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Summary
Background Small airways (<2 mm diameter) are major sites of airflow obstruction in chronic obstructive pulmonary
disease (COPD). This study aimed to quantify the impact of small airway disease, characterized by narrowing, oc-
clusion, and obliteration, on airflow parameters in smokers and end-stage patients with COPDs.

Methods We performed computational fluid dynamics (CFD) simulations of inspiratory airflow in three lung groups:
control non-used donor lungs (no smoking/emphysema history), non-used donor lungs with a smoking history and
emphysema, and explanted end-stage COPD lungs. Each group included four lungs, with two tissue cylinders. Micro-
CT-scanned small airways were segmented into 3D models for CFD simulations to quantify pressure, resistance, and
shear stress. CFD results were benchmarked against simplified linear and Weibel models.

Findings CFD simulations showed higher pressures in COPD vs. controls (p = 0.0091) and smokers (p = 0.015), along
with increased resistance (p = 0.0057 vs. controls; p = 0.0083 vs. smokers) and up to a tenfold rise in shear stress
(p = 0.010 vs. controls). Narrowing and occlusion were shown to independently increase pressure, resistance, and
shear stress, which were validated through segmentation corrections. Pressures and resistance assessed with
simplified models were up to seven-fold higher for smokers and even 72 higher for COPD compared with CFD
values.
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Interpretation These findings show that increased airflow parameters can explain the association between small
airway disease and airflow limitation in COPD, underscoring small airway vulnerability. Additionally, they highlight
the limitations of theoretical models in accurately capturing small airway disease.

Funding Supported by the KU Leuven (C16/19/005).

Copyright © 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Chronic obstructive pulmonary disease (COPD); Small airway disease; Computational fluid dynamics
(CFD); Airway remodelling; Airway resistance; Obstruction
Research in context

Evidence before this study
Studies using the retrograde catheter technique have
demonstrated that small conducting airways, less than 2 mm
in internal diameter, are the primary site of airflow
obstruction in patients with severe chronic obstructive
pulmonary disease (COPD). Subsequent investigations have
established a strong association between small airway disease
and lung function decline, emphasizing its critical role in
COPD progression. However, these studies have primarily
focused on broad clinical correlations and lack detailed
insights into the underlying biomechanical mechanisms. To
date, no study has explicitly simulated the interplay between
airflow dynamics and small airway disease to quantify its
impact on flow parameters, such as pressure, resistance, and
wall shear stress, which are essential to understanding the
progression of airflow limitation in COPD.

Added value of this study
This study introduces an approach that combines high-
resolution microCT imaging and computational fluid
dynamics (CFD) to provide direct evidence that small airway
disease—characterized by narrowing, occlusion, and
obliteration—is a major driver of increased airway pressure,
resistance, and wall shear stress in smokers and patients with
COPD. Our analysis identifies the direct role of specific small

airway structural abnormalities in worsening airflow
dynamics, contributing to a self-perpetuating cycle of
increased resistance, driving pressure, and shear rates that
likely damage the airway epithelium through high wall shear
stresses. Moreover, we demonstrate the limitations of
simplified mathematical models, such as linear and Weibel-
based models, which underestimate key airflow parameters
compared to 3D CFD models, particularly in smokers and
COPD patients.

Implications of all the available evidence
Our findings underscore the impact of small airway disease on
airflow dynamics in COPD, highlighting its role in driving
increased resistance, pressure, and wall shear stress. These
results provide deeper insight into the interplay between
small airway structural abnormalities and airflow limitations,
enhancing the understanding of COPD progression.
Additionally, the demonstrated limitations of traditional
morphometric models emphasize the need for advanced 3D
modelling approaches, such as those integrating micro-CT
imaging and CFD, to accurately assess small airway disease.
Future research should prioritize these methodologies to
refine therapeutic strategies and improve the design of
inhaled drug delivery systems targeting small airways,
potentially modifying disease progression in its earlier stages.
Introduction
Chronic Obstructive Pulmonary Disease (COPD) stands
as a significant obstructive lung disease, ranked as the
third leading cause of mortality.1 The aetiology of COPD
primarily traces back to prolonged exposure to toxic
gases and particles, predominantly stemming from
cigarette smoking,2 which results in progressive
inflammation and damage to the alveoli and alveolar
ducts (emphysema), as well as obstructive changes of
the peripheral conducting airways. Eventually, this re-
sults in an irreversible obstructive airflow decrease and
increased airway pressure and resistance causing the
lung function to decline.3

Resistance to flow through tubes, such as airways, is
inversely proportional to the square of their cross-
sectional area. Consequently, the large airways from
the 3rd to 5th generation, which have the smallest total
cross-sectional area (2.0–2.5 cm2),4 have the most sig-
nificant impact on lung function.5 Although small air-
ways have a diameter less than 2 mm, their collective
contribution to resistance is minimal due to the pres-
ence of about 28,000 terminal bronchioles, which re-
sults in a large total cross sectional area,6 lowering their
overall resistance.7 As such, it was generally accepted
that the primary site of airway resistance lies within
central airways, with small airways contributing less
than 10% to the total airway resistance under normal
conditions.5 For this reason, small airways are often
referred to as the “silent zone” of the lung,8 where dis-
ease might accumulate for many years with very little
effect. Direct measurements of the distribution of
resistance by Hogg et al.9 showed that peripheral airway
www.thelancet.com Vol 114 April, 2025
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resistance increased by a factor of four to 40 in patients
with COPD, suggesting that there is significant flow
obstruction and involvement of small airways in COPD.
They characterised small airway disease by pathological
obstructions, such as mucus plugging, which leads to
partial or total occlusion of the airway lumen, as well as
narrowing and obliteration of the small airways. Subse-
quent studies have established that small airways are the
predominant site of airflow obstruction in COPD.3,10,11 By
use of micro-CT on fixed and dried lung samples,
McDonough et al.12 showed a significant loss of small
airways in end-stage COPD, with only 10% of small air-
ways remaining. They concluded that both narrowing
and loss of small airways likely account for the increased
resistance reported in patients with COPD.

Although structural changes in small airways, such
as narrowing and loss, are linked to increased resistance
and COPD progression, yet their broader impact on
airflow dynamics remains unclear. Quantitative analysis
of key parameters, including pressure, velocity gradients
(shear rate), and particularly flow-induced shear stress
along the airway wall, is still lacking. This gap has
underscored the need for integrating fluid flow model-
ling tools, with computational fluid dynamics (CFD)
being particularly valuable for simulating and quanti-
fying these parameters. By solving the equations of fluid
flow, CFD tools enable the visualization and assessment
of airflow characteristics in both healthy and diseased
states. However, early CFD studies13–15 were constrained
by the resolution of high-resolution CT (HRCT) scans,
which restricted modelling to larger airways, leaving the
small airways unexplored. To address this limitation,
some researchers5,16 adopted simplified morphometric
models, such as Weibel’s,4 with basic flow models like
Poiseuille model17 to calculate airway resistance and
pressure. But whether these approaches really capture
the complexity and deformable nature of small airways,
particularly in COPD is not certain.

This study aimed to investigate whether narrowing,
occlusion, and loss of small airways significantly in-
creases flow parameters in smokers and patients with
end-stage COPD. We hypothesize that small airway
disease alters airflow parameters, such as pressure,
resistance, and shear stress, which may, in turn, pro-
mote further small airway disease progression. Using
CFD, we simulated inspiratory flow through recon-
structed small airways from lung samples of control
donors, smokers, and patients with COPD, assessing
changes in pressure, resistance, shear rate, and shear
stress. Integrating micro-CT morphological analysis
with CFD enabled us to compare airflow parameters
within the same lung sample under both normal and
diseased conditions, providing direct insights into the
impact of small airways disease. Furthermore, as a po-
tential support for optimization of drug delivery in
COPD, the accuracy of simplified models like a linear
model (derived from average micro CT dimensions) and
www.thelancet.com Vol 114 April, 2025
the Weibel-A model4 to predict pressure and resistance
was evaluated in comparison with the CFD results.
Methods
Human lung sampling, micro CT scanning and
segmentation of small airways
This study included 12 lungs divided into three groups
(4 lungs/group): 1) a control group consisting in donor
lungs discarded for non-pulmonary reasons, 2) a smoker
group of donor lungs with known smoking history and
declined for transplantation due to emphysema after
surgical evaluation, collapse test and confirmed by
macroscopic evaluation, CT and histology, 3) a COPD
group of explant lungs from patients transplanted for
end-stage COPD, free of infections or cofounding dis-
eases. All groups were age, sex, and lung side matched as
closely as possible. Written informed consent was ob-
tained from patients with COPD at listing. Lung collec-
tion adhered to the McDonough et al. protocol (Fig. 1a).12

A micro CT scan with a pixel resolution of 10 μmwas
performed on selected lung cylinders (two/lung, one
from the upper lobe and one from the lower) using a
Skyscan 1172 (Skyscan, Kontich, Belgium) to produce
high-resolution images of the small airways (Fig. 1b).
The selection of the cylinders was primarily based on a
key criterion that for an airway tree spanning several
generations, all segments must terminate in a terminal
bronchiole located within a lung cylinder, with terminal
bronchiole serving as the outlet for accurate CFD anal-
ysis. Semi-automated segmentation of the airway lumen
within these cylinders was conducted using ITK-SNAP
(Fig. 1c)18 up to the terminal bronchioles, the point of
transition to respiratory bronchioles, as previously
described.19 Micro CT images of each segmentation
were analysed to quantify the terminal bronchioles and
to distinguish between obstructed and non-obstructed
airways. Non-obstructed terminal bronchioles allowing
airflow were designated as ‘outlets’. The highest small
airway segment of that small airway tree was designated
as the “inlet” (Fig. 1c–e).

Geometry and computational mesh generation
The 3D small airways segmentations were further
refined with 3-matic software (Materialise, Haasrode,
Belgium) to enhance quality and then used to create
Computer-Aided Design (CAD) models in Ansys Space
Claim 2024 R1 (Ansys Inc., Canonsburg, PA) (Fig. 1d).
These CAD models were analysed to quantify geometric
parameters, including the number of airway branches
segmented, the inlet section’s cross-sectional area and
perimeter, essential for setting boundary conditions and
mesh generation (Supplementary Table S1). Since the
airway lumen is not perfectly circular, the hydraulic
diameter was calculated as an effective measure, defined
as the cross sectional area divided by four times the
wetted perimeter.20
3
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Fig. 1: Procedure for airflow modelling of small airways: inflated lungs (a) were sectioned into 2 cm slices, from which 2 tissue cylinders/
lung with a diameter of 1.4 cm were selected. Micro-CT scans of these cylinders (b) were used to segment and analyse small airway
disease. The segmented airways were further analysed (c) and converted into three-dimensional (3D) computer-aided design (CAD) models (d)
for computational fluid dynamics (CFD) simulations. A computational mesh was then constructed from the CAD model (e), defining boundary
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Computational grids for airflow simulations were
then generated using poly-hexacore volume meshes
created in Ansys Fluent Meshing 2024 R1 (Fig. 1e).
These grids divided the geometry into computational
cells to capture flow dynamics accurately.

Model assumptions and boundary conditions
Inspiratory flow simulations assumed laminar,
isothermal, and incompressible flow. The three-
dimensional, steady-state Naiver-Stokes and continuity
equations for a Newtonian fluid21 were solved using
ANSYS Fluent 2024R1 (Ansys Inc., Canonsburg, PA).
Pressure-velocity coupling was managed with the pres-
sure implicit with splitting of operator (PISO) algo-
rithm, and a fully implicit second-order upwind scheme
was employed to solve the discretized equations.

Accurate airflow simulation requires precise bound-
ary conditions to control air entry, exit, and wall in-
teractions. Three boundary conditions were applied:
inlet flow rate (mL/s), constant outlet pressure, and fixed
no-slip walls. Due to high viscous forces in small-calibre
airways, a laminar flow regime was assumed, with a
baseline Reynolds number (Re) of 55 for all inlet flows,
as calculated by Nowak et al.14 Consequently, the inlet
velocity and flow rate was calculated from Re formula.21

(Supplementary Table S2). Uniform pressure was set for
all outlets, reflecting the assumption that small airways
of similar size maintain similar pressure.9 Convergence
is defined for continuity and momentum when re-
siduals fell below than 10−6.

Assessment of small airway disease
CFD analysis was conducted to quantify changes in
pressure, velocity gradients (shear rate), wall shear stress,
and resistance (calculated as the pressure-to-inlet flow
rate ratio) caused by specific presentations of small
airway disease, such as narrowing and occlusion. To
further evaluate the impact of these abnormalities, areas
of airway narrowing and obstruction were reversed using
segmentation software. For obstructions, the continua-
tion of the airway beyond the blockage was identified on
micro-CT images, enabling the reconnection of obliter-
ated sections to the airway tree. This approach allowed
direct comparisons of flow parameters within the same
core under both obstructed and unobstructed conditions.

Linear modelling of small airways
Airway resistance and pressure between CFD findings
and simplified small airway models were compared on
one representative core from each group. The first
simplified model is derived from the 3D-CAD models
(Fig. 1d) where a simplified ‘node and segment’
conditions for the inlet and terminal (outlet) branches. CFD simulations (
stress within the small airways. (g) Simplified linear models, including th
assigning micro-CT-based diameters and lengths to each airway branch fo
of branches per model was maintained, while the length, diameter, and

www.thelancet.com Vol 114 April, 2025
structure was created, with each line representing a
branch and each node indicating a bifurcation point
(Fig. 1g). Average diameter and length were assigned to
each branch, allowing airflow simulation using the
Poiseuille equation,17 implemented in C++, for calcu-
lating pressure difference and resistance. This model,
where airway dimensions are derived directly from
micro-CT scans, is referred to as the ‘linear’ model. The
second simplified model, based on the Weibel-A model,4

assigned uniform diameters and lengths to airway
branches within each generation. To illustrate these
differences, we plotted branch diameters from both
simplified models for each group.

Statistics
Statistics were conducted using Prism 10 (GraphPad,
USA). Normality was assessed with the D’Agostino and
Pearson tests, and results are expressed as mean (±SEM).
Group comparisons were made using one-way ANOVA,
followed by Tukey’s multiple comparisons post-hoc test.
p-values less than 0.05 were considered significant.

Ethics
This study was approved by the Ethical Committee UZ
Leuven (S52174/S63978). Donor lung collection fol-
lowed Belgian law’s opt-out system, allowing use for
research if deemed unsuitable for transplant.

Role of funders
Funders had no active role in this research or the
writing of this manuscript.
Results
Patient characteristics and small airway
morphometrics
Patient characteristics and small airway segmentation
data from lung cylinders are presented in Table 1. There
were no differences in age, height, and weight between
the groups. Small airway was significantly reduced by
53% in patients with COPD compared to controls
(p = 0.024). Similarly, the number of outlets decreased
by 47% (p = 0.014), and the hydraulic diameter by 63%
(p = 0.038).). No significant morphological changes were
found in smokers compared to other groups.

Fluid dynamics of control, smoker and COPD small
airways
Inspiratory flow simulations showed a five-to sevenfold
increase in pressure in small airways of the COPD
group (1.43 ± 0.84 cm H2O) compared to the smoker
(0.28 ± 0.10 cm H2O; p = 0.015) and control group
f) quantified flow parameters, including pressure, velocity, and shear
e Weibel symmetrical model, were derived from the CAD models by
r airflow simulation. For the Weibel symmetrical model, the number
symmetry were aligned with Weibel data.

5
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Control Smoker COPD p-value

Number of patients/lungs 4 4 4

Number of cores 8 8 8

Sex (Male/Female) 3/1 3/1 3/1 1.00

Age (years) 65 ± 6 48 ± 62 58 ± 4 0.21

Height (cm) 166 ± 1 176 ± 5 167 ± 3 0.19

Weight (kg) 72 ± 5 78 ± 97 55 ± 47 0.11

Nonsmoker/former/smoker(n) 4/0/0 0/0/4 0/4/0 <0.005

Smoking history (pack years) NA All active smoking 26 ± 11

Lung function

FEV1 (%pred) NA NA 31 ± 3

FVC (%pred) NA NA 70 ± 5

FEV1/FVC (%pred) NA NA 36 ± 5

TLC (%pred) NA NA 118 ± 3

DLCO (%pred) NA NA 38 ± 1

HRCT ex vivo

Left/right (n) 2/2 1/3 2/2 0.41

Explant lung volume(l) 2.8 ± 0.3 3.4 ± 0.2 3.4 ± 0.4 0.42

Lung density (g/l) 97 ± 3 93 ± 9 98 ± 2 0.89

Total airways 180 ± 45 144 ± 28 130 ± 3 0.38

% emphysema score <1 10 ± 5 57 ± 8 <0.005

Small airway characteristics

Inlet diameter 1.2 ± 0.1 1.0 ± 0.1 0.7 ± 0.1 0.037

Number of segments 22.6 ± 2.6 18.3 ± 2.9 12.0 ± 1.8 0.031

Number of outlets 11.8 ± 1.4 9.6 ± 1.4 5.5 ± 1.1 0.017

Number of generations 5.6 ± 0.3 5.3 ± 0.3 4.3 ± 0.3 0.027

COPD: chronic obstructive pulmonary disease. GOLD: global initiative for chronic obstructive pulmonary disease.
FEV1: forced expiratory volume in 1 s. FVC: forced vital capacity post-bronchodilator. FVC: Forced vital capacity.
DLCO: diffusing lung capacity for carbon monoxide. NA: not available. HRCT: high resolution computer
tomography. %pred: percentage of predicted value. Bold values indicate statistical significance (p < 0.05).

Table 1: Patient characteristics and data on small airway segmentation: Values are given as
mean ± standard error of the mean (SEM).
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(0.19 ± 0.05 cm H2O; p = 0.009), respectively (Fig. 2a–d).
Small airway resistance was elevated in COPD
(2.75 ± 1.56 cmH2O.sec/mL) vs. the smoker (0.41 ± 0.10
cmH2O.sec/mL; p = 0.0082) and control group
(0.25 ± 0.10 cmH2O.sec/mL; p = 0.0047) (Fig. 2b). The
maximum shear stress on the airway wall in the COPD
group (0.24 ± 0.11 cm H2O) significantly increased
fourfold vs. the control group (0.06 ± 0.02 cm H2O;
p = 0.01) (Fig. 2c–e). No significant differences in
pressure, resistance, and shear stress were observed
between smokers and controls.

Fluid dynamics of small airway of narrowing and
occlusion
The widespread narrowing, occlusion, and loss of small
airways in COPD and, to a lesser extent, in smoker cores
made it challenging to isolate the effects of specific ab-
normalities. To address this, we systematically corrected
airway models to a presumed healthy state, enabling direct
comparisons of flow parameters between diseased and
unobstructed conditions. This approach was applied across
cases of narrowing, localized occlusion, and more severe
obstructions.
An example of narrowing in a COPD cylinder showed
a reduction in the hydraulic diameter of the inlet branch
from 0.53 mm to 0.26 mm (Fig. 3a and b). Under the
same flow conditions, the narrowed model required
more than double the driving pressure and resistance of
the corrected version, reaching 1.07 cm H2O and
2.42 cm H2O.s/mL, respectively (Fig. 3c). Velocity and
velocity gradients increased sharply at the narrowing site
(Fig. 3d), and wall shear stress more than doubled
(Fig. 3e; see also Supplementary Video S1). Occlusion
observed in a COPD cylinder, where airflow was
completely blocked within a branch (Fig. 4a) showed that
compared to a restored version with unobstructed
airflow (Fig. 4b), the pressure and resistance more than
doubled to sustain the same flow rate in the occluded
model (Fig. 4c–e). Maximum shear stress on the airway
wall tripled, rising from 0.20 cm H2O to 0.61 cm H2O
(Fig. 4d and e, see also Supplementary Video S2). In a
smoker’s cylinder with three distinct occlusions present
in small airways preceding the terminal bronchioles
(Fig. 5a), a fully functional model without obstructions
(Model I) was first developed in which occlusions were
progressively reintroduced, leading to a series of models
representing increasing severity according to the num-
ber of obstructions (Fig. 5b). Each obstruction resulted in
a marked increase in pressure and airway resistance.
Pressure increased from a baseline of 0.27 cm H2O in
the unobstructed model to 1.50 cm H2O in the
fully obstructed state, while resistance rose from
0.27 cm H2O.s/mL to 1.50 cm H2O.s/mL. Additionally,
shear stress increased eightfold in the most obstructed
state (Fig. 5c–e). Fig. 5c, display the corresponding
pressure and wall shear stress contours, respectively, see
also Supplementary Video S3). Multiple obstructions and
narrowing were also observed in another smoker’s
airway cylinder, where the small airway exhibited nar-
rowing and bending due to complete occlusion in an
adjacent larger airway (Supplementary Fig. S1). In the
most severe cases of small airway disease in COPD cyl-
inders, total obliteration of all small airways was evident,
leaving no functional airways and preventing CFD sim-
ulations (Supplementary Fig. S2).

Comparing CFD simulations with linear and weibel-
based models of small airways
The average diameters of small airways from micro-CT
scans were compared with those from the Weibel-A
model for the same generations (Fig. 6a).

In control cores, 3D simulations showed approxi-
mately twice the pressure and resistance values of the
linear and Weibel models, which produced similar re-
sults. For smokers, 3D simulations showed two-and-a-
half times higher pressure and resistance than the
linear model and seven times higher than the Weibel
model. The largest differences were observed in COPD
cores, where 3D simulations showed pressure and
resistance values five times higher than the linear model
www.thelancet.com Vol 114 April, 2025
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and seventy-two times higher than the Weibel model
(Fig. 6b and c). This trend of increasing deviation be-
tween the 3D CFD simulations and the simplified
models persisted across all generations and groups
(Supplementary Fig. S3).
www.thelancet.com Vol 114 April, 2025
Discussion
This study highlights the critical interplay between small
airway disease and airflow dynamics. CFD simulated the
inspiratory flow within small airways, capturing changes
in flow parameters due to small airway disease, including
9
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narrowing and occlusion. These alterations led to in-
creases in pressure, resistance, and wall shear stress.
Already within smokers, subtle changes have had an
impact on airflow dynamics and may contribute to dis-
ease onset and progression. Within COPD, small airway
disease substantially compromises airflow parameters,
explaining the association with airflow limitation. This
study also emphasized that realistic three-dimensional
simulation of small airways and not simplified linear
and symmetrical models with average diameters, length
and number of airway branches, are essential to evaluate
the impact on airflow dynamics of small airways.
www.thelancet.com Vol 114 April, 2025
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Fig. 6: Comparative analysis of the diverse computational models of small airways: (a) Comparison of small airway diameters derived
from micro-CT with corresponding Weibel-A model values across different generations in control, smoker, and COPD samples, based on
a representative core from each group (b) Pressure and (c) resistance comparison between the 3D, linear, and Weibel models for control,
smoker, and COPD airways.
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Our results support and extend earlier studies9–11 that
used the retrograde catheter technique to measure small
airways resistance, providing new quantitative evidence
that small airway disease is a primary cause of increased
pressure, and wall shear stress in end-stage COPD.
Furthermore, a significant reduction in small bronchi-
oles along with widespread narrowing in COPD sam-
ples compared to controls were observed consistent with
previous reports.12 In smoker lungs, there were no sig-
nificant morphological alterations compared to controls,
but simulation of two smoker small airways revealed
significant increases in airflow attributed to small airway
disease. These findings support the hypothesis that
small airways may represent one of the earliest sites of
airflow limitation, emphasises the significance of early
detection and intervention in COPD. In the early stages
of COPD, peripheral resistance can increase with min-
imal impact on total lung resistance,9 suggesting that
patients may exhibit normal lung function despite sub-
stantial small airway disease. A previous study22 has
indeed shown that even in mild COPD, patients may
have already lost approximately 56% of their terminal
bronchioles.

The relative importance of small airway disease in
lung function decline has been widely debated. In this
study, we provided direct evidence that small airway
disease is a primary factor in increasing airway resis-
tance, driving pressure, and wall shear stress in COPD.
Furthermore, these findings offer insight into how
elevated resistance, pressure, and shear stress in small
airways may contribute to airflow limitation in COPD.
This can be demonstrated by considering airflow
through typical bronchial bifurcations. In a scenario
where one branch becomes totally occluded, airflow
would be redirected entirely through the remaining
open branch. Although resistance in the open branch
remains constant due to unchanged dimensions, the
increased flow rate necessitates a higher driving pres-
sure to maintain airflow, as this pressure difference
depends on the product of airway resistance and flow
rate. This effect was particularly evident in one smoker
sample, where gradually losing small airways alone
contributed to elevated driving pressures. In COPD and
severe emphysema, the disappearance of a large num-
ber of small bronchioles buffers a downward shift in
small airways diameter.23 Since resistance is inversely
proportional to the fourth power of airway diameter,
even minor reductions in diameter require much higher
driving pressures to sustain airflow.5 This process also
drives marked increases in wall shear stress, which rises
proportionally with both shear rate and pressure. Our
analysis revealed that shear stress levels in COPD were
ten times higher than in controls and five times higher
than in smokers. These findings align with Nucci et al.,24

who observed that airway constriction can significantly
amplify shear stress, potentially increasing it up to
50-fold in severe chronic conditions. These elevated
shear stress levels can initiate a cascade of tissue re-
sponses, including inflammation, tissue damage, and
progressive airway remodelling.24–26 A key example of
this stress response is connective tissue formation at the
epithelial interface as an immune-mediated protective
mechanism against shear stress.27,28 Considering that a
substantial amount of conducting small airways become
lost or narrowed, the remaining functional airways
increasingly struggle to maintain normal ventilation.
This deterioration initiates a self-perpetuating cycle:
higher resistance demands supraphysiological pressures
for ventilation, which in turn elevate shear stress and
accelerate small airway disease. These processes, com-
pounded by emphysema and the loss of alveolar
attachment, contribute to COPD progression and lung
function decline.29,30 This analysis aligns with estab-
lished findings that COPD progression is associated
with airway wall thickening, lumen narrowing and loss
of small airways.3,22

This study also emphasizes the importance of real-
istic morphometric models for studying airflow dy-
namics within small airways, particularly in diseased
states. Nowak et al.14 previously highlighted this need in
larger airways when investigating particle deposition for
drug delivery, showing that the Weibel model-A fails to
capture the complexity of airflow compared to CT-based
models. Similarly, our comparative analysis of mea-
surements based on micro CT-based, linear, and Weibel
geometries reveals that simplified models, though
adequate for healthy lungs morphometry, produce sig-
nificant inaccuracies in diseased conditions. In
smokers, subtle airway narrowing and deformation lead
to underestimation of pressure and resistance, while in
COPD, severe pathological changes further exacerbate
these inaccuracies. The primary reason for the failure of
simplified models is their inability to capture the
structural changes of small airways, which can only be
achieved through micro-CT imaging.

In conclusion, the increased driving pressure and
shear stress resulting from elevated resistance due to
small airway disease likely add to the progress of small
airway disease and early airflow limitation in COPD,
and perhaps even prior to measurable declines in lung
function. Importantly, our study emphasizes the limi-
tations of simplified airway models and highlights the
need to consider reliable model based on micro-CT that
reveals small airway disease in future research, espe-
cially in the design of inhaled drug delivery therapies for
COPD treatment.

Limitations
This study focused on airflow in small airways to
emphasize their critical role in COPD. While this
approach highlights the impact of small airway disease,
future research should examine the entire airway tree to
better understand lung physiology, particularly in-
teractions between small and large airways during
www.thelancet.com Vol 114 April, 2025
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ventilation. Achieving this will require next-generation
imaging tools capable of high-resolution scans of the
entire lung.

The cross-sectional nature of this study limits in-
sights into the temporal evolution of airflow dynamics
and their long-term effects. Although our steady-state
simulations at total lung capacity (TLC) during inspira-
tion provide valuable data, future studies should incor-
porate time-dependent simulations with actual lung
function measurements. Incorporating a fluid–structure
interaction (FSI) model could further clarify how airway
wall mechanics respond to elevated flow parameters.

Additionally, the relatively small sample size limits
generalizability, though the selected samples were
appropriate for investigating COPD progression.
Despite this limitation, distinct effects were observed,
and our CFD results align with previous reports of
increased peripheral airway resistance in COPD
compared to normal values.
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