reported in a meta-analysis, revealed a thoracic CT-pooled sensitivity of 94.6% (95% CI: 91.9% and 96.4%) and a pooled specificity of 46.0% (95% CI: 31.9% and 60.7%) in the detection of COVID-19 (Adams et al., 2020). Another meta-analysis showed that 10.6% of symptomatic patients with positive RT-PCR for SARS-COV-2 infection had normal thoracic tomography (Raptis et al., 2020).
Patients with COVID-19 and respiratory failure have an increased rate of 11.8% of pulmonary embolism. COVID-19 patients diagnosed with thrombo-embolic complications have a more than 5-fold increase in mortality (Berger et al., 2020; Zhang et al., 2020). In COVID-19 patients with hypoxemia and relatively poor lung parenchymal alterations in thoracic tomography, high D-dimer, low (Sakr et al., 2020) plasmatic fibrinogen, signs of pulmonary hypertension, or signs of venous thrombosis (lower legs or intravenous devices) should be investigated with angio-thoracic tomography or dual-energy CT scan to the possible diagnosis of pulmonary embolism (McFadyen et al., 2020; Yu et al., 2020; Zhou et al., 2020).
DUAL-ENERGY CT SCAN IN COVID-19
Dual-energy tomography, also known as spectral CT or dual source CT, is a computed tomography technique that uses two separate x-ray photon energy spectra, allowing the interrogation of materials that have different attenuation properties at different energies, being used to reconstruct numerous images type, including iodine maps of lungs perfusion. A dual-energy CT scan has been recently studied to investigate ventilation–perfusion relationships in COVID-19 patients. Ball et al. (2021) analyzed pulmonary gas and blood distribution using a technique for quantitative analysis of dual-energy computed tomography in 35 COVID-patients needing non-invasive or invasive mechanical ventilation. Lung aeration loss (percentage of normally aerated lung tissue) and the extent of gas/blood volume mismatch (percentage of non-aerated, perfused lung tissue—shunt; aerated, non-perfused dead space; and non-aerated/non-perfused regions) were evaluated. Compared to patients requiring non-invasive ventilation, patients requiring invasive ventilation had both a lower percentage of normally aerated lung tissue [median (interquartile range) 33% (24–49%) vs. 63% (44–68%), p < 0.001]; and a larger extent of gas/blood volume mismatch [43% (30–49%) vs. 25% (14–28%), p = 0.001], due to higher shunt [23% (15–32%) vs. 5% (2–16%), p = 0.001] and non-aerated/non-perfused regions [5% (3–10%) vs. 1% (0–2%), p = 0.001]. The PaO2/FiO2 ratio correlated positively with normally aerated tissue (ρ = 0.730, p < 0.001). In patients with severe COVID-19 pneumonia, the need for invasive mechanical ventilation and the degree of hypoxemia were associated with loss of lungs aeration and the extent of gas/blood volume mismatch.
Aydin et al. (2021) studied 40 patients with positive RT-PCR to SARS-COV-2 with dual-energy thoracic tomography. All the patients had perfusion deficits at dual-CT images. Their mean perfusion deficit severity score was 8.45 ± 4.66 (min.-max, 1–19). In 24 of the 40 patients (60%), perfusion deficits and parenchymal lesions matched completely. In 15 of the 40 patients (37.5%), there was a partial match. The perfusion deficit severity score had a significantly positive correlation with D-dimer, reactive-C-protein levels, and thoracic tomography severity score (a score that is used in ARDS patients to assess severity and prognostication of patients) (Abbasi et al., 2020). The authors observed that perfusion deficits are seen not only in opacification areas but also in parenchyma of normal appearance.
Grillet et al. (2020) studied 85 patients with COVID-19 with dual-energy angio-tomography with iodine contrast and pulmonary iodine map. They observed that twenty-nine patients (34%) were diagnosed with pulmonary artery thrombosis, mainly segmental (83%). Semi-quantitative analysis revealed parenchymal ischemia in 68% of the 85 patients with no significant difference between the patients with or without pulmonary artery thrombosis (23 vs. 35, p = 0.144). Volume of ischemia was greater in patients with pulmonary artery thrombosis [29 (IQR, 8–100) vs. 8 (IQR, 0–45) cm3, p = 0.041]. Pulmonary perfusion evaluated by iodine maps shows extreme heterogeneity in COVID-19 patients and lower iodine levels in normal parenchyma. Pulmonary dual-energy angio-tomography revealed a significant number of pulmonary ischemic areas even in the absence of visible pulmonary arterial thrombosis, which may reflect micro-thrombosis associated with COVID-19 pneumonia.
Dual-energy angio-tomography studies in COVID-19 patients helped to understand the macro- and microvasculature involvement of the lungs in this disease. This vascular micro-thrombosis leads to severe alterations in the ventilation/perfusion ratio of the lungs and to high percentages of patients with hypoxemia and challenging to ventilate lungs (Abbasi et al., 2020; Grillet et al., 2020; Aydin et al., 2021; Ball et al., 2021).
ALTERNATIVE DIAGNOSIS TO COVID-19 AND COMPLICATIONS REVEALED BY THORACIC-COMPUTED TOMOGRAPHY
The finding of peripheral, bilateral, ground-glass opacities, predominantly in the lower lobes of the lungs is the typical finding of COVID-19 pneumonia, but can be the presentation features of other types of viral pneumonia, especially influenza (Yin et al., 2020). In the cases of typical findings of COVID pneumonia in the thoracic CT, but a negative RT-PCR for SARS-COV 2, a second RT-PCR for SARS-COV-2 must be made, and if negative, a molecular panel for respiratory virus must be asked for a correct diagnosis. Other alternative diagnosis includes: acute interstitial pneumonias, drug-induced lung diseases, alveolar hemorrhage, and ANCA-associated vasculitis.
In the cases of confirmed COVID-19 pneumonia, thoracic CT and angio-tomography is very helpful in diagnosing complications such as pulmonary embolism, acute respiratory distress syndrome, superimposed pneumonia, barotrauma (pneumomediastinum, pneumothorax, subcutaneous emphysema, pleural effusion, and pericardial effusions), organizing pneumonia, COVID-19 progression lung disease, secondary fungal infections, signs of pulmonary fibrosis, and mechanical ventilation-induced lung injury (barotrauma, lung cavitation, and cysts) (Kwee and Kwee, 2020).
COVID-19-associated pulmonary aspergillosis is reported in around 3. 3% of COVID-19 patients, with severe ARDS-receiving corticosteroids or tocilizumab (Machado et al., 2021). Diagnosis is established after a median of 15 days of invasive mechanical ventilation with bronchoalveolar lavage positive galactomannan or aspergillus positive culture. Thoracic tomography findings are compatible with pulmonary aspergilloma or invasive pulmonary aspergillosis (Machado et al., 2021).
SEVERITY CT SCORE AND PROGNOSTICATION OF COVID-19 PATIENTS
Abbasi et al. (Yin et al., 2020) retrospectively studied 262 hospitalized COVID-19 patients with a severity score that divided the lungs into three zones: upper, middle, and lower zones analyzing the degree of lung involvement for each zone: score of 0 (no involvement); 1. <25% involvement; 2. 25% to less than 50% involvement; 3. 50% to less than 75% involvement; and 4. ≥75% involvement. They observed a significant correlation between the CT severity score and rapidity of decline under the clinical condition of time to death, time to ICU admission, and time to intubation. Multivariate regression analysis showed increasing odds of inhospital death associated with a higher CT severity score at admission.
Popadic et al. (2021) studied 160 consecutive critically ill patients with the diagnosis of COVID-19 with moderate to severe ARDS observed in a multivariate analysis that the factors independently associated with mortality were IL-6, serum albumin, D-dimer, and thoracic-computed tomography score at admission.
Recently, Szabó et al. (2021) used artificial intelligence-based thoracic-computed tomography alterations quantification in patients with COVID-19 analyzed five lung regions upper right, middle right, lower right, upper left, and lower left lobes regarding lung volume and % of affected lung. They built a severity score that was calculated by a deep learning model based on the quantitative measurements. They observed that the artificial intelligence severity score was significantly associated with worse clinical outcomes. They concluded that their results provided personalized probabilities of adverse inhospital outcomes that might assist decision making in patients with COVID-19 lungs involvement that was not prospectively validated yet (Corrêa et al., 2021).
CONCLUSION
In conclusion, thoracic tomography of the lungs in ARDS or COVID-19 patients can help to a better diagnosis of pulmonary involvement, classify its severity and make alternative diagnoses and detect possible complications. Thoracic-computed tomography can also help the intensivists adjust PEEP, tidal volume, and patient position during mechanical ventilation and follow-up of the ARDS patients during their hospital stay. Whether severity scores based on thoracic-computed tomography and artificial intelligence may help the clinical prognosis of patients with COVID-19 and ARDS remains to be determined.
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