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CT registration-derived indices provide data on regional lung functional changes in COPD. However, because unlike spirometry which involves dynamic maximal breathing maneuvers, CT-based functional parameters are assessed between two static breath-holds, it is not clear how regional and global lung function parameters relate to each other. We assessed the relationship between CT-density change (dHU), specific volume change (dsV), and regional lung tissue deformation (J) with global spirometric and plethysmographic parameters, gas exchange, exercise capacity, dyspnoea, and disease stage in a prospective cohort study in 102 COPD patients. There were positive correlations of dHU, dsV, and J with spirometric variables, DLCO and gas exchange, 6-min walking distance, and negative correlations with plethysmographic lung volumes and indices of trapping and lung distension as well as GOLD stage. Stepwise regression identified FEV1/FVC (standardized β = 0.429, p < 0.0001), RV/TLC (β = −0.37, p < 0.0001), and BMI (β = 0.27, p=<0.001) as the strongest predictors of CT intensity-based metrics dHU, with similar findings for dsV, while FEV1/FVC (β = 0.32, p=<0.001) and RV/TLC (β = −0.48, p=<0.0001) were identified as those for J. These data suggest that regional lung function is related to two major pathophysiological processes involved in global lung function deterioration in COPD: chronic airflow obstruction and gas trapping, with an additional contribution of nutritional status, which in turn determines respiratory muscle strength. Our data confirm previous findings in the literature, suggesting the potential of CT image-based regional lung function metrics as the biomarkers of disease severity and provide mechanistic insight into the interpretation of regional lung function indices in patients with COPD.
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INTRODUCTION
COPD is increasingly recognized as a complex disease with diverse trajectories in disease progression (Han et al., 2010; Agustí et al., 2017). Indeed, there is significant heterogeneity in clinical features, physiology, lung parenchymal and airway morphology, response to therapy, the decline in lung function, and survival in COPD patients (Lange et al., 2016). The diagnosis and assessment of COPD severity are mainly based on the detection of chronic flow limitation on post-bronchodilator spirometry (Han et al., 2010). However, there is consensus that basic spirometric parameters such as FEV1 do not adequately describe disease heterogeneity and are insufficient for the optimal assessment and management of COPD. Novel means of identifying clinical traits or phenotypes that may have consequences on the management and clinical outcome in COPD patients are needed (Van Der Molen et al., 2013; Garudadri and Woodruff, 2018; Segal and Martinez, 2018; Manian, 2019; Martin et al., 2019; Burkes et al., 2021).
Computed tomography has been extensively used for phenotyping COPD by characterizing airway and parenchymal morphology (Washko et al., 2012; Kauczor et al., 2019). One of the emerging applications of CT is the measurement of regional functional indices based on the matching or registration of static images acquired at total lung capacity (TLC) and residual volume (RV) or functional residual capacity (FRC). In contrast to spirometry, which is a global measure of the respiratory system, CT image registration-based functional indices provide data on the spatial distribution of functional changes, and there is increasing evidence that regional functional changes can precede the detection of disease by spirometry (Bodduluri et al., 2018).
Image registration allows deforming a lung image acquired at a given volume to match the shape of that acquired at a different level of lung inflation. This allows the voxel-to-voxel assessment of lung density change, which reflects the local change in air volume (Ding et al., 2012). This measurement has been shown to closely correlate with regional lung ventilation (Reinhardt et al., 2008). An alternative approach is to measure the amount of regional deformation, which reflects the local tissue biomechanical properties and strain (Ding et al., 2012).
There are, however, fundamental differences between CT registration-based and global spirometric measurements of lung functions. Because spirometry involves dynamic, forced maximal breathing maneuvers, parameters such as FEV1 or expiratory flows are determined by not only the subject’s lung volume, respiratory muscle strength, and airway resistance, but also by the elastic lung recoil and airway wall elastance (Macklem and Mead, 1967). CT-based functional parameters, on the other hand, are assessed between two static breath-hold conditions. This raises the question of how the regional CT-based functional parameters and global lung function parameters relate to each other.
This study aimed at assessing the relationship between CT registration-based regional lung function parameters, namely CT-density change, specific volume change, and regional lung tissue deformation in comparison with global spirometric and plethysmographic parameters, in COPD patients. We further extended this comparison to diffusion capacity, gas exchange, exercise capacity, dyspnoea, and disease stage. Specifically, we aimed at determining which global lung function parameter or combination of parameters relates to regional lung function indices.
MATERIALS AND METHODS
Ethics and Consent
Patients included in this study were part of two prospective COPD cohorts of Grenoble University Hospital (Grenoble, France), registered with ClinicalTrials.gov (NCT00404430 and NCT03014609). The studies were approved by an independent ethics committee. The retrospective analysis of CT images in this ancillary study was approved by the Comité de Protection des Personnes, CHU Grenoble - approval 2016-A01657-44 and 2006-A00491-50/4. All participants gave written informed consent to participate in the study.
Subjects
Patients aged >18 years with COPD, followed up at the Grenoble University Hospital outpatient pulmonology clinic were included in the cohorts. Patients with evolving cancer; heart failure with an ejection fraction <45% or pregnancy were not included. Overall, 121 and 77 patients were included in the two cohorts, respectively. Patients with available CT imaging at both TLC and RV as well as forced spirometry at the initial visit (n = 102) were included in the study.
CT Imaging and Image Processing
Chest CT was performed at the Grenoble University Hospital Department of Radiology, with a 256-slice scanner (GE Revolution CT, GE Medical Systems, Milwaukee, United States) with the following settings: 120 kV, tube current modulation, and collimation width of 0.625 or 0.4 mm. The patients were instructed by the technician prior to and coached during image acquisition. Images were reconstructed with a standard convolution kernel and a matrix size of 512 × 512 pixels.
Details of the image processing are included in the online supplement. Briefly, after an initial rigid alignment of the inspiratory and expiratory volumes, the lung was separated from surrounding structures by image segmentation. Deformable image registration was then applied to warp the inspiration image to morphologically match the expiration image (Heinrich et al., 2013).
The following outcome measures were computed:
1) the inspiratory—expiratory x-ray density changes in Hounsfield units (dHU) between the fixed (expiration) and warped (inspiration) images. Voxels within the −1,100 to −500 HU were included in the analysis, excluding denser tissue structures such as blood vessels.
2) The specific volume change (dsV) between fixed and warped images, as defined by Simon et al. (Simon, 2000), which is the difference between the inspiration and expiration volumes normalized to the expiratory volume.
3) The determinant of the Jacobian matrix, referred to as the Jacobian (J), which expresses the local relative volume change from inspiration to expiration (Fleming, 2012). The Jacobian is independent of the image intensity values and therefore of dHU. A J > 1 means local expansion whereas a J < 1 indicates local contraction and J = 1 indicates no volume change.
Scattering in dHU, dsV, and J was expressed as the quantile variation coefficient (QVC) defined as interquartile range/median rather than coefficient of variation, given the non-normal distribution of the parameters.
Global Lung Function and Exercise Capacity
Spirometry, body plethysmography, and carbon monoxide diffusion capacity (DLCO) measurements were performed using a Medisoft body box (MGC Diagnostics, MN, United States), in accordance with the American Thoracic Society–European Respiratory Society technical recommendations (Graham et al., 2019). Post-bronchodilator spirometric parameters expressed with reference to the Global Lung Initiative reference values (Quanjer et al., 2012) were used in the analyses. Blood gas and resting oxygen saturation measurements were performed using a Siemens RAPIDPoint 500 blood gas analyzer (Siemens Healthcare SAS, Saint-Denis, France). Six-minute walking tests were performed following the ATS guidelines (Laboratories, 2002). Dyspnoea was assessed using the Borg scale (Borg, 1982).
Data Analysis
Data are presented as median, interquartile range (Q1–Q3). Pearson correlation was used to assess the relationship between the metrics of the regional lung function and overall lung function parameters, gas exchange and exercise capacity, and potential effect-modifying variables such as smoking history, age, sex, and BMI. A p < 0.05 was considered significant for all tests. Variables with significant associations with regional lung function in the univariate analysis were included in a forward stepwise multiple linear regression model. Multicollinearity diagnostics were performed, and variables with a variance inflation factor (VIF) greater than 10 were excluded from the model. Variables with non-normal distribution based on a Shapiro test were square-root transformed (BMI, dHU, dsV, J). Skewness and kurtosis of the parameter distributions were assessed on nontransformed parameters. All statistical analyses were performed using R statistical software (Version 1.4.1106, R Foundation for Statistical Computing, Vienna, Austria; http://www.R-project.org).
RESULTS
Subject characteristics are shown in Table 1. A total of 102 patients fulfilling the inclusion criteria were included in the study. All GOLD stages were represented with the majority of patients in GOLD 2 and 3 stages. Table 2 shows the lung volume and regional lung function parameters, as well as the scattering and indices describing the shape of their respective distributions, kurtosis, and skewness. Scattering in the Jacobian was relatively smaller than that of dsV and dHU.
TABLE 1 | Subject characteristics.
[image: Table 1]TABLE 2 | Image registration-derived parameters.
[image: Table 2]Figure 1 shows examples of raw CT images and 3D-rendered maps of the regional lung function parameters in 2 representative GOLD 1 and 4 patients. Correlations between regional lung function parameters and demographic, global lung function, gas exchange, exercise capacity, dyspnea, and GOLD classification data are shown in Table 3. The Jacobian, dHU, and dsV were significantly and positively related to BMI but not to age, sex, or smoking history. All parameters showed positive correlations with FEV1, FEV1/FVC, and FEF25-75. Conversely, significant inverse correlations were found with indices of lung hyperinflation, TLC, RV, and RV/TLC. All regional lung function parameters showed positive correlations with resting PaO2, oxygen saturation and 6-min walking distance but negative correlations with GOLD stage. The Jacobian was inversely correlated with the resting dyspnoea score.
[image: Figure 1]FIGURE 1 | Coronal expiratory CT slices (Top) and 3D renderings of the regional density change (dHU), specific volume change (dsV), and Jacobian determinant (J) in a representative GOLD-1 and GOLD-4 patient. Note the remarkably lower local values of dHU, dsV, and J in the Gold-4 patients compared to the Gold-1 patient.
TABLE 3 | Correlation between the regional lung function parameters and demographic, global lung function, gas exchange, and exercise capacity, dyspnoea and GOLD classification data.
[image: Table 3]Table 4 shows the results of forward multiple linear regression analysis. This analysis indicated that both dHU and dsV could be predicted from a combination of FEV1/FVC, RV/TLC, and BMI. Regarding the Jacobian, variation in this parameter was described by the combination of FEV1/FVC and RV/TLC.
TABLE 4 | Stepwise multiple regression parameter estimates.
[image: Table 4]Figure 2 shows sample distributions of the regional lung function parameters in two patients, as shown in Figure 1. Table 5 shows the relation between scattering in regional lung function parameters and demographic, and global functional data. The relations between kurtosis and skewness of the regional lung function parameter distributions and global data are shown in Supplemental Tables S1,2, respectively.
[image: Figure 2]FIGURE 2 | Probability distributions of the density change (dHU), specific volume change (dsV), and Jacobian determinant (J) in a representative GOLD-1 and GOLD-4 patient.
TABLE 5 | Correlation between the scattering of the regional lung function parameters assessed as quantile variation coefficient (IQR/median) and demographic, global lung function, gas exchange exercise capacity, dyspnoea, and GOLD classification data.
[image: Table 5]DISCUSSION
The main findings of this study were as follows: 1) all three regional lung function indices positively correlated to global spirometry parameters, while they were inversely correlated to plethysmographic lung volume measurements. They further correlated with PaO2 and exercise capacity while they were inversely correlated with dyspnoea and disease severity as reflected by the GOLD stage; 2) FEV1/FVC and RV/TLC were related to the variability in the regional lung function indices, with the additional contribution of BMI for dHU and dsV which are intensity-based indices, unlike J which is a biomechanical strain index; 3) the scattering in dHU and dsV, but not J, showed opposite relationships with the respective spirometry and plethysmography parameters; and 4) the frequency distribution of dsV significantly peaked (higher kurtosis) and became less asymmetric (lower skewness) with disease severity, was positively related to FEV1/FVC, and inversely to RV/TLC, DLCO, gas exchange, and exercise capacity.
In CT imaging, as the gas content within an image voxel increases, the x-ray attenuation or CT density in HU decreases. The density change dHU has therefore been taken to represent a local change in the gas volume (Gattinoni et al., 1995; Victorino et al., 2004). However, this relationship may be nonlinear and depends on the initial local density and the magnitude of density change (Simon, 2005). Here, we analyzed both dHU, and dsV which includes dHU in its calculation and is therefore not an independent outcome measure, for the sake of comparison. Overall, we found similar correlations between these two indices as well as the Jacobian, with global spirometry, plethysmography, gas exchange, and exercise capacity. Only dyspnoea score was significantly correlated to the Jacobian but not with the intensity-based indices of the regional lung function.
The stepwise regression analysis shows that the two composite parameters, FEV1/FVC and RV/TLC, explained a large part of the variance in the three regional lung function parameters. While FEV1/FVC is strongly determined by airflow limitation, hence resistance to the flow of the airway tree and lung elastic recoil, RV/TLC is determined by trapping, and lung distension. The latter parameter showed an inverse relationship with all three regional lung function indices. Our data suggest, therefore, that these two pathophysiological mechanisms, namely, airflow limitation and gas trapping are both involved in the regional lung function alteration with progressive disease severity in COPD. This can be explained by the fact that the regional lung ventilation distribution depends on the regional mechanical time constant of the lungs, which is the product of airway resistance and regional lung tissue compliance based on the analogy with an electrical circuit (Otis et al., 1956). This mechanical time constant determines the behavior of pulmonary airspaces in response to a given sinusoidal driving pressure. In COPD, both the loss of parenchymal elastic recoil and increased airway resistance may lengthen this time constant, thereby lagging volume change with respect to the pressure change under dynamic breathing conditions. Another contributing mechanism may be the presence of collateral channels whose role may be more prominent in emphysema through an increased airway resistance and a concomitantly reduced collateral resistance (Hogg et al., 1969).
We found that BMI was a significant predictor of the intensity-based regional lung function indices dHU and dsV. It is well established that many patients with COPD lose weight and become malnourished (Vandenbergh et al., 1967; Hunter et al., 1981; Sahebjami and Macgee, 1983; Braun et al., 1984; Zhang et al., 2021). Because malnutrition is associated with significant impairment of the respiratory muscle strength and endurance (Arora and Rochester, 1982), its presence in COPD may worsen the existing respiratory muscle dysfunction due to chronic airflow limitation and hyperinflation (Sahebjami and Sathianpitayakul, 2000). Our findings suggest that the regional lung function is further determined by BMI which reflects the nutritional status, a potentially important factor for the respiratory muscle function, in patients with COPD.
Previously, Bodduluri et al. found that in patients with COPD the Jacobian determinant correlated strongly with FEV1/FVC, and FEV1% predicted as well the quality of life, BODE index, and mortality on follow-up (Bodduluri et al., 2017). Although CT density-based measures of gas trapping and emphysema also correlate with airflow obstruction, there is also substantial discordance in some COPD patients (Bhatt et al., 2014). In these patients, the prediction of airflow obstruction is significantly improved by the mean Jacobian determinant (Bodduluri et al., 2017). Moreover, the appropriate CT density threshold used to differentiate emphysematous from non-emphysematous tissue is subject to the image acquisition and reconstruction parameters (Boedeker et al., 2004; Stoel et al., 2008). So far, no data are available on the comparison of intensity-based metrics of the regional lung function (dHU and dsV) and their relation to both spirometric airflow obstruction and plethysmographic air trapping and tissue distension.
We found significant changes in the frequency distribution of dHU and dSV with the COPD stage. The QVCs of dHU and dsV were inversely related to FEV1 and FEV1/FVC, DLCO, gas exchange, and 6MWD, while it was positively related to plethysmographic measures of trapping and lung distension (TLC, RV, RV/TLC) and GOLD stage. This suggests a larger relative spatial inhomogeneity in these regional lung function parameters as the disease progresses. This finding is in agreement with the study of Aliverti et al. (2013) in healthy and emphysematous subjects demonstrating a significantly higher dHU-QVC in patients with emphysema. The Jacobian QVC was, on the other hand, positively related to spirometric indices. The reason for this discrepancy is unclear. The examination of individual probability distributions reveals that the scattering in J decreases more than its median with disease severity (Figure 2). A potential explanation could be that a significant contribution to the scattering in J is due to the gravity dependence of this biomechanical index in less severe subjects. The relative contribution of gravity dependence seems to decrease with disease severity in COPD patients as suggested by the comparison of dorsal and ventral views of 3D Jacobian maps (see Supplemental Figure S1). Further study is needed, however, to assess this hypothesis.
CONCLUSION
In this study, we assessed the relationship between lung CT biomechanical (Jacobian) and intensity-based (density change, specific volume change) metrics of the regional lung function with global spirometric and plethysmographic parameters, diffusion capacity, gas exchange, exercise capacity, dyspnoea, and disease stage in COPD patients. Our data show strong positive correlations with spirometric variables, DLCO, gas exchange, 6-min walking distance, and negative correlations with plethysmographic lung volumes and indices of trapping and lung distension as well as the GOLD stage. Stepwise regression identified FEV1/FVC, RV/TLC, and BMI as the strongest predictors of the variance of CT intensity-based metrics dHU and dsV, while FEV1/FVC and RV/TLC were identified as those for the Jacobian determinant. Our data suggest that the regional lung function is determined by two major pathophysiological processes involved in the global lung function deterioration in COPD, namely, chronic airflow obstruction and gas trapping, with an additional contribution of BMI, potentially through the nutritional status, which in turn determines the respiratory muscle strength. These findings confirm previous findings in the literature, suggesting the potential of CT image-based regional lung function metrics as the biomarkers of disease severity and provide mechanistic insight into the interpretation of the regional lung function indices in patients with COPD.
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GHU, expiration—inspiration lung density change; sV, inspiration—expiration specific
volume change; J, Jacobian determinant expiration — inspiration; R, Spearman
correlation coefficient; M/F, male/female; BMI, body mass index; FEV1, forced expiratory
volume in one second; FVC, forced vital capacity; FEF25-75, forced mid-expiratory flow;
RV, plethysmographic residual volume; TLC, plethsymographic total lung capacity;
DLCOcor; diffusing capacity or carbon monoxide, corrected for hemoglobin value;
PO, arterial O pressure; PaCO,, arterial GO, pressure; Sa0;, arterial O, saturation;
6MWD, 6-min walk distance; GOLD, Global Iniitive for Chronic Obstructive Lung
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GHU, expiration—inspiration lung density change; sV, inspiration—expiration specific
volume change; J, Jacobian determinant expiration — inspiration; B, degree of change in
the outcome variabile for every 1-unit of change in the predlictor variable; S, stancard
error: standardized B, the fraction of total variance explained by the predictor variable.
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Data are median (interquartile range). BMI, body mass index; FEV1, forced expiratory
volume in 1 s; FVC, forced vital capacity; FEF25-75, forced mid-expiratory flow; RV,
plethysmographic residual volume; TLC, plethsymographic total lung capacity;
DLCOcorr, diffusing capacity or carbon monoxide, corrected for hemoglobin value;
PaO,, arterial O, pressure; PaCO, arterial CO, pressure; SaO;, arterial O, saturation;
6MWD, 6-min wak distance; GOLD, Global Initative for Chronic Obstructive Lung
Disease class. Smoking history was avaiable in 98 subjects, blood gases, exercise

capacity data in 95, and diffusion capacity in 58.





OPS/images/fphys-13-862186-t002.jpg
Med (IQR)

Visp L 5.75 (4.94,6.6)
Voxp L 3.94 (3:24,4.57)
VL 1.88 (1.34,2.34)
dHU (HU) 565 (396,76.0)
dHU-QVC 0.80 (08,1.0)
dHU-kurtosis 9.1 (68,12.4)
GHU-skewness 1.0 (07,1.4)
dsv 0.69 (0.46,0.88)
dsV-QVC 0.90 (0.81,1.04)
dsV-kurtosis 23.08 (15.71,35.97)
dsV-skewness 2.92 (2.37,3.69)
J 1.41 (1.31,1.54)
JQve 0.22 (0.16,0.28)
J-kurtosis 14.92 (1056,21.04)
J-skewness 2.02 (147,2.66)
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kurtosis, density change distribution kurtosis; sV, inspiration—expiration specific
volume change; ds\V-kurtosis, specific volume change distribution kurtosis; J, Jacobian
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AHU-QVC, aHU quantite variation coefiicient; dsV-CoV, QVC, specific volume change
quantie variation coeffcient; J-QVC, Jacobian determinant quantil variation coeflicient.
R, Spearman correlation coefficient; M/F, male/female; BM, body mass index; FEV1,
forced expiratory volume in 1 s; FVC, forced vital capacity; FEF25-75, forced mid-
expiratory flow; RV, plethysmographic resicsal volume; TLC, plethsymographic total ung
capacity; DLCOcor; diffusing capacity or carbon monoxide, corrected for hemoglobin
value; PaO,, arterial O, pressure; PaCOy, arterial CO, pressure; Sa0,, arterial O,
saturation; 6MWD, 6-min walk distance; GOLD, Global Initiative for Chronic Obstructive

Lung Disease dlass.
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