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Pathophysiology of COPD

Lancet. 2022 Sep 17;400(10356):921-972. N Engl J Med. 2000 Jul 27;343(4):269-80.



Why should CT be performed in COPD?

GOLD report 2026



Different strategy according to emphysema 

GOLD report 2026



Proposed diagnostic algorithm for COPD

Lancet. 2022 Sep 17;400(10356):921-972. 



Diagnostic schema using major and minor criteria

JAMA. 2025 Jun 24;333(24):2164-2175.



Diagnostic schema using major and minor criteria

JAMA. 2025 Jun 24;333(24):2164-2175.



Visual assessment for severity of emphysema

Radiology. 2018 Sep;288(3):859-866

Grade % of Lung Zone Involved CT Appearance

Absent None No low-attenuation foci

Trace < 0.5% A few scattered centrilobular low-attenuation foci

Mild 0.5% – 5% Multiple centrilobular foci scattered throughout the lung zone

Moderate > 5% (non-confluent) Widespread low-attenuation areas throughout the lung zone
Lesions begin to merge

Confluent Large areas
(no threshold)

Individual centrilobular lesions coalesce into large confluent areas of destruction
+ Vascular structures partially lost

Advanced
Destructive
(ADE)

Extensive
(no threshold)

Widespread confluent destruction with marked distortion of pulmonary vascular
architecture -> Mimic panlobular emphysema



Prognosis according to severity of emphysema

Radiology. 2018 Sep;288(3):859-866

(a) No emphysema; (b) Trace centrilobular emphysema;
(c) mild centrilobular emphysema; (d) moderate centrilobular emphysema;
(e) Confluent emphysema; (f) Advanced destructive emphysema with vascular
distortion



Progression according to visual severity

Radiology. 2021 Feb;298(2):441-449.

• Increasing visual grade of parenchymal emphysema at baseline CT was generally associated with an

increasing rate of progression of emphysema.



Assessment of emphysema by CT densitometry

Am J Respir Crit Care Med. 2025 May;211(5):709-728.

LAA-950% (=Emphysema index)
(Percentage of low-attenuation
area below -950 HU)

Perc15 (=PD15)
(15th percentile of lung 
attenuation)



CT metrics of emphysema

Am J Respir Crit Care Med. 2025 May;211(5):709-728.



Advantage of CT densitometry over FEV1

Am J Respir Crit Care Med. 2025 May;211(5):709-728.

Limitation of FEV1

• Does not directly reflect emphysema itself

• Weak correlation between emphysema and
airflow limitation

• Confounded by comorbidities such as
cardiovascular disease and osteoporosis

• Emphysema present in 43% of smokers 
without airflow obstruction

• Changes in FEV1 and lung density progress
largely independently

Advantages of CT densitometry

• Directly correlates with pathological
emphysema

• Superior reproducibility over FEV1 (ICC
0.99)

• Validated as diagnostic, prognostic, and 
monitoring biomarker

• Used as a primary endpoint in clinical trials
(RAPID trial)

• More sensitive detection of treatment effects 
over FEV1 (signal-to-noise ratio 3.2 vs 1.3)



Heterogenous prognosis according to emphysema 

Am J Epidemiol. 2023 Oct 10;192(10):1647-1658.

EPD: emphysema-predominant disease
IE: intermediate emphysema
NEPD: non–emphysema-predominant disease

EPD: %LAA-950 ≥10%
NEPD: %LAA-950 <5%



Worse prognosis due to emphysema progression 

Eur Respir J. 2021 Mar 25;57(3):2001339.

Emphysema change

PD15,
g/L/year



Repeatability of VALDperc15

Am J Respir Crit Care Med. 2023 Sep 15;208(6):657-665.

All repeatability study participants underwent 
repeat CT scanning 2–6weeks after the 
baseline CT scan.



Longitudinal change of VALDperc15

Lancet. 2015 Jul 25;386(9991):360-8.

(a1 proteinase inhibitor)

Slow progression of emphysema

• HU is transformed to g/dL



Longitudinal change of LAA-950

NPJ Digit Med. 2025 Aug 28;8(1):556.

  

Foundational -> Pre-trained (by big data)
Local emphysema progression -> Not global assessment Definition of Local Emphysema Progression (LEP)

    : > −950 HU at baseline to a value of ≤−950HU 
at 5-year follow-up co-registered CT scan



Risk of mortality by emphysema progression

NPJ Digit Med. 2025 Aug 28;8(1):556.

Adjusted Cox regression model for mortality



Sources of variation in CT densitometry

Am J Respir Crit Care Med. 2025 May;211(5):709-728.



Recommendations for use of CT densitometry

Am J Respir Crit Care Med. 2025 May;211(5):709-728.

QIBA= Quantitative Imaging Biomarkers Alliance



Limitation of CT densitometry

CT densitometry tells us only how much the lung is destroyed, not how it is destroyed.

All same %LAA-950 = 30%

Uniform
distribution

Upper-lobe 
predominance

Few giant 
bullae



Various pathologic subtypes of emphysema

Am J Med. 2014 Jan;127(1):94.e7-23.



Different severity with pathologic subtypes

Am J Med. 2014 Jan;127(1):94.e7-23.



Different impact by pathologic subtypes 

Respir Med. 2022 Feb:192:106717.

CLE: centrilobular emphysema
PLE: panlobular emphysema
PSE: paraseptal emphysema



Different predominant lobar distribution

Radiology. 2004;232:862–868.; Lancet. 2005;365:2225–2236.; Radiology. 2000;217:904–910.;
Chest. 2022;162:1262–1272.; Engl J Med. 2003;348:2059–2073.; N Engl J Med. 2015;373:2325–2335.;

Eur Respir J. 1994;7:1130–1136.; Thorax. 2011;66:18–23.

Category Upper Lobe Predominant Lower Lobe Predominant

Etiology Smoking AAT deficiency

CT Pattern Centrilobular + paraseptal Panacinar

Lung Function
Airflow limitation dominant
Low FEV1, Low FEV1/FVC

Reduced DLCO
High TLC, High RV

LVRS / BLVR Optimal / Effective Not optimal / Not effective

Airway Disease
Chronic bronchitis

Frequent mucus secretion
Small airway involvement

Infrequent mucus secretion

Prognosis Relatively favorable Poorer overall



Upper vs. Lower lobe emphysema

Chest. 2018 Jan;153(1):65-76. 

• COPDgene cohort

• After removing poorly clustered observations, 

unsupervised random forest clustering was done.



Upper vs. Lower lobe emphysema

Chest. 2018 Jan;153(1):65-76. 

• Upper lobe
ü Baseline: Younger / Higher current smoker / Higher lung function

ü 5Y FU: More emphysema (LAA) progression / Worse gas trapping / Worse mMRC score



Limitation of lobar classification

Chest. 2018 Jan;153(1):65-76. 

Group N

Minimal emphysema cluster (red) 1,312

Upper lobe-predominant cluster (gray) 905

Lower lobe-predominant cluster (blue) 796

Unassigned (Orange) 6,197

On PCA visualization,

1) Subjects spread along a severity continuum rather

than forming distinct distribution-based clusters

2) Majority of subjects were unassigned

Upper lobe axis
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Defining emphysema heterogeneity

Respiration. 2015;90(5):402-11.

• No golden standard for assessing heterogeneity of emphysema



EBV in heterogeneous emphysema

Am J Respir Crit Care Med. 2018 Nov 1;198(9):1151-1164.

• Quantitative threshold (LIBERATE trial): 

1) Target lobe destruction score (%LAA < −910 HU) >50%

2) Absolute difference in destruction score between the target lobe and 

the ipsilateral lobe of ≥15 percentage points.

• Zephyr EBV in patients with heterogeneous emphysema and no 

collateral ventilation improves FEV1, exercise tolerance, dyspnea, 

and QoL at ≥12 months.



Issues in defining emphysema heterogeneity

Respiration. 2015;90(5):402-11.

• Discrepant proportion of homogeneous emphysema

HI = Heterogeneity index.
aLobar HI <1.15.
bSegmental HI <1.15 for all segments in the lobe of interest.
cIntralobar HI <1.15 for all segments in the lobe of interest.
dLobar HI <1.15; segmental HI <1.15; intralobar HI <1.15.



Fractal dimension, FD

Front Physiol. 2020 Dec 21:11:603197.

• Emphysema diffusely distributed vs. clustered into large confluent lesions

Box è Emphysema



Power law exponent, D

Front Physiol. 2020 Dec 21:11:603197.

• D is not the same as FD of emphysematous clusters, but it is a useful index to
characterize the spatial pattern.

Power-law exponent D = 
the negative slope of the regression lines

The exponent D
for case A =1.2
for case B = 0.9



Clinical implication of D value

Front Physiol. 2020 Dec 21:11:603197.

D value Cluster pattern Implication

Larger Many small clusters, uniform distribution Mild/early destruction

Smaller Few dominant large clusters Severe/advanced destruction

Previous studies Results

Hwang et al. Eur Radiol 2019 Low D independently associated with increased mortality

Shimizu et al. Thorax 2020 Low D associated with shorter time to exacerbation

Tanabe et al. AJRCCM 2011
D decreases further after exacerbation, suggesting 
exacerbations accelerate parenchymal destruction



ML-based subtypes of emphysema

Thorax. 2023 Nov;78(11):1067-1079. 

Mortality risk: F > A > B



Mucus characteristics of COPD

N Engl J Med. 2010 Dec 2;363(23):2233-47.



Formation of mucus plug

N Engl J Med. 2019 May 16;380(20):1941-1953.



Mucus plug impairs lung function

Chronic injury produces a muco-
obstructed epithelium with impaired
fluid secretion

N Engl J Med. 2004 Jun 24;350(26):2645-53
Physiol Rev. 2022 Oct 1;102(4):1757-1836.

COPD



Mucin level and COPD progression

N Engl J Med. 2017 Sep 7;377(10):911-922.



Mucus plug score calculation in asthma

J Clin Invest. 2018 Mar 1;128(3):997-1009.

• Asthma and control subjects
• SARP1/2 baseline scan -> SARP3 Rescan (mean 5.2yr)

CT Mucus Scoring Method (Dunican Score)

ü MDCT scans scored by 5 thoracic radiologists
(2 randomly assigned per scan, scores averaged)

ü 20 bronchopulmonary segments systematically 
assessed

ü Peripheral airways within 2 cm of pleura excluded
ü Mucus plug defined as complete occlusion of a 

bronchus (partial occlusion not scored)
ü Each segment scored 0 or 1 → summed → total score 0–20
ü Plugs identified as intraluminal opacities contiguous with 

patent airway lumen across sequential CT slices, less
radiodense than adjacent vessels

ü Between-rater ICC = 0.80; within-rater ICC = 0.99



Mucus plug, lung function, and eosinophil

J Clin Invest. 2018 Mar 1;128(3):997-1009.

Zero: score = 0
Low: score 0.5–3.5
High: score ≥ 4 (based on median score of mucus-present group)



Mucus plug and lung function, QoL

Chest. 2020 Jul;158(1):121-130. 



Mucus plug and FEV1, SGRQ, Emphysema

Chest. 2020 Jul;158(1):121-130. 

Adjusted for age, sex, race, BMI, current smoking status, smoking pack-years history, asthma, CT scan identified bronchiectasis, and CT measures of emphysema
and airway wall thickness

Model 1: Adjusted for age, sex, race, BMI, current smoking status, smoking pack-years history, asthma, CT scan-identified bronchiectasis, and CT scan measures
of emphysema and airway wall thickness
Model 2: Model 1 + FEV1



Longitudinal change of luminal mucus plug

Chest. 2020 Jul;158(1):121-130. 



Factors associated with mucus plugging

Allergol Int. 2026 Jan;75(1):32-41. 



Mucus plug as surrogate for COPD mortality

JAMA. 2023 Jun 6;329(21):1832-1839.

• COPDgene cohort

• 4363 Participants who smoked with mucus plug scores



Mucus plug as surrogate for COPD mortality

JAMA. 2023 Jun 6;329(21):1832-1839.



Mucus plug and cause-specific mortality

Am J Respir Crit Care Med. 2024 Jun 15;209(12):1508-1510.

• Respiratory mortality

ü Score 1/2: aHR 1.13 (95% CI 0.91–1.41), P=0.300

ü Score ≥3: aHR 1.36 (95% CI 1.10–1.69), P=0.005

• Cardiovascular mortality

ü Score 1/2: aHR 1.35 (95% CI 0.96–1.91), P=0.089

ü Score ≥3: aHR 1.27 (95% CI 0.87–1.85), P=0.210



Mucus plug and lung cancer incidence

Sci Rep. 2025 Aug 18;15(1):30193.



With vs. without mucus plug-related symptoms

Chest. 2024 Nov;166(5):1010-1019.

Risk factors for silent mucus plugs compared to 
symptomatic mucus plugs



Clinical importance of silent mucus plug

Chest. 2024 Nov;166(5):1010-1019.

Among those without cough or phlegm,



Mucus plug and future exacerbation

Am J Respir Crit Care Med. 2025 May;211(5):814-822.



Mucus plug and future exacerbation

Chest. 2025 Sep;168(3):627-638.

Future AE-COPD
IRR for annual moderate-to-severe exacerbation rate



Mucus plug and future exacerbation

Chest. 2025 Sep;168(3):627-638.

HR for moderate-to-severe exacerbation event



Mucus plug and exacerbation / FEV1 decline

Arch Bronconeumol. 2025 Mar;61(3):138-146.

The mucus plug groups showed increased hazard of

• moderate-to-severe AE (HR=1.502 [95% CI, 1.116-2.020])

• severe AE (HR=2.106 [95% CI, 1.429-3.103])

• non-eosinophilic AE (HR=1.551 [95% CI, 1.132-2.125])

The median annual change in FEV1 over 5 years

• −50 (IQR, −468 to 265) mL/yr in the no mucus plug group

• −122 (IQR, −450 to 185) mL/yr in the mucus plug group



Mucus plug & Microbiome

Allergol Int. 2026 Jan;75(1):32-41. 



Microbiome associated with airway inflammation

Allergol Int. 2026 Jan;75(1):32-41. 



Mucus plug & Inflammatory cell & Microbiome

Allergol Int. 2026 Jan;75(1):32-41. 



Role of eosinophilic inflammation in mucus plug

Allergol Int. 2026 Jan;75(1):32-41.



Eosinophilic inflammation & mucus plug features

Am J Respir Crit Care Med. 2025 Nov;211(11):2208-2211.



MP, BEC and clinical features

Eur Respir J. 2024 Dec 5;64(6):2401005.
Th2i⁻ (BEC <300/μL); Th2i⁺ (BEC ≥300/μL)



Heterogeneous mucus plug in size and shape

Am J Respir Crit Care Med. 2026 Feb 1;212(2):268-276.

• Complete occlusion of a bronchus, irrespective 
of generation or size



Heterogeneous distribution of mucus plug

Am J Respir Crit Care Med. 2026 Feb 1;212(2):268-276.



Emphysema and mucus plug

Am J Respir Crit Care Med. 2026 Feb 1;212(2):268-276.

• Higher lobar emphysema (%)

ü Fewer mucus plugs per lobe

ü Greater individual plug diameter and

volume

• Mucus plug length is independent of 

emphysema severity



Longitudinal change of mucus plugs and smoking

N Engl J Med. 2025 May 15;392(19):1973-1975.

Interaction with smoking status

• Persistently positive + continued smoking: steepest FEV1 decline

• Resolved + smoking cessation: least FEV1 decline

Phase 1-2 interval: mean 5yr



Airway-related CT parameters in COPD

• Small airway disease (dysfunction): e.g., PRMfSAD, ND-E/I ratio

• Airway remodeling: e.g., Pi10, Pi Slope

• Mechanically affected lung: e.g., MAL2, Jacobian determinant

Tuberc Respir Dis (Seoul). 2026 Apr;89(2):143-153.



Summary

Emphysema

• Emphysema assessment will be essential for COPD diagnosis and prognostic evaluation (survival)

• LAA-950% and Perc15 serve as well-established metrics for emphysema extent, while VALDperc15

is favored for longitudinal monitoring.

• Comprehensive emphysema evaluation requires assessment of severity (0.5%/5%/confluent/vascular 

distortion), pathologic subtype (CLE/PLE/PSE), lobar distribution (Upper/Lower), spatial heterogeneity, 

and D value.



Summary

Mucus plug

• Mucus plug score independently predicts lung function impairment, FEV1 decline, exacerbation, mortality,

and lung cancer incidence.

• Neutrophilic inflammation appears to dominate mucus plug formation in COPD, though eosinophils

contribute independently. The dominant inflammatory pathway may be modulated by the airway microbiome.

• Mucus plug pheno/endotyping is evolving è Greater emphysema extent associates with 

fewer but larger plugs (increased volume, length, and diameter).



Thank you for your attention


