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Introduction: The relationship between cardiopulmonary function and chest structure, particularly the square root of wall area of
a hypothetical airway with a luminal perimeter of 10 mm (Pil0), in patients with chronic obstructive pulmonary disease (COPD)
remains unclear. This study aims to compare cardiopulmonary function across computed tomography (CT) phenotypes and to evaluate
the association between emphysema, airway thickness and cardiopulmonary function, respectively.

Methods: Patients with stable COPD were recruited and underwent pulmonary function testing, CT, and cardiopulmonary exercise
testing (CPET). Emphysema was assessed using the percentage of low attenuation areas < —950 Hounsfield units (%LAA-950), and
airway wall thickness was evaluated with Pi10. Based on these two CT metrics, patients were categorized into four phenotypes:
normal, emphysema-dominant (E-dominant), airway-dominant (A-dominant), and mixed. Pearson’s correlation and Multiple linear
regression were conducted to assess the relationship between %LAA-950, Pil0 and cardiopulmonary function.

Results: Ninety-three patients were enrolled in this study. Individuals with E-dominant phenotype and mixed phenotype had lower
FEV1/FVC, and those with E-dominant phenotype had worse ventilatory efficiency (Vp/Vrpeak and Ve/VCO, slope). %LAA-950
showed negative correlations with VOypeac (B = —0.288, p = 0.004) and VOypcq%pred (B = —0.244, p = 0.027) and positive
correlations with Vp/Vrpear (B = 0.272, p = 0.017), VE/VCO,ar (B = 0.285, p = 0.011) and Vg/VCO; slope (B = 0.276, p = 0.026).
However, Pil0 exhibited no significant associations with the studied CPET variables.

Conclusion: Patients with emphysema are more likely to have reduced exercise endurance and ventilatory efficiency during exercise.
Emphysema may be a better indicator of cardiopulmonary function than airway thickness.
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Introduction

Chronic Obstructive Pulmonary Disease (COPD) is one of the major health threats globally, and in China, the prevalence
of COPD is as high as 8.6% among adults over 20 years of age.' Significant heterogeneity exists among individuals with
COPD in areas including respiratory symptoms, chest imaging, etc. COPD is characterized by persistent airflow
limitation that is affected by a combination of small airway disease and lung parenchymal destruction. High-resolution
computed tomography (HRCT) enables objective quantification of emphysema severity and airway morphology,” and is
widely used in the diagnosis and phenotyping of COPD.? Currently, the four main phenotypes are as follows: normal,
emphysema-dominant, airway-dominant and mixed, and previous studies showed there are some significant differences
in the clinical characteristics of the phenotypes.* ® The percentage of low attenuation areas < —950 Hounsfield units (%
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LAA-950), wall area percentage (WA%) and square root of wall area of a hypothetical airway with a luminal perimeter
of 10 mm (Pil0) are representative CT quantitative parameters. The former is commonly used to evaluate emphysema,
and the latter two quantify airway wall thickness.

Cardiopulmonary function is significantly associated with survival in patients with COPD,’ and can aid in formulat-
ing rehabilitation and other therapeutic programs.®’ The cardiopulmonary exercise testing (CPET) is regarded as the gold
standard for objectively evaluating the overall cardiopulmonary metabolic function.'® It has been validated that exercise
capacity is significantly lower in COPD compared to the healthy population.” Understanding the association between CT
phenotypes and exercise capacity may help clinicians identify high-risk patients and guide personalized rehabilitation
strategies, particularly in settings where CPET is not readily available. Some studies assessed the relationship between %

31112 yet no available data evaluate the correlation of

LAA-950, WA% and cardiopulmonary function during exercise,
Pi10 with CPET-derived variables, nor have studies compared cardiopulmonary function across CT phenotypes stratified
by %LAA-950 and Pil0. Therefore, this study aims to compare cardiopulmonary function across CT phenotypes based
on %LAA-950 and Pil0 and to evaluate the relationship between emphysema (%LAA-950), airway wall thickening

(Pi10) and cardiopulmonary function evaluated by CPET in patients with stable COPD.

Methods
Study Participants

This study recruited outpatients with stable COPD at China—Japan Friendship Hospital. Inclusion criteria: meeting the
global initiative for chronic obstructive lung disease (GOLD) diagnostic criteria for COPD;'* no history of acute
exacerbation within the past 3 months. Exclusion criteria: asthma, interstitial lung disease, primary pulmonary hyperten-
sion, left ventricular dysfunction, muscular and peripheral vascular disease; received long-term oxygen therapy; and
received any pulmonary rehabilitation. The eligible patients completed a clinical questionnaire, and conducted HRCT,
pulmonary function tests and CPET. The questionnaire covered demographic profiles, smoking status, and comorbidity
information. The recruitment period was between July 2022 and August 2024. A total of 127 patients were recruited,
among whom 93 completed all required assessments. The number of patients was determined by the availability.

Pulmonary Function Test

Pulmonary function tests were performed before CPET according to international recommendations,'* recording FVC,
FEVI1, FEV1%pred, and FEVI/FVC (Jaeger Masterscreen, Germany). The degree of impaired lung function in
participants was graded according to the GOLD guidelines.'?

Cardiopulmonary Exercise Test

Standard CPET (Jaeger Masterscreen, Germany) was conducted according to international recommendations.'® The
protocol included: a 2-min rest phase (0 W), a 3-min warm-up phase (20 W), test phase (20 W/2min load increments).
Participants were instructed to maintain the pedal frequency of 60—65 rotations per minute.

Oxygen uptake (VO,), carbon dioxide production (VCO,), ventilation (Vg), tidal volume (Vr), dead space volume
(Vp) and heart rate (HR) at peak and VO2 at the anaerobic threshold (AT) were recorded. VO, and Vg at peak were
recorded as the mean value during the last 15 seconds of test phase. The AT was determined by the V slope and
ventilation equivalent method."® The VO,-HR ratio (VO,/HR), physiological V-V ratio (Vp/Vr), and Vg-VCO, ratio
(VE/VCO,) were calculated. Excluding data above the ventilation compensation point, the Vg and VCO, measured every
10 seconds were fitted to a linear Vig/VCO, regression function, where the slope values were obtained.

High-Resolution Computed Tomography and COPD Phenotyping

Participants underwent HRCT scan at full inspiration in the supine position. The images were obtained with a slice
thickness of 1 mm and a resolution of 512x512 mm (Genesis, Canon Medical System, Japan). All images were analyzed
using the FACT-Digital LungTM software (DeXin, Xi’an, China).
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Emphysema was evaluated by %LAA-950.'® Airway wall thickness was assessed using the Pil0,'” calculated by
linear regression of the corresponding data for each measurement segment.'® As the 15% cut-off of %LAA-950 was

commonly used to define emphysema,'*-*

and the 75th percentile of Pil0 was selected by referencing prior studies that
adopted the 75th percentile of %WA for phenotyping.>' Using these two thresholds, enrolled patients were stratified into
four phenotypes: normal phenotype, %LAA-950 <15% and Pil0 <75th percentile; airway-dominant phenotype (A-
dominant), %LAA-950 <15% and Pi10 >75th percentile; emphysema-dominant phenotype (E-dominant), %LAA-950

>15% and Pi10 <75th percentile; and mixed phenotype, %LAA-950 >15% and Pil10 >75th percentile.

Statistics

Categorical variables were reported as the number and percentages. Continuous variables were presented as mean =+
standard deviation or median and interquartile range according to the normality tested by the Shapiro—Wilk test.
Categorical variables were compared using the x> test or the Fisher exact test and continuous variables with the
ANOVA or the Kruskal-Wallis test. Post hoc pairwise comparisons were conducted using the Tukey’s test (following
ANOVA) or Dunn’s test with Bonferroni correction (following Kruskal-Wallis). Pearson’s correlation coefficient (r) was
used to assess the relationship between continuous variables. Multivariate regression linear models were conducted to
identify the predicting variables. The models were adjusted for sex, age, BMI and history of hypertension or diabetes.
IBM SPSS Statistics for Windows, version 27.0 (IBMCorp., Armonk, N.Y., USA) was used for statistical analysis. p <
0.05 denoted a statistically significant difference.

Results

A total of 93 patients (77 male and 16 female) with stable COPD were enrolled in the study, and the median age was 63
years. Levels of airflow limitation were mostly mild and moderate, with 46 (49.46%) participants classified as GOLDI,
37 (39.78%) as GOLD2, 7 (7.53%) as GOLD3 and 3 (3.23%) as GOLDA4. The values of %LAA-950 and Pi10 were 14.72
+10.37% and 4.29+0.13 mm. The 75th percentile for Pil0, used to classify the CT phenotypes, was 4.3764 mm. After
phenotyping using %LAA-950 and Pil0, 45 (48.39%) were categorized as normal phenotype, 9 (9.68%) as A-dominant,
25 (26.88%) as E-dominant and 14 (15.05%) as Mixed. Characteristics of patients with CT phenotypes were described in
Table 1. Individuals with the mixed and E-dominant phenotype had lower FEV1/FVC compared to those with normal
phenotype.

The details of CPET measurements across the four CT phenotypes were shown in Table 2. VO, Was decreased in
participants with COPD, as 51.6% (n = 48) exhibited a VO,%pred,cax value less than 80%. Individuals with E-dominant
phenotype had higher Vp/Vt compared to those with normal phenotype (p = 0.029) and also had higher Vi/VCO, slope
than the normal (p = 0.034) and A-dominant phenotypes (p = 0.036) (Figure 1).

Table 1 Characteristics of Participants with COPD by CT Phenotypes

Variables Total Normal A-dominant | E-dominant | Mixed p
n=93 N =45 n=9 n=25 N=14
Age (years) 63 (1) 62 (10) 67 (26) 67 (12) 66 (9) 0.160
Male (%) 77(82.8%) 35(77.8%) 7(77.8%) 23(92.0%) 12(85.7%) 0.471
BMI (kg/m2) 24.20+3.27 24.79+2.80 26.39+3.04 23.24+3.43 22.59+3.227 0.009%*
Smoking history (smoking/smoked/never smoking) | 31/35/27 17/15/13 4/2/3 6/14/5 4/4/6 0.128
History of hypertension or diabetes 32(34.4%) 15(33.3%) 6(66.7%) 6(24.0%) 5(35.7%) 0.146
GOLD (I//1/1V) 46/37/7/3 24/19/2/0 6/3/0/0 11/913/2 5/6/2/1 0.409
FEVI 2.10+£0.78 2.20+0.72 2.35+0.65 2.04+0.89 1.75+0.75 0.198
(Continued)
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Table | (Continued).

Variables Total Normal A-dominant | E-dominant | Mixed P
n=93 N =45 n=9 n=25 N=14

FEVI%pred 73.27£21.92 77.13£18.01 | 80.12+14.33 70.64+26.53 61.19+24.97 | 0.073

FEVI/FVC (%) 56.87£11.37 | 60.11+8.78 61.62+8.81 53.06£12.83 50.24+13.27 | 0.004"F

%LAA-950 12.29 (14.57) | 7.13 (8.44) 7.71 3.74) 21.30 (9.88) 24.73 (11.25) | <0.001

PilO 4.33 (0.14) 4.26 (0.15) 4.43 (0.55) 4.32 (0.86) 4.41 (0.05) <0.001

Notes: Data are shown as n (%), mean # standard deviation or median (interquartile range). * Mixed vs A-dominant, p <0.05; * Mixed vs normal, p <0.05. T E-dominant vs

normal.

Abbreviations: BMI, body mass index; COPD, chronic obstructive pulmonary disease; FEV I, forced expiratory volume in | s; FEVI/FVC, ratio between FEVI and forced
vital capacity; %LAA-950, percentage of low attenuation areas below —950 Hounsfield Units; Pil0, the square root of wall area of a hypothetical airway with an internal

perimeter of 10 mm.

Table 2 Comparisons of CPET Parameters Among Four CT-Based Phenotypes

Variables Total Normal A-dominant E-dominant Mixed p
n=93 N =45 n=9 n=25 N =14

VOsypeak (ML/kg/min) 20.04+5.54 21.23+6.03 18.06+2.74 18.76+4.44 19.78+6.48 0.205
VO, %predyear (%) 78.87£19.97 82.82+17.60 79.89£19.70 72.32#21.15 77.21+23.86 0.207
VO /HRax (ML/beat) 10.57+3.15 11.07+2.95 10.66+2.09 9.9443.65 10.04+3.40 0.473
Vo/V1peax (%) 22.93+6.51 21.24+5.52 21.33+4.58 25.68+6.92 24.62+8.28 0.028
Ve/VCOsqar 33.49+5.72 32.20+4.69 31.24+5.76 35.44+6.54 35.62+6.03 0.033
Ve/VCO, slope 31.74+6.07 30.79+3.86 28.60+6.35 34.81+8.19 31.33+5.78 0.016

Notes: Data are shown as mean * standard deviation. Bold text indicates a statistically significant difference.
Abbreviations: AT, anaerobic threshold; HR, heart rate; VO,, oxygen uptake; VCO,, carbon dioxide production; Vg, ventilation; Vp, dead space
volume; Vr, tidal volume.

We also compared the ventilation response according to the distribution in quartiles for %LAA-950 and Pil0. The
distributions of Vp/Vrpeak and Ve/VCO,ar in the %LAA-950 quartiles are demonstrated in Figure 2. Individuals with
sever emphysema had increased Vp/Vrpeak and Vi/VCO,ar. However, no significant differences were seen in the
distribution of Pil0 for the studied CPET variables.

Pearson correlation analyses were conducted to investigate the association between CT and CPET variables (Table 3).

%LAA-950 was significantly correlated with exercise endurance and ventilatory response: it correlated negatively with
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Figure | Comparison of exercise ventilation response among four CT-based phenotypes. The data are presented as mean * standard error of the mean.
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Figure 2 Distributions of exercise ventilation response in the %LAA-950 quartiles. The data are presented as mean * standard error of the mean.

VOspears VO2%0predpear; Wpeak and VOo/HRp,cax, and positively with Vp/Vrpea, VE/VCO,ar and Vg/VCO, slope. No
significant correlation was observed in the analysis between Pil0 and enrolled CPET variables.

In the total participants, linear regressions were conducted to identify the predicting variables of cardiopulmonary
exercise response (Table 4). In the adjusted model, individuals with severer emphysema had lower VO,pca and VO,

Table 3 Pearson’s Correlation Analysis Between CT and
CPET Variables

Variable %LAA-950 PilO

r p r p
VOspear (mLikg/min) | —0279 | 0.007 | 0.068 | 0.520

VO, %predsea (%) -0.279 | 0.007 | 0.068 | 0.520

VO,/HRpear (mL/beat) | —0.337 | 0.001 | 0.054 0.609

Vo/Vrpeak (%) 0334 | 0.001 | 0031 | 0.769
VENNCO,ar 0412 | 0.000 | 0072 | 0491
VEVCO; slope 0260 | 0.012 | —0.079 | 0.454

Notes: Bold text indicates a statistically significant difference.
Abbreviations: AT, anaerobic threshold; HR, heart rate; %LAA-950,
percentage of low attenuation areas below —950 Hounsfield Units; PilO0,
the square root of wall area of a hypothetical airway with an internal
perimeter of 10 mm; VO2, oxygen uptake; VCO2, carbon dioxide pro-
duction; Vg, ventilation; Vp, dead space volume; V; tidal volume.

Table 4 Unadjusted and Adjusted Linear Regressions for CPET Variables and CT Measurements

Variables Unadjusted Adjusted

B 95% Cl for B | B P B 95% Cl for B | B p
LAA950%
VOopear(mL/min/kg) —0.146 | —0.251/-0.041 —0.279 | 0.007 | —0.I51 | —0.253/-0.048 —0.288 | 0.004
VO, %predpear (%) —0.617 | —0.988/-0.245 —0.327 | 0.001 —0.461 | —0.867/-0.054 —0.244 | 0.027
VO,/HR ek (mL/beat) | —0.100 | —0.159/-0.042 —0.337 | 0.001 —0.034 | —0.091/0.023 —0.114 | 0.240

(Continued)
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Table 4 (Continued).

Variables Unadjusted Adjusted

B 95% Cl for B | B p B 95% Cl for B | B p
Vo/Vrpeak (%) 0.208 | 0.085/0.331 0.334 | 0.001 0.170 | 0.032/0.308 0272 | 0.017
Ve/VCOqar 0.223 0.120/0.325 0412 | <0.001 | 0.154 | 0.036/0.272 0.285 0.011
Ve/VCO, slope 0.149 | 0.034/0.265 0.260 | 0.012 0.158 | 0.019/0.297 0.276 | 0.026
Pil0
VO3peak(mbL/min/kg) 2.805 | —-5.819/11.429 | 0.068 | 0.520 1215 | —6.140/8.569 0.029 | 0.743
VO, %predpeak (%) 1.501 —29.654/32.657 | 0.010 | 0.096 8305 | —20.346/36.956 | 0.056 | 0.566
VO,/HR e (ml/beat) | 1.271 —3.641/6.183 0.054 | 0.609 1.279 | —2.668/5.226 0.054 | 0.521
Vo/Vrpeak (%) 1.524 | —8.750/11.798 | 0.031 0.769 —0.750 | —10.616/9.116 | —0.015 | 0.880
Ve/VCOsar 3.101 —5.805/12.007 | 0.072 | 0.491 —0.372 | —8.803/8.059 —0.009 | 0.930
Ve/VCO, slope —3.579 | —13.028/5.869 | —0.079 | 0.454 —6.202 | —15.934/3.530 | —0.136 | 0.209

Notes: The adjusted model was adjusted for sex, age, BMI, FEVI, history of hypertension and(or) diabetes. Bold text indicates a statistically
significant difference.

Abbreviations: AT, anaerobic threshold; HR, heart rate; %LAA-950, percentage of low attenuation areas below —950 Hounsfield Units; Pil0,
the square root of wall area of a hypothetical airway with an internal perimeter of 10 mm; VO,, oxygen uptake; VCO,, carbon dioxide
production; Vg, ventilation; Vp, dead space volume; V; tidal volume.

%predpeak (B = —0.151, 95% CI —0.253/-0.048, B = —0.288, p = 0.004 and B = —0.461, 95% CI —0.867/-0.054, B =
—0.244, p = 0.027, respectively), also had higher Vp/Vrpeak, VE/VCO2aT, and Vi/VCO, slope (B = 0.170, 95% CI 0.032/
0.308, B =0.272, p = 0.017, B =0.154, 95% CI1 0.036/0.272, B = 0.285, p = 0.011 and B = 0.158, 95% CI 0.019/0.297,
= 0.276, p = 0.026, respectively). %LAA-950 was the independent predictive variable for VO,/HR ¢ in unadjusted
model, but did not see it in adjusted model. No significant results were seen in the linear regression analysis of Pil0 and
CPET variables.

Discussion

This study demonstrated the different effects of emphysema (%LAA-950) and airway wall thickening (Pil0) on
cardiopulmonary function assessed by CPET. We found: (1) individuals with E-dominant and mixed phenotype had
severer airflow obstruction and those with E-dominant phenotype had worse ventilatory efficiency. (2) Compared with
Pi10, %LAA-950 is more associated with exercise and ventilation capacity, and served as an independently predictive
factor of VOspear, VO2%predpcar, Vo/Vrpeaks VE/VCO,a1 and VE/VCO; slope.

Since the phenotypes are formed by combining %LAA-950 and Pil0, and no significant correlation was found
between Pil0 and lung function or CPET parameters, the phenotype effect is driven almost entirely by %LAA-950. In
this study, patients with E-dominant and mixed phenotypes exhibited lower FEV1/FVC, consistent with previous studies
that found that %LAA-950 is associated with airflow obstruction.”? >* It is readily understandable that the severity of
pathological damage correlates closely with the degree of airflow obstruction.

In this study, %LAA-950 was positively correlated with Vp/Vrpeak, VE/VCO2 slope and Vi/ VCO,ar. It suggested
that emphysema was associated with worse ventilation efficiency during exercise. Rodrigues et al® and Rinaldo et al*®
also confirmed the association between %LAA-950 and both Vg/VCO, slope and VEg/VCO,. A likely explanation is that
emphysema severity directly correlates with the extent of ventilation-perfusion mismatch and dead space, increasing
ventilatory demand to compensate for dead space loading and CO, elimination.”® The excessive ventilatory response
during exercise, while compensatory, contributes to heightened dyspnea and limit exercise capacity.?’-*® VOspcak Was
used to assess exercise tolerance. Many studies proved that VOo,cax is a great prognostic marker for acute exacerbation
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and early death in patients with COPD.”?*3% This study showed that %LAA-950 predicts VOispeaks VO2peak”opred
independently. As CPET is only available in a few hospitals, whereas CT is usually accessible even in primary care.
These results may help clinicians to predict the exercise endurance and ventilation efficiency of COPD patients based on
the severity of emphysema and finally assist in formulating an appropriate rehabilitation program and assessing the
prognosis.

This is the first study to assess the association between Pil0 and exercise capacity measured by CPET. Previous
studies on airway wall thickness were mainly based on WA%, which found WA% positively correlated with Vg/VCO,
and V/VCO, slope.>!!" Although Pil0 reduces the effects of generational and individual differences in airway compared
to WA%, and some studies have shown that Pil0 predicts faster lung function decline, frequent exacerbations and
mortality in patients with COPD,*'*? its association with cardiopulmonary function remains unclear. Currently, only
a few studies have examined the relationship between Pil0 and 6-minute walking distance (6MWD), and the findings are
inconsistent. Charbonnier et al*> and Bhatt et al** reported that higher Pil0 is associated with poorer 6MWD. But
Ostridge et al*® found no significant association. Similarly, this study did not observe a significant correlation between
Pil0 and CPET parameters. This may be due to the small sample size, which limited the power to detect weaker
correlations. The inherent limitations of CT-based structural quantification may also have contributed, including the
exclusion of mucus-obstructed airways from the Pil0 assessment. In addition, Hao et al*® suggest that Pil0 is not directly
related to intraluminal inflammatory indices. We speculate Pil0 may not be the optimal indicator for assessing changes in
airway wall morphology, and further studies with larger sample sizes are needed to clarify its relationship with
cardiopulmonary function.

There are some limitations in this study. Firstly, the sample size was small, particularly in the A-dominant and mixed
groups, which may affect the results. Post-hoc power analysis based on 93 subjects revealed that the minimal detectable
correlation coefficient was 0.287 at power = 0.80 and two-sided a = 0.05. Therefore, weaker correlations could not be
reliably tested in our overall population. Secondly, the patients included were predominantly mild-to-moderate COPD,
male smokers, which has poor generalization to the entire COPD population. Thirdly, normal population was not
included for comparison, and CT phenotyping was not based on the upper limits of normal for %LAA-950 and Pil0.
As Pil0 varies widely across studies and there is no recognized cutoff value, we arbitrarily used the 75th percentile of
participants’ Pil0 as the cutoff value. Finally, as the limitations of cross-sectional studies, more longitudinal studies are
needed to investigate the value of the quantitative CT parameters in guiding exercise interventions and predicting adverse

outcomes.

Conclusions

In summary, this study showed that emphysema is closely related to exercise endurance and ventilatory efficiency. And
%LAA-950 is independently associated with VOopear, VOiopeak%opred, Vp/Vrpeak, VE/VCOzar and V/VCO, slope.
Compared with Pi10, %LAA-950 may help primary care physicians predict cardiopulmonary function during exercise
in patients with COPD. However, these findings require validation in larger studies.

Abbreviations

AT, anaerobic threshold; BMI, body mass index; COPD, chronic obstructive pulmonary disease; CPET, cardiopulmonary
exercise test; FEV1, forced expiratory volume in 1 s; FEV1/FVC, ratio between FEV1 and forced vital capacity; HR,
heart rate; %LAA-950, percentage of low attenuation areas below —950 Hounsfield Units; Pil0, the square root of wall
area of a hypothetical airway with an internal perimeter of 10 mm; VCO?2, carbon dioxide production; Vp, dead space
volume; Vg, ventilaton; VO2, oxygen uptake; Vr, tidal volume.
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