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INTRODUCTION 

Respiratory diseases are usually characterized by structural and 
functional alterations in the airways morphology, which 

significantly impact pulmonary mechanics and gas exchange. 

While traditionally viewed as a pulmonary disorder, 
Coronavirus disease 2019 (COVID-19) has increasingly been 

recognized as a multisystem disease with predominant 

cardiovascular manifestations, including endothelial injury, 
microthrombosis, and systemic inflammation (Bansal, 2020; 

Louis et al., 2023), rather than a purely respiratory condition. 

However, its profound effects on the lungs, such as silent 
hypoxemia and heterogeneous radiographic findings, highlight 

the need to investigate airway-specific pathology (D’Arena et 

al., 2021; Swenson et al., 2021). In contrast, community-
acquired pneumonia (CAP) primarily involves direct 

inflammatory damage to the lung parenchyma and airways due 

to bacterial or viral pathogens (Long et al., 2022). Despite 
extensive research on parenchymal changes in COVID-19 (e.g., 

ground-glass opacities (Cozzi et al., 2021; Roig-Marín, 2024)), 

systematic comparisons of central airway geometry between 
COVID-19 and CAP remain limited. Understanding these 

differences is critical, as airway remodelling may underlie 

distinct clinical presentations, such as the dissociation between 
severe hypoxemia and relatively preserved lung compliance in 

COVID-19 (Swenson et al., 2021). 

 
Quantitative assessment of airway geometry through high-

resolution computed tomography (CT) and advanced 3D 

reconstruction techniques has emerged as a powerful tool for 
characterizing pulmonary pathology (Dournes, 2025; Mahdavi 

et al., 2023). Precise morphometric analysis of key parameters, 

including hydraulic diameter (Dh (mm)), hydraulic ratio (Xh), 
airway circularity (Cr), and airway thickness (TA (mm)), 

provides critical insights into airflow dynamics and disease 

mechanisms (Choi et al., 2017). For instance, Dh (mm) reflects 

luminal narrowing and flow resistance, while Xh captures the 
efficiency of proximal-to-distal tapering, a hallmark of normal 

bronchial structure. Similarly, Cr quantifies geometric 

distortions in airway cross-sections, and TA (mm) differentiates 
inflammatory thickening from atrophic remodelling (Eskandari 

et al., 2015; Goodwill et al., 2017; Ortiz-Puerta et al., 2023). 

Studies in other respiratory diseases, such as asthma and chronic 
obstructive pulmonary disease (COPD), have demonstrated the 

clinical relevance of such measurements in predicting disease 

severity and therapeutic response (Choi et al., 2017; Ortiz-Puerta 
et al., 2023; Park et al., 2019). By applying these well-

established morphometric techniques to COVID-19 and CAP, 

this study bridges a critical gap in understanding how distinct 
pathogenic mechanisms, vascular injury in COVID-19 versus 

direct microbial damage in CAP, manifest in airway architecture 

and function. 
 

Previous CT-based studies have demonstrated that bacterial 

pneumonia frequently presents with homogeneous parenchymal 
consolidation and smooth, often uniform changes in airway wall 

thickness and lumen size (Long et al., 2022; Mahdavi et al., 

2023). Such uniform narrowing patterns are thought to 
contribute to airflow resistance and ventilation-perfusion 

mismatch during the acute infectious phase (Aghasafari et al., 

2019). While these findings are well established for bacterial 
infections, the ability to quantitatively describe such changes 

using 3D morphometric metrics like Dh, Xh, and Cr has been 

limited.  
 

In contrast, structural airway changes in COVID-19 are less well 

defined and appear to follow a different morphologic trajectory 
(Dhochak et al., 2020; Patil et al., 2023; Shi et al., 2020). For 

instance, Swenson et al. (2021) and D’Arena et al. (2021) 
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0.013) but significant distal dysfunction (−12% Xh vs. CAP, p < 0.001). Circularity showed focal 

geometric distortion in COVID-19 versus CAP’s homogeneous expansion (p < 0.001). TA (mm) 
analysis identified diffuse thinning in COVID-19 (vs. CAP’s mild thickening, p = 0.189), with 

superimposed focal thromboinflammatory thickenings. Conclusions: COVID-19 and CAP induce 

fundamentally different patterns of airway remodelling. COVID-19 is associated with proximal 
airway dilation and disrupted distal tapering, whereas CAP results in uniform narrowing. These 

morphometric profiles may contribute to differences in airflow limitation and ventilation–perfusion 
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therapeutic strategies. Future research should explore the relationship between these structural 
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reported that severe COVID-19 cases are associated with 

unexpected radiologic findings such as central airway 
enlargement, likely reflecting regional overdistension or 

compensatory airflow redistribution. Such dilation is not typical 

of CAP and may relate to the unique vascular and alveolar 
pathophysiology in COVID-19.  Studies also have identified 

mucin abnormalities (MUC5AC/MUC5B) in COVID-19 

airways, implicating mucus plugging in airflow obstruction 
(Meyerholz & Reznikov, 2022), while CAP typically exhibits 

diffuse inflammatory narrowing. These observations are 

supported by recent morphometric studies (e.g., Roig-Marín, 
2024) describing variable bronchial wall geometry and luminal 

irregularity, although these reports often lack quantitative 

segmentation by airway generation or lobar distribution. 
 

This study provides a comprehensive analysis of airway 

remodelling patterns distinguishing COVID-19 from 
community-acquired pneumonia through quantitative CT 

morphometry. These morphometric differences correlate with 

disease severity and offer structural insights into COVID-19's 

unique clinical presentation, particularly the dissociation 

between hypoxemia and lung compliance. The identification of 

distinct remodelling patterns establishes airway architecture as 
an important pathological domain in COVID-19, with potential 

implications for both acute respiratory management and long-

term pulmonary monitoring 

 

MATERIALS AND METHOD  

Ethical Approval 

The CT scans utilized in this study were obtained from the 

publicly available COVID-19 –CT-MD dataset (Afshar et al., 
2021). The original study was conducted in accordance with 

ethical standards guidelines under Certification No. 30013394 

(Concordia University, Montreal, Canada), which approves the 
secondary use of medical data, and written informed consent 

was obtained from all participants by the primary investigators. 

The secondary use of this dataset for the present analysis was 
approved by the Mashreq University Institutional Review 

Board. 

 

Study Population 

146 CT scans of the human’s thorax are utilized in this study. 

The images were classified into three main groups: (1) the 
COVID-19 group, which contains 80 subjects of positive 

COVID-19 pneumonia patients that were confirmed by 

Polymerase Chain Reaction (PCR) testing. Group (2), the CAP 
group, includes 38 subjects diagnosed with Community 

Acquired Pneumonia and confirmed negative for COVID-19 via 

PCR testing. Group (3) contains CT-scans of 28 healthy and 
non-smoking subjects with no history of pulmonary diseases. 

The COVID-19 group was further divided into two subgroups, 

the low severity (LCVD) and the high severity (HCVD), based 
on the COVID-19 phenotype as explained in  Gattinoni et al. 

(2020). The classification was based on the cumulative voxels 

distribution of the CT-scan. Patients with >50% of lung voxels 
exceeding −300 HU (indicating consolidation) were classified as 

HCVD, consistent with Gattinoni’s Type H phenotype. LCVD 

cases showed <30% involvement in −750 to −300 HU ranges. 
The LCVD subgroup contained 42 subjects and the HCVD 

subgroup contained 38 subjects. The selection of the subjects 

were based on three main criteria, (1) no pulmonary disease 
history other than COVID-19 and/or CAP, (2) no airway or 

esophageal intubation, and (3) CT-scan clarity sufficient to 

construct up to the 6th generation of the bronchial tree with 
minimum or no manual editing. 

 

CT Acquisition Parameters 

CT scans generate detailed 3D anatomical representations 

through sequential 2D cross-sectional images (slices). The 

COVID-19 –CT-MD dataset scans were acquired using a 
SIEMENS SOMATOM Scope scanner in axial view with 

helical acquisition.  Images were reconstructed via Filtered Back 

Projection (FBP) with a 512×512 matrix and D40s kernel to 
optimize spatial resolution while minimizing noise. All datasets 

were stored in Digital Imaging and Communications in 

Medicine (DICOM) format with Hounsfield Unit calibration. 

The scanning parameters along with other clinical data statistics 
of the various groups are listed in Table 1. Slice thickness, Peak 

Kilovoltage (kVP), and exposure time are almost the same with 

a few variations in a few CAP cases. Distance of Source to 
detector and Distance of Source to patient, which are 

traditionally referred to as SID and SOD, respectively, are also 

the same in all cases except for a few CAP cases (Afshar et al., 
2021). 

 

Airway Segmentation and Labelling 

The CT-images were imported to the medical image processing 

software Materialize Mimics (v21.0, Materialise NV, Leuven, 

Belgium) for segmentation and 3D reconstruction of the 
bronchial tree of each subject. All the generated 3D models were 

visually inspected by an expert and manually edited when 

necessary to cover up to the 6th generation of the bronchial tree. 
A centreline was eventually generated for each model, which 

will be used for computing the anatomical structural variables. 

The airway branches were labelled in accordance to the geodesic 

atlas-based labelling method of Feragen et al. (2015) as shown 

in Figure 1. An additional bifurcation (not included in the atlas) 

was added to the middle lobe branch R6 and its branches were 
labelled as R11 and R12. 

 
Table 1 Scanning parameters and clinical data of the examined subject groups. 

CT-Scan 

Parameter 

COVID-19 CAP Normal 

LCVD HCVD 

Slice Thickness 

(mm) 

2 2 2 2 

Peak Kilovoltage 

(kVp) 

110-130 110-130 110-120 110 

X-ray Tube 

Current (mA) 

153-343 153-343 94-500 132-343 

SID (mm) 940 940 940-1040 940 

SOD (mm) 535 535 535-570 535 

Exposure values 

(mAs) 

61.2-180.0 61.2-180.0 38.4-175.24 60.4-163.71 

Clinical Data     

Subjects, n 42 38 38 28 

Age, yr 50.0±17.0 50.5±19.5 45.5±24.5 43.0±25.0 

Gender, female 

(%) 

28.2 35.3  47.3 35 

Weigh (Kg). 50±32.5 81±16 84±34 81±29 

 

 
Figure 1: Airway branch labelling schematic following the geodesic atlas-based 

system (Feragen et al., 2015). Branches R11 and R12 labels are not included in the 

atlas. 

 

Morphometric Analysis Variables  

To analyse the effect of COVID-19 on the anatomical structure 

of the bronchial tree, four local structural variables were 

extracted from the 3D models of the examined subjects.  

(1) The hydraulic diameter : This is a significant parameter 

of the pulmonary flow resistance indicating luminal narrowing.  

  (mm) was calculated as: (Choi et al., 2015) 
 

                                                                          (1) 

Where  (mm) is the perimeter of the luminal area and  (mm2) is the luminal 

cross sectional area.  
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(2) The hydraulic ratio : This parameter is a non-

dimensional number represents a dimensionless parameter that 

quantifies the efficiency of airflow through bronchial segments 
by characterizing the relationship between a cross-section's 

hydraulic diameter and its subscribing diameter. 

Mathematically, Xh is calculated as: 
 

                                                                             (2) 

 

Where  (mm) is the hydraulic diameter and  (mm) is the subscribing diameter 

of the airway segment.  

This ratio essentially normalizes the effective luminal diameter 

against its theoretical maximum, providing a standardized 
measure of flow efficiency independent of absolute airway size. 

 

(3) The airway circularity : This non-dimensional number is 
an indication of the heterogeneous airway luminal shape and it 
was calculated as 

 

                                                                           (3) 

where  (mm) is the average luminal diameter, and  (mm) is the perimeter of 

the luminal area.  
 

 was calculated as (Choi et al., 2015) 

 

                                                             (4) 

 

Where  (mm2) is the luminal cross sectional area.  
 

If , this indicates that the luminal cross sectional area has 
a perfect circular shape, and it decreases negatively as the non-

circularity of luminal cross sectional increases.  

 

(4) Airway thickness : This parameter represents the 

volumetric distance metric between opposing surfaces of the 

segmented airway model, reflecting the overall lumen-to-lumen 

distance (in mm) across the bronchial structure. This is a 

triangular based analysis in the 3D space, where  (mm) is 

considered as the distance between one triangular surface of the 
airway model and the opposite shear one. In general, this 

analysis can give a good indication of airway volume distortion.    

Statistical analysis was performed using IBM SPSS Statistics 
(Version 28.0, IBM Corp., Armonk, NY, USA). Continuous 

variables were expressed as mean ± standard deviation (SD) or 

median (interquartile range, IQR) based on distribution 
normality, assessed by Shapiro-Wilk tests. Group comparisons 

for morphometric parameters (Dh, Xh, Cr, and TA) were 

conducted using Kruskal–Wallis tests with post-hoc Dunn-
Bonferroni corrections for non-parametric data. A two-tailed p-

value <0.05 was considered statistically significant. 

 

RESULTS 

 

The Hydraulic Diameter  

The analysis of the Dh average (mm) of the studied groups in 

comparison to the normal group indicates that Dh (mm), in 
general, increased with COVID-19 severity as shown in Figure 

2. HCVD subjects exhibiting the largest airway hydraulic 

diameters, while CAP subjects showed a trend toward decreased 
or minimally altered Dh (mm) compared to Normal subjects. 

However, this effect was not uniform across all regions of the 

lung as shown in Figure 3. These observations were further 
backed by the Kruskal–Wallis tests that were conducted to 

assess the statistical differences in Dh (mm) between the 

examined subject-groups across airway branches. Certain 
branches, particularly in the upper lobes and major airways 

(Trachea, RMB, LMB, and T1), showed significant enlargement 

in COVID-19 subjects (p = 0.002), whereas some branches, 
including L1+2+3, R8, and R9, exhibited no significant dilation 

or even slight reductions. In contrast, CAP was associated with 

either a reduction or minimal change in Dh (mm), suggesting 
distinct structural effects compared to COVID-19. Distal 

branches such as R11, L2, and L5 experienced a significant 

reduction of Dh (mm) (more than 10%) in the case of LCVD 
exceeding that of CAP subjects, whereas the reduction of Dh 

(mm) at these branches in the HCVD group is negligible. In 

addition, direct comparisons between LCVD and HCVD groups 
showed significant Dh (mm) differences in multiple branches, 

particularly large airways and upper lobe branches, but not 

uniformly across all regions. 
  

 
Figure 2: Comparison of average airway hydraulic diameter (Dh (mm)) across 

Normal, community-acquired pneumonia (CAP), low-severity COVID-19 (LCVD), 

and high-severity COVID-19 (HCVD) groups. Error bars indicate standard deviation. 

 

Analysis of lobar and regional effects highlights the 

heterogeneous pattern of Dh (mm) alterations. For example, 
while R1 and R2 of the Right Upper Lobe (RUL) showed 

significant Dh (mm) enlargement in HCVD subjects, R3 

exhibited more moderate changes. The L1+2+3 branch in the 
Left Upper Lobe (LUL) did not show significant Dh (mm) 

increases, indicating that COVID-19 does not uniformly affect 

all upper lobe airways. Dh (mm) alterations were less 
pronounced in the Right Lower Lobe (RLL) and Left Lower 

Lobes (LLL) regions. For example, R8 and R9 of the Right 

Lower Lobe did not exhibit significant change in LCVD or 

HCVD subjects (P = 0.289), whereas,  L7, L8, and L10 of the 

Left Lower Lobe showed mild to moderate increase in Dh (mm) 

(P = 0.036). 
 

The Hydraulic ratio (Xh) 

A systematic evaluation of the Xh patterns across airway 
generations was performed using linear regression analysis, with 

branches ordered anatomically from proximal to distal and 

analysed separately for each lung as shown in Figure 4. This 
approach revealed distinct disease-specific alterations in the 

spatial distribution of airway flow efficiency. 

 
In the right lung, the Normal group exhibited the steepest Xh 

gradient (slope = 0.0092, R² = 0.28), consistent with a structured 

proximal-to-distal tapering of hydraulic geometry. CAP patients, 
in contrast, showed a markedly flattened slope (0.0018) despite 

a similar R² value (0.28), suggesting that Xh remained relatively 

uniform throughout the right-sided airway branches in this 
group. Both LCVD (slope = 0.0068, R² = 0.19) and HCVD 

(slope = 0.0072, R² = 0.26) exhibited intermediate gradients—

less steep than normal but clearly more organized than CAP. 

Notably, HCVD preserved a higher slope and stronger 

correlation compared to LCVD.  
 

In the left lung, although the Normal group retained the same 

slope magnitude (0.0092), the R² value was substantially lower 
(0.099), implying greater anatomical variability or segmentation 

noise. The CAP group again demonstrated a flattened gradient 

(slope = 0.0027) with moderate fit (R² = 0.28), mirroring the 
right lung pattern. For LCVD (slope = 0.0022, R² = 0.044) and 

HCVD (slope = 0.0072, R² = 0.0652), regression fits were poor, 

particularly in LCVD. 
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Figure 3. Difference in average hydraulic diameter (Dh, mm) relative to Normal subjects for each airway branch, comparing community-acquired pneumonia (CAP), low-severity COVID-

19 (LCVD), and high-severity COVID-19 (HCVD) groups. Airway branches are organized according to the geodesic atlas–based labelling system from proximal to distal. Positive values 

indicate airway dilation, while negative values indicate narrowing compared to the Normal reference. * branches with Kruskal–Wallis significance p < 0.005. 

 

 
Figure 4: Linear regression slopes of hydraulic ratio (Xh) plotted against airway 

branch generation for (a) right lung and (b) left lung in Normal, community-acquired 

pneumonia (CAP), low-severity COVID-19 (LCVD), and high-severity COVID-19 

(HCVD) groups. Slopes represent the rate of change in Xh from proximal to distal 

airways, where more negative values indicate greater tapering loss. 

 

Airway Circularity (Cr) 

The Kruskal-Wallis test revealed significant differences in Cr 

among the study groups (H=42.7, p<0.001) as shown in Figure 

5, with post-hoc analysis demonstrating distinct patterns of 
luminal deformation in COVID-19 compared to both CAP and 

normal subjects. Normal airways maintained consistently high 

Cr values (median 0.892, IQR 0.831-0.923), while both disease 
groups showed marked reductions (CAP: median 0.768, IQR 

0.679-0.812; COVID-19: median 0.747, IQR 0.653-0.798; 

p<0.001 for both comparisons). 
The spatial distribution of Cr alterations differed significantly 

between conditions (Kruskal–Wallis H=38.2 for regional 

variation, p<0.001). COVID-19 patients exhibited severe 
proximal airway distortion, with the trachea showing 

significantly lower Cr than both CAP (0.493 vs. 0.814, p=0.002) 

and normal groups (p<0.001). Middle-generation airways in 
COVID-19 demonstrated relative preservation of circularity 

(R6: 0.708 vs. CAP 0.697, p=0.038), while distal airways 

showed greater deformation than CAP in specific segments (L8: 
0.626 vs. 0.724, p<0.001). 

Disease severity significantly influenced Cr patterns in COVID-

19 (H=25.6 for severity stratification, p<0.001). HCVD patients 
had more pronounced Cr reduction than LCVD in upper lobes 

(median 0.681 vs. 0.713, p=0.003) and lower lobes (0.654 vs. 

0.722, p<0.001), but showed less distortion in middle lobe 
segments (0.735 vs. 0.698, p=0.021). CAP patients displayed 

uniformly reduced Cr across all generations (H=7.2 for regional 

variation, p=0.201), with the most significant deviation from 
normal in distal airways (R10: 0.593 vs. normal 0.729, 

p<0.001). 

 

Airway Thickness (TA) 
The integrated analysis of TA (mm) metrics revealed distinct 

structural remodelling patterns across study groups, with particularly 

notable differences emerging between COVID-19 patients and those 

with community-acquired pneumonia (CAP). Although the Kruskal–
Wallis test demonstrated no significant variation in median TA 

values (p=0.189), the post-hoc analysis showed a progressive 

increase from normal controls (5.13) in CAP to (5.25) and a 

reduction in COVID-19 subgroups (LCVD: 5.1; HCVD: 4.75) as 

shown in Figure 6(a). In addition, the dispersion analysis of the TA 

(mm) data through interquartile ranges (IQR) showed no significant 

group differences (p=0.62), with all cohorts displaying almost 

similar variability in airway thickness as shown in Figure 6(b). All 
groups TA (mm) data exhibited positive skewness (Normal: 0.279, 

CAP: 0.231, LCVD: 0.266, HCVD: 0.284). Furthermore, the 

Kurtosis assessment via RMS-to-mean ratios (Normal: 1.217, CAP: 

1.186, LCVD: 1.163, HCVD: 1.207; p=0.39) provided further 

evidence of distinct remodelling patterns as shown in Figure 6(c). 

 

 
Figure 5: Schematic bronchial tree color-coded by average branch circularity (Cr). (a) 

Normal Group, (b) CAP Group, (c) LCVD group, and (d) HCVD group. Significant 

differenced observed at proximal airways (circle), and distal airways (square), while 

central airways circularity remodelling was minor. * branches with Kruskal-Wallis 

significance p < 0.005. 
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Figure 6: Kruskal–Wallis test of airway thickening (TA (mm)) triangular data. (a) Median, (b) IQR, and (c) Kurtosis Proxy 

 

DISCUSSION  

The findings of this study provide a detailed morphometric 

characterization of bronchial airway alterations in COVID-19 
pneumonia compared to community-acquired pneumonia (CAP) 

and healthy controls. The analyses revealed distinct patterns of 

airway remodelling associated with COVID-19, marked by 
heterogeneous changes in Dh (mm), Xh, Cr, and TA (mm). 

These structural changes suggest unique pathophysiological 

mechanisms in COVID-19 that differ from those observed in 
CAP, potentially contributing to the distinct clinical 

manifestations of the disease. 

 
One of the key observations was the significant enlargement of 

hydraulic diameter (Dh (mm)) in COVID-19 patients, 

particularly in those with high disease severity (HCVD). This 
dilation was most pronounced in proximal airways, such as the 

trachea and main bronchi, while distal branches exhibited more 

variable responses, including constriction in some segments. 
This observation is consistent with the CT-based morphometric 

findings of Zaremba et al. (2024), who reported bronchial 

enlargement of the main conducting airways in post-COVID 

patients. In contrast, CAP was associated with either minimal 

changes or slight reductions in Dh (mm), indicating a 

fundamentally different pattern of airway involvement, a pattern 
that is also consistent with earlier CT studies in bacterial 

pneumonia, such as Yu et al. (2024), which described uniform 

airway wall thickening and luminal narrowing in CAP. 
The heterogeneity in Dh (mm) alterations across airway 

generations suggests that COVID-19 does not uniformly affect 

the bronchial tree but rather targets specific regions, possibly 
due to localized inflammatory or vascular injury (Ibrahim & 

Hassan, 2022; Karakasis et al., 2024). The preservation of Dh 

(mm) in certain distal branches, alongside significant proximal 
dilation may reflect compensatory mechanisms or differential 

susceptibility of airway segments to SARS-CoV-2 infection. 

 
The hydraulic ratio (Xh), which reflects airflow efficiency, 

exhibited distinct spatial patterns across disease groups. Normal 
subjects displayed a steep proximal-to-distal gradient, consistent 

with physiological tapering of airways (Kuo et al., 2020). CAP 

patients, however, showed a flattened gradient, indicating a loss 
of structural differentiation. COVID-19 patients exhibited 

intermediate slopes, with HCVD preserving a more organized 

gradient than LCVD, suggesting a potential remodelling 
response that partially maintains airflow efficiency despite 

disease severity. Those findings are supported by many previous 

radiological and autopsy studies suggesting that SARS-CoV-2 
primarily damages pulmonary vessels, causes airway wall 

swelling along the way and results in pulmonary interstitial and 

alveolar edema in the end (Ackermann et al., 2020; Xu et al., 
2021). Notably, the left lung demonstrated greater heterogeneity 

in Xh patterns, particularly in mild COVID-19 cases, which may 

reflect asymmetrical disease progression or anatomical 
variations in airway susceptibility. These findings align with 

clinical observations of uneven lung involvement in COVID-19 

(Gosangi et al., 2022; Haseli et al., 2020) and highlight the 

importance of regional assessments in understanding disease 

pathology. 

 
Airway circularity further underscored the divergent 

remodelling patterns between COVID-19 and CAP. While CAP 

was associated with generalized increases in Cr, indicating more 
uniform luminal expansion, COVID-19 exhibited a 

heterogeneous response, with some airways showing increased 

circularity and others demonstrating significant reductions. This 
non-uniform remodelling suggests that COVID-19 induces 

localized geometric distortions, possibly due to asymmetric 

inflammation, thromboembolic events, or parenchymal traction 
as observed in many previous autopsy studies (Deshpande, 

2020; Helmrich et al., 2020). The reduction in Cr in the left 

main bronchus and lower lobe branches aligns with prior 
observations in obstructive airway diseases, where geometric 

distortions increase resistance and impair ventilation  

(Maghsoudi-Ganjeh et al., 2021). In COVID-19, this may 
exacerbate hypoxemia by disrupting laminar flow and 

promoting turbulent airflow, particularly in severe (HCVD) 

cases with concomitant vascular pathology (Ramakrishnan et al., 

2021). 

 

The analysis of airway thickness revealed another layer of 
divergence between COVID-19 and CAP. While CAP was 

associated with mild diffuse airway thickening consistent with 

inflammatory infiltration, as previously observed in bacterial 
pneumonia structural imaging studies (Franquet, 2011), 

COVID-19 exhibited progressive airway thinning in severe 

cases, particularly affecting distal segments. Post-COVID 
follow-up CT studies have documented such evolving patterns 

of airway deformation—initial wall thickening followed by 

distal narrowing and architectural distortion (Caruso et al., 2021; 
Han et al., 2021). Coupled with our preservation of 

heterogeneity in morphometric metrics, this suggests a dual 

process involving generalized atrophy and focal thickening, 
potentially driven by endothelial injury and microthrombi, as 

demonstrated in histopathologic analyses of COVID-19 lungs 
(Ackermann et al., 2020) and supported by pulmonary diffusion 

abnormalities linked to vascular involvement (Frija-Masson et 

al., 2021). The paradoxical combination of diffuse thinning and 
localized thickenings may underlie the unique clinical course of 

COVID-19, where patients often present with severe hypoxemia 

despite relatively preserved lung mechanics (Swenson et al., 
2021). 

 

This study highlights the unique morphometric signature of 
COVID-19 airway remodelling, characterized by proximal 

dilation, heterogeneous geometric distortions, and diffuse wall 

thinning with focal thickenings. Such quantitative airway 
morphometry analysis may inform clinical decisions. Our 

quantitative airway analysis provides clinically actionable 

insights beyond descriptive characterization. For COVID-19 
patients with hypoxemia, the observed proximal airway dilation 

and disrupted tapering patterns suggest that non-invasive 

respiratory support (NIV/CPAP or HFNO) could be optimized 
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by accounting for these structural changes when titrating flow 

and pressure parameters (Gorman et al., 2021; Weerakkody et 
al., 2022). The identification of distal ventilation-perfusion 

maldistribution through morphometric analysis may help select 

candidates most likely to benefit from awake prone positioning 
(Weatherald et al., 2022). In patients exhibiting CAP-like 

morphometric patterns characterized by diffuse airway 

narrowing, adjunctive airway-clearance techniques represent a 
rational therapeutic approach, though evidence for 

pharmacologic interventions remains limited (Belli et al., 2021). 

Importantly, our findings align with growing evidence that post-
COVID airway remodelling, detectable through quantitative CT 

metrics, correlates with persistent pulmonary dysfunction 

(Colombi et al., 2023; Jia et al., 2022). This supports the 
potential role of generation-specific morphometry in long-term 

monitoring and risk stratification.  

 
The findings in this study advance our understanding of 

COVID-19’s pathophysiology and suggest that airway 

involvement may play a critical role in disease manifestations 

and outcomes. However, the mechanistic interpretations in this 

study remain hypotheses. While our morphometric data are 

consistent with prior pathological and imaging observations, 
direct histological or functional confirmation was beyond the 

scope of this study. Future research should focus on correlating 

these structural changes with functional assessments and 
exploring targeted interventions to mitigate airway remodelling 

in COVID-19 patients. 

 

Several important limitations must be considered when 

interpreting the findings of this study. First, despite standardized 
reconstruction protocols, potential inter-scanner variability in 

the open-source dataset may introduce measurement bias, 

particularly for subtle morphometric changes. In addition, the 
smaller CAP cohort (n=38 vs. COVID-19 n=80) reduces 

statistical power for detecting modest between-group 

differences. Another limitation is the reliance on clinical CT 
scans with 2-mm slice thickness, which fundamentally 

constrains the accurate assessment of small airways beyond 

generation 6, potentially introducing measurement errors due to 

partial volume effects, particularly for distal airways 

approaching the scanner's resolution limit. The semi-automated 

airway reconstruction process, while necessary for quality 
control, may inadvertently normalize natural anatomical 

variations through manual editing and centreline generation 

algorithms that smooth out subtle pathological changes. In 
addition, the cross-sectional design cannot account for the 

temporal evolution of airway remodelling during different 

disease phases or potential recovery patterns, limiting our 
understanding of whether observed changes represent transient 

inflammation or permanent structural alterations.  

While the study identifies distinct geometric patterns, the lack of 
correlation with pulmonary function tests or detailed symptom 

profiles makes it challenging to assess the clinical significance 

of these structural changes. The classification system may, 
therefore, oversimplify COVID-19's known clinical 

heterogeneity, and the potential influence of uncontrolled 

scanner parameters, including variations in kVp and mAs across 
subjects, introduces additional uncertainty in measurements. 

Furthermore, the absence of histopathological correlation leaves 

the biological mechanisms underlying the observed remodelling 
patterns somewhat speculative. These limitations highlight the 

need for future studies incorporating higher-resolution imaging, 

longitudinal assessments, and comprehensive clinical correlation 
to better understand the full spectrum of COVID-19's airway 

pathology and its functional consequences. 

 

Conclusion  

This comprehensive analysis of airway structural remodelling in 

COVID-19 pneumonia reveals distinct patterns of bronchial 
alteration that differ fundamentally from those observed in 

community-acquired pneumonia. Through systematic evaluation 

of Dh, Xh, Cr, and TA across multiple bronchial generations, 
this research has identified a characteristic signature of COVID-

19 airway pathology characterized by proximal preservation 

with distal involvement, diffuse wall thinning with focal 

thickenings, and heterogeneous geometric remodelling.  These 
divergent remodelling signatures suggest that COVID-19 

impacts airway mechanics through mechanisms beyond those 

seen in bacterial pneumonia, potentially involving vascular 
injury, parenchymal traction, or differential inflammatory 

responses. The pronounced distal airway inefficiency and 

geometric deformation observed in COVID-19 may contribute 
to impaired ventilation, increased airway resistance, and the 

clinical features of silent hypoxemia. While the study has 

limitations related to resolution constraints and cross-sectional 
design, the consistent patterns observed across multiple airway 

parameters provide compelling evidence for COVID-19's unique 

bronchial involvement. Future research should focus on 
correlating these structural changes with longitudinal clinical 

outcomes, developing optimized imaging protocols for airway 

assessment, and investigating targeted interventions to prevent 
or mitigate COVID-19-related airway remodelling. The findings 

underscore the importance of considering airway pathology in 

both acute management and long-term follow-up of COVID-19 

patients, and suggest that comprehensive respiratory evaluation 

in this population should include assessment of both proximal 

and distal airway function. 
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