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Background: The effects of obesity on pulmonary gas and blood distribution in patients with acute respiratory failure remain unknown. Dual-energy computed tomography (DECT) is a X-ray-based method used to study regional distribution of gas and blood within the lung. We hypothesized that 1) regional gas/blood mismatch can be quantified by DECT; 2) obesity influences the global and regional distribution of pulmonary gas and blood; 3) regardless of ventilation modality (invasive vs. non-invasive ventilation), patients’ body mass index (BMI) has an impact on pulmonary gas/blood mismatch.Methods: This single-centre prospective observational study enrolled 118 hypoxic COVID-19 patients (92 male) in need of respiratory support and intensive care who underwent DECT. The cohort was divided into three groups according to BMI: 1. BMI<25 kg/m2 (non-obese), 2. BMI = 25–40 kg/m2 (overweight to obese), and 3. BMI>40 kg/m2 (morbidly obese). Gravitational analysis of Hounsfield unit distribution of gas and blood was derived from DECT and used to calculate regional gas/blood mismatch. A sensitivity analysis was performed to investigate the influence of the chosen ventilatory modality and BMI on gas/blood mismatch and adjust for other possible confounders (i.e., age and sex).Results: 1) Regional pulmonary distribution of gas and blood and their mismatch were quantified using DECT imaging. 2) The BMI>40 kg/m2 group had less hyperinflation in the non-dependent regions and more lung collapse in the dependent regions compared to the other BMI groups. In morbidly obese patients, gas and blood were more evenly distributed; therefore, the mismatch was lower than in other patients (30% vs. 36%, p < 0.05). 3) An increase in BMI of 5 kg/m2 was associated with a decrease in mismatch of 3.3% (CI: 3.67% to −2.93%, p < 0.05). Neither the ventilatory modality nor age and sex affected the gas/blood mismatch (p > 0.05).Conclusion: 1) In a hypoxic COVID-19 population needing intensive care, pulmonary gas/blood mismatch can be quantified at a global and regional level using DECT. 2) Obesity influences the global and regional distribution of gas and blood within the lung, and BMI>40 kg/m2 improves pulmonary gas/blood mismatch. 3) This is true regardless of the ventilatory mode and other possible confounders, i.e., age and sex.Trial Registration: Clinicaltrials.gov, identifier NCT04316884, NCT04474249.Keywords: ventilation/perfusion mismatch, mechanical ventilation, obesity, acute respiratory failure, COVID-19, dual-energy computed tomography
INTRODUCTION
Obesity is a global healthcare problem, and approximately one-fifth of patients admitted to intensive care worldwide are obese (Gong et al., 2010). The obesity paradox describes the observation that, even though obese patients have high overall mortality, they have better intensive care-related outcomes than expected in critical care conditions such as acute respiratory distress syndrome (ARDS) (Ball et al., 2017). One possible explanation is a chronic inflammatory preconditioning characterizing obesity that could induce tolerance for the severe inflammation in critical illness (Stapleton et al., 2010). Another potential explanation is the positive influence of a non-compliant chest wall on the transpulmonary pressure gradient in mechanically ventilated obese patients (Ball et al., 2017).
Most intensive care patients have inefficient pulmonary gas exchange because of poor matching of ventilation and perfusion in the lungs, known as ventilation/perfusion (V/Q) mismatch. Despite its importance, the distribution of V/Q has never been monitored routinely in intensive care, partly due to the methodological complexities (Wagner, 2008). Pulmonary imaging with dual-energy computed tomography (DECT) is a method already widely used in clinical practice to define perfusion defects qualitatively (Godoy et al., 2009; Lu et al., 2012). DECT detects the attenuation profiles of different substances and can potentially quantify the distribution of gas and blood in the lungs at a regional level by using two concurrent X-ray energy spectra. By overlapping the gas and blood distribution maps, regional gas/blood can be estimated as an index of V/Q mismatch.
Our main objectives in this study were: 1) to quantify regional pulmonary gas/blood mismatch using DECT; 2) to assess the influence of obesity on the global and regional distribution of gas and blood in the lungs in patients with acute respiratory failure (ARF); 3) through a sensibility analysis, to study the influence of co-variables other than BMI, i.e., ventilatory modality used (invasive vs. non-invasive ventilation), age and sex (the two latter as indirect indices of comorbidity) on gas/blood mismatch.
Based on the objectives listed above, we hypothesized that 1) the estimation of both global and regional gas/blood match is feasible using DECT; 2) due to different lung mechanics, obesity is associated with less of a pulmonary gas/blood mismatch; 3) regardless of the ventilation modality (invasive vs. non-invasive ventilation) and other potential confounders, patients’ body mass index (BMI) has an impact on pulmonary gas/blood mismatch.
MATERIALS AND METHODS
This is a single-centre prospective observational study approved by the Swedish National Ethical Review Agency. Written informed consent was obtained from the patients when possible. Otherwise, informed consent was initially asked from next of kin and later confirmed by patients, if feasible. The study was performed in accordance with the ethical standards of the responsible committee on human experimentation and with the Helsinki Declaration of 1975, as most recently amended.
The inclusion criteria were 1) age >18 years; 2) a positive polymerase chain reaction test for SARS-CoV2 on a nasal swab specimen; 3) ARF as the main cause of ICU admission, combined with the need for any kind of respiratory support; 4) admission to an ICU at Uppsala University Hospital (Sweden); and 5) at least one chest DECT performed on clinical indication during the ICU stay. Three subgroups were defined according to the patients’ body mass index (BMI) at ICU admission: 1) BMI <25 kg/m2 (non-obese), 2) BMI 25–40 kg/m2 (overweight to obese), and 3) BMI >40 kg/m2 (morbidly obese) (Figure 1). Clinical data were collected at ICU admission, and on the day of DECT.
[image: Figure 1]FIGURE 1 | CONSORT flowchart diagram showing the flow of participants through each stage of the study.
DECT data
DECT scans of patients in a supine position covered the whole lung parenchyma. The DECT software provided paired images reporting gas and blood distribution. From each sequence, 19 equally spaced cranial-caudal images were selected and further divided into ten gravitation levels. To create gas and blood distribution maps, each selected image underwent a delineation of regions of interest corresponding to lung parenchyma. Hounsfield unit (HU) distribution profiles were obtained for the whole lung parenchyma and regionally for each of the ten gravitational levels (Figures 1, 2). Each histogram bin was expressed both as the absolute number of voxels as well as as a percentage of the total number of voxels. Based on the HU distribution profiles, each voxel was respectively defined as hyperinflated, normoinflated, poorly inflated, or noninflated (Gattinoni et al., 2001), and as non-perfused (≤0 HU) or perfused (>0 HU) (Uhrig et al., 2015; Ball et al., 2021; Perchiazzi et al., 2022).
[image: Figure 2]FIGURE 2 | Methods. Representative example of the regions of interest applied to pairs of images. All selected images underwent a semiautomatic delineation of the regions of interest corresponding to the lung parenchyma. The resulting gas and blood distribution maps were subsequently divided into ten gravitational levels. Abbreviations: ND: non-dependent; D: dependent.
HU peaks for the hyperinflated and noninflated portions were derived from the HU profiles characterising the gas distribution maps. Likewise, the HU peak for blood and the area under the curve were obtained from the HU profiles characterising the blood distribution maps.
The mean HU was calculated for each of the ten gravitational levels and both gas and blood distribution maps. The absolute value of the mean HU is directly correlated to the amount of gas (or blood) in a given lung portion. These absolute mean values were then expressed as a percentage of the sum of the ten HU means composing the whole analysed map. Finally, the difference between the regional percentages of gas and blood was calculated to describe gas and blood mismatch at a regional level.
Sensitivity analyses
We performed multiple linear regression analyses to investigate the influence on gas/blood mismatch (dependent variable) of: 1) BMI (considered as discrete variable: 5 kg/m2), 2) ventilatory modality (invasive vs. non-invasive ventilation), 3) age (years), and 4) sex (male vs. female). To further confirm the effects of BMI on gas/blood mismatch, the same sensitive analysis was also applied to the invasively ventilated and non-invasively ventilated subgroups of patients.
RESULTS
Clinical data
Data was collected from 7 April 2020, to 5 October 2021. One hundred eighteen patients were included in the study, and a total of 142 DECTs were performed. In all, 12 (11%) patients were BMI<25kg/m2, where none were under-weight (BMI <18.5kg/m2), 90 (76%) patients were overweight to obese (BMI 25–40kg/m2), and 16 (13%) were classified as morbidly obese with a BMI>40kg/m2 (Figure 1; Table 1). The patients who underwent more than one DECT were evenly distributed among the BMI groups. A majority of the patients were male; however, the BMI>40kg/m2 group had a higher proportion of females than the other two groups. The morbidly obese patients were younger than the other patients included in the study. However, all patients showed a similar incidence of diabetes mellitus and arterial hypertension. Patients with BMI>40kg/m2 were admitted to the ICU after a shorter symptom duration but did not differ from the other groups regarding oxygenation or respiratory rate. The three groups differed regarding ventilatory strategies at the time of DECT (Table 2). Invasive mechanical ventilation was used more often in obese patients, while most of the non-obese patients were either on non-invasive ventilation (50%), on high-flow nasal cannula, or standard oxygen therapy (42%). Among those invasively ventilated, patients with BMI>40kg/m2 were more often on controlled ventilation than those with a lower BMI. Higher minute ventilation characterized patients with BMI <25kg/m2 compared to patients with BMI >40kg/m2. The ratio of arterial oxygen partial pressure to fractional inspired oxygen [PaO2/FIO2] was higher in patients with BMI >40kg/m2, and the alveolar to arterial gradient of oxygen [AaDO2] was lower in the BMI >40kg/m2 group. No differences in pH, carbon dioxide clearance, or cumulative fluid balance were seen among the groups.
TABLE 1 | Descriptive statistics at admission for the three BMI groups (sample size = 118).
[image: Table 1]TABLE 2 | Descriptive statistics during DECT for the three BMI groups.
[image: Table 2]DECT analysis
Gas/blood distribution in the whole lung
The HU distribution profiles derived from the gas distribution maps of the entire studied cohort showed one peak in the hyperinflation HU interval and a second peak in the noninflated HU interval (Figures 2–5). The corresponding blood maps showed a bell-shaped HU distribution. The area under the curve indicating perfused voxels was 85.6% ± 6.3 of the total voxels. The hyperinflated HU was flatter at high BMI. Conversely, the noninflated HU peaked more at higher BMI than at lower BMI. The area under the curve representing the lung’s perfused portion was higher in the BMI >40 kg/m2 than in the other BMI groups.
[image: Figure 3]FIGURE 3 | HU distribution for gas (above) and blood (below) maps for the three BMI groups. Histogram bin width equal to 5 HU; for each bin, the values are reported as a percentage of the total voxels (mean ± SD). * To mark differences between the labeled value and the corresponding value for BMI>40. Analysis of variance (ANOVA) followed by multiple comparisons with Bonferroni correction (α < 0.05). Abbreviations: BMI: body mass index; HU: Hounsfield units.
[image: Figure 4]FIGURE 4 | Gravitational HU distribution for gas (left) and blood (right) maps in the BMI<25 group. Data illustrating the ten gravitational levels. Histogram bin width equal to 5 HU; y-axis: percentage of total voxels [mean ± SD]. Abbreviations: ND: non-dependent; D: dependent; HU: Hounsfield unit.
[image: Figure 5]FIGURE 5 | Gravitational HU distribution for gas (left) and blood (right) maps in the BMI>40 group. Data illustrating the ten gravitational levels. Histogram bin width equal to 5 HU; y-axis: percentage of total voxels [mean ± SD]. Abbreviations: ND: non-dependent; D: dependent; HU: Hounsfield unit.
Gravitational distribution of gas and blood
Gas and blood were differently distributed along the gravitational axis (Figures 4–6). Gas distribution was most homogenous in the central gravitational levels of the lung (Levels 4–8). The central portion of the lung also showed and a higher amount of blood than the non-dependent and dependent levels, indicating less of a mismatch. A greater part of the lungs was normoinflated in the BMI >40 kg/m2 group. Increased BMI was associated with better blood distribution, as indicated by a flat and right-shifted HU distribution.
[image: Figure 6]FIGURE 6 | Gas/blood mismatch analysis divided into three BMI groups. Regional 28 distribution is divided into ten gravitational levels for gas/blood match (violet), and 29 mismatch, where blue represents gas exceeding blood and pink represents blood exceeding gas. Compared to the 30 other groups, the BMI>40 group showed a lower, more homogeneously distributed 31 gas/blood match along the gravitational axis. ANOVA followed by multiple comparisons 32 with Bonferroni correction (α < 0.05). * To mark differences between the labelled value 33 and the corresponding value for the BMI>40 group. # To mark differences between 34 contiguous gravitational levels (p > 0.05).
Total gas/blood mismatch was estimated to be 36% ± 1%. Gas exceeded blood in the most non-dependent lung regions (Figures 5, 6 blue areas, levels 1–4), and blood exceeded gas in the most dependent regions (Figures 5, 6 pink areas, levels 5–10). Patients with BMI>40 showed a lower percentage of gas in the non-dependent regions (Figures 4–6, levels 1–7) than those with lower BMI. Moreover, the BMI>40 group showed higher blood distribution in the most non-dependent regions (Figures 4–6, levels 1–2) and lower blood distribution in the most dependent ones (level 10) than the lower BMI groups.
Sensitivity analyses
A multiple linear regression model was tested to address the association between BMI (as a discrete variable, 5 kg/m2) and the gas/blood mismatch, correcting for concomitant variables (i.e., age, sex, and invasive mechanical ventilation). Although BMI resulted in a significant association with the gas/blood mismatch (3.3% reduction in gas/blood mismatch per 5 kg/m2 increase in BMI), the multiple linear regression model did not show significant influences of exposure to invasive ventilation, age and sex on gas/blood mismatch (R2 = 0.24, p < 0.01) (Figure 7). A significant influence of BMI on gas/blood mismatch was confirmed in the invasively and non-invasively ventilated group (respectively 3.3% and 2.4% reduction in gas/blood mismatch per 5 kg/m2 increase in BMI, p < 0.05 (Figure 8).
[image: Figure 7]FIGURE 7 | Sensitivity analysis testing the influence of BMI and other potential confounding factors on gas/blood mismatch. The four independent tested variables tested were 1) age (1 year), 2) sex (M), 3) BMI (5 kg/m2), and 4) exposure to invasive mechanical ventilation (yes). The multiple linear regression model tested their effect on gas/blood mismatch (dependent variable) based on DECT. Abbreviations: M: male; BMI: body mass index.
[image: Figure 8]FIGURE 8 | Second sensitivity analysis for two separate subgroups of patients based on the ventilation mode. Sensitivity analysis testing the influence of BMI and other potential confounding factors on gas/blood mismatch based on DECT. The four independent tested variables tested were 1) age (1 year), 2) sex (male), 3) BMI (5 kg/m2), and 4) exposure to invasive mechanical ventilation (yes). The multiple linear regression model tested their effect on gas/blood mismatch (dependent variable). In this case the model was applied separately in two subgroups of patients (invasive ventilation vs. spontaneous breathing). Abbreviations: M: male; BMI: body mass index.
DISCUSSION
The main findings of the current study can be summarized as follows:
1) DECT was used for the first time to quantify, at a global and regional level, gas/blood mismatch in patients affected by hypoxic ARF.
2) Morbidly obese patients affected by COVID-19 ARF and in need of intensive care showed a reduced gas/blood mismatch compared to other patients, a phenomenon not addressed in previous literature (Holley et al., 1967; Hedenstierna and Santesson, 1976; Santesson, 1976; Vaughan and Wise, 1976; Salem et al., 1978).
3) For the first time, this study showed that BMI is associated with an improved gas/blood mismatch in critically ill patients. This was true independently from the ventilatory modality used (invasive vs. non-invasive ventilation) and other possible confounding factors (i.e., age and sex) indirectly representative of patients’ comorbidity.
This study introduced DECT to quantify the pulmonary regional distribution of gas and blood in ARF patients. Despite significant pathophysiological differences between COVID-19 ARDS and other kinds of ARDS (e.g., the physiological response to hypoxemia and the propensity to thromboembolism), our study demonstrates DECT’s untapped potential to provide essential information about pathophysiological causes of impaired gas exchange, which may improve clinical practice.
Despite the extensive literature on the effects of obesity on respiratory mechanics (16), little is known about the impact of obesity on V/Q mismatch (11–15, 17). Moreover, the clinical availability of V/Q monitoring techniques is limited (18), and monitoring regional V/Q distribution in the critical care setting would promote precision medicine. DECT provides static surrogates of V/Q (regional distribution maps of gas and blood) (Gattinoni et al., 2001; Fuld et al., 2013) that may personalize therapeutic strategies, and facilitate more protective mechanical ventilation. Based on DECT analysis, we demonstrated that morbid obesity is associated with improved gas/blood mismatch.
As expected for a cohort of patients affected by ARF (Milic-Emili et al., 1966), the HU distribution showed two typical peaks (Figures 3–5) corresponding to hyperinflated non-dependent and the noninflated dependent (atelectatic) lung compartments (Gattinoni et al., 2001). This regional gradient of gas distribution differed between non-obese and morbidly obese patients (Figures 3–5), with the former showing larger hyperinflation in non-dependent regions and the latter, instead showing more collapsed lung in dependent regions.
The low-BMI group showed less blood in the non-dependent lung regions compared to the high-BMI group. This can be explained by an increase in West Zone I (West et al., 1964), secondary to lung hyperinflation in non-dependent lung zones, leading to an increase in pulmonary vascular resistance, reduced perfusion, and consequently increased alveolar dead space (West, 1978). The low-BMI group generally preserved spontaneous respiratory efforts (Table 2), potentially leading to uncontrolled high tidal volume and high minute ventilation and, therefore, a high risk of self-induced lung injury (Yoshida et al., 2017).
The morbidly obese group mostly showed noninflated dependent areas. This may be a consequence of the increased intraabdominal pressure and loss of functional residual capacity typical of obese patients. Blood was also distributed following a gravitational gradient, except for the most dependent lung regions where content of blood was low, as described by Hughes and West in 1968 (Hughes et al., 1968). Different from gas, blood had a more homogeneous gravitational distribution. Overall, those who were morbidly obese had a more uniform distribution of blood compared to other groups. Interestingly, a similarity could be drawn between the effects of obesity on ventilation distribution and the gas/blood mismatch shown in our study and the therapeutic effects of prone positioning (Gattinoni et al., 2019) and chest wall loading (Selickman and Marini, 2022) in mechanically ventilated patients. In all these three conditions, chest wall displacement is limited, and elastance increased, promoting a lower gravitational gradient of transpulmonary pressure, a more homogeneous distribution of gas, a reduced risk for lung hyperinflation, and improved gas/blood mismatch.
Aware of possible confounders potentially influencing the association between patients’ BMI and changes in gas/blood mismatch, we performed a sensitivity analysis. As possible cofounders, we investigated the ventilatory strategy used (invasive vs. non-invasive ventilation) and patients’ characteristics strictly related to patients’ comorbidities (i.e., sex and age). Moreover, in this case, we looked at the BMI as a discrete rather than as a categorical variable. Although BMI showed a significant influence (a 5 kg/m2 increase in BMI was associated with a 3.3% increase in gas/blood mismatch), other covariables did not significantly influence the gas/blood mismatch (Figure 7). These findings were further confirmed by considering the two subgroups of invasively and non-invasively ventilated patients separately (Figure 8).
As previously reported (Anzueto et al., 2011), the morbidly obese patients in our study were younger (Table 1) and had a higher proportion of women. Regardless of comparable comorbidities and clinical presentation, the morbidly obese patients were likely to be admitted to the ICU at an earlier stage of their acute illness. Overall, we found more protective ventilation strategies in patients with high BMI (Table 2). Since the obese population is at high risk for complications, their earlier ICU admission and cautious control of the mechanical ventilation parameters have already been described. (Ball et al., 2017).
LIMITATIONS
The current study has some limitations.
Chest DECT is not a dynamic examination and cannot provide direct information about ventilation. However, CT gas and blood distribution maps are used as a surrogate for ventilation. (Gattinoni et al., 2001; Fuld et al., 2013).
The study cohort included only COVID-19 patients, representing a particular subgroup of ARF patients. Although, at the current state of knowledge, ventilatory management is the same for all ARF patients, the findings of this study need further confirmation in a more general ICU population. However, this does not reduce the physiological relevance of our findings and the potential use of the proposed analysis in the general ICU population. Given the nature of the study, advanced respiratory mechanics data were not collected. Transpulmonary pressure, respiratory system resistance, and chest wall elastance acquired simultaneously with lung imaging could have further confirmed the study’s results.
Body position is essential to optimize ventilation, particularly in obese patients, and a minimum of a 30-degree semi-recumbent position is routinely applied to all patients during intensive care (Wang et al., 2016). The 0-degree supine position during DECT can impact the regional distribution of ventilation. Although this modifies the gas/blood distribution that the patients have in a semi-recumbent position, it is likely that the 30-degree semi-recumbent position improves the gas/blood mismatch to a higher extent in obese patients, further emphasizing the magnitude of our findings.
The inhomogeneous distribution of the human population among the different BMI classes is a characteristic of these specific variables and several other natural phenomena. It is important to highlight that the imbalance among the three selected groups may erroneously be interpreted as a limitation of the study. A standardized stratification of BMI allows an easy interpretation of our results and inference to a clinical context. Moreover, this choice makes our results comparable to previous literature on obese patients.
CONCLUSION
Chest DECT can provide information to monitor regional pulmonary gas/blood distribution mismatch in the critical care setting, facilitating personalized therapeutic strategies and more protective mechanical ventilation. Patients’ BMI may affect the gravitational distribution of gas and blood within the lung. Morbid obesity in patients with COVID-19 was associated with reduced gas/blood mismatch which may promote oxygenation, independent of the ventilatory strategy used and other potential confounders such as patients’ age and sex.
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