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Abstract 26 

Introduction: In chronic obstructive pulmonary disease (COPD), chest computed 27 

tomography (CT) provides clinically important cardiovascular findings, which include 28 

diameter of pulmonary artery (PA), its ratio to the diameter of the aorta (PA:A ratio), and 29 

coronary artery calcium score (CACS). The clinical importance of these cardiovascular 30 

findings has not been fully assessed in Japan, where cardiovascular morbidity and/or 31 

mortality is reported to be much less compared with Western counterparts. 32 

Methods: PA diameter and PA:A ratio were measured in 172 and 130 patients with COPD 33 

who enrolled in the Hokkaido COPD cohort study and the Kyoto University cohort, 34 

respectively. CACS was measured in 131 and 128 patients in each cohort. 35 

Results: While the highest quartile group in PA diameter was associated with higher all-36 

cause mortality compared to the lowest quartile group in both cohorts, individual 37 

assessments of PA:A ratio and CACS were not associated with the long-term clinical 38 

outcomes. When PA diameter and CACS were combined, patients with PA enlargement 39 

(diameter >29.5 mm) and/or coronary calcification (score >440.8) were associated with 40 

higher all-cause mortality in both cohorts. 41 

Conclusion: Combined assessment of PA enlargement and CACS was associated with 42 

poor prognosis, which provides a clinical advantage in management of patients with 43 

COPD even in geographical regions with lower risk of cardiovascular diseases. 44 

 45 

Keywords: Chronic Obstructive Pulmonary Disease; Tomography, X-Ray Computed; 46 

Pulmonary Hypertension; Cardiovascular Disease; Mortality 47 

48 
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Abbreviations list: 49 

CACS = coronary artery calcium score 50 

COPD = chronic obstructive pulmonary disease 51 

CR score = cardiovascular risk score 52 

CT = computed tomography 53 

FEV1 = forced expiratory volume in one second 54 

FVC = forced vital capacity 55 

GOLD = Global Initiative for Chronic Obstructive Lung Disease 56 

Kco = carbon monoxide transfer coefficient 57 

mMRC = modified Medical Research Council 58 

PA = pulmonary artery 59 

PA:A ratio = the ratio of diameter of the pulmonary artery to the diameter of the aorta 60 

post-BD = post-bronchodilator 61 

SGRQ = St. George’s Respiratory Questionnaire. 62 

 63 

64 
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Introduction 65 

Chronic obstructive pulmonary disease (COPD) is a leading cause of morbidity and 66 

mortality worldwide1. COPD patients undergo chest computed tomography (CT) in routine 67 

care settings for identifying abnormalities of lung parenchyma and airways and lung 68 

cancer screening. To date, many studies have shown that parenchymal and/or airway 69 

indices are associated with the severity and/or phenotype of COPD2, 3. Meanwhile, 70 

relatively few studies have focused on extra-pulmonary findings from chest CT scans, and 71 

shown that osteoporosis4-6 and atrophy of skeletal muscle7-9 are associated with 72 

physiological parameters, symptoms, and clinical outcomes in patients with COPD. Indeed, 73 

a recent study reported that loss of skeletal muscle was more closely associated with long-74 

term mortality than intra-pulmonary abnormalities in patients with COPD10. 75 

  Cardiovascular findings, such as pulmonary artery (PA) enlargement and coronary 76 

calcification, can be quantified using chest CT scans. Several studies have reported that an 77 

increase in the ratio of diameter of the PA to the diameter of the aorta (PA:A ratio) is 78 

associated with higher exacerbation and mortality rate in patients with COPD11-13. In 79 

addition, coronary artery calcification quantified by CT scan has been associated with 80 

reduced exercise capacity and increased mortality in patients with COPD, but not with 81 

exacerbation frequency14. However, the clinical importance of these cardiovascular 82 

findings assessed using chest CT scan has not been fully assessed in East Asia, including 83 

Japan, even though the prevalence of cardiovascular morbidities in patients with COPD is 84 

lower in East Asia than in Western countries and their clinical impacts might differ 85 

between the two regions15-17.  In addition, there is a lack of data showing the association of 86 

these cardiovascular findings with annual change in post-bronchodilator forced expiratory 87 

volume in one second (FEV1). In this study, we investigated the associations among PA 88 

enlargement and coronary calcification quantified using chest CT scan and clinical 89 
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outcomes (annual change in post-bronchodilator FEV1, exacerbations, and mortality) in 90 

Japanese patients with COPD. Moreover, hypothesizing that combined assessment of these 91 

two co-existing conditions (PA enlargement and coronary calcification), using chest CT 92 

scans, may predict future clinical outcomes in patients with COPD more sensitively than 93 

evaluation of each parameter alone, we also examined the prognostic value of these 94 

findings when these findings were combined. Patient data from the Hokkaido COPD 95 

cohort study were used as a discovery cohort, while patient data from the Kyoto University 96 

cohort were used for validation. 97 

 98 

Materials and methods 99 

Hokkaido COPD cohort study 100 

Recruitment of patients with COPD in the Hokkaido COPD cohort study has been 101 

described elsewhere2,18. Briefly, Japanese patients with COPD were enrolled at Hokkaido 102 

University Hospital, Sapporo, Japan, and nine affiliated hospitals between May 2003 and 103 

May 2005. All were over 40 years of age and were either current or former smokers with a 104 

smoking history of at least 10 pack-years. Patients with clinically diagnosed asthma were 105 

excluded from the study. A total of 279 participants with COPD were eligible for follow-up. 106 

The ethics committee of Hokkaido University School of Medicine approved the study 107 

protocol (med02-001), and written informed consent was obtained from each participant. 108 

This study was performed in accordance with the Declaration of Helsinki. Mortality data 109 

and moderate-to-severe exacerbation (requiring prescription change) were recorded16,19. 110 

Chest CT scans were administered in the supine position, with breath held at full 111 

inspiration. No patient received intravenous contrast medium. The CT scanners, slice 112 

thicknesses (0.5-10 mm), and other technical parameters used in this study are described in 113 

the Supplementary Method and previous reports3,18. Three-dimensional computerized CT 114 
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analysis of low attenuation volume was performed on available three-dimensional data in 115 

order to evaluate the severity of emphysema2,3. 116 

 117 

Kyoto University cohort 118 

The Kyoto University cohort has been described elsewhere20,21. Briefly, 130 male 119 

participants with COPD who were enrolled between March 2006 and April 2009, 120 

underwent chest inspiratory CT scans and pulmonary function tests, and were followed-up 121 

for a median of 3530 (378-4429) days till December 2017. All-cause mortality and 122 

moderate-to-severe exacerbation (requiring antibiotics and/or systemic steroids) were 123 

recorded. All CT images with a 0.5 mm slice thickness at full inspiration were obtained. 124 

Detailed information on the CT scans is provided in the Supplementary Method. The study 125 

was approved by the Ethics Committee of Kyoto University (E182) and performed in 126 

accordance with the Declaration of Helsinki. All participants provided written informed 127 

consent.  128 

 129 

Measurement of CT parameters 130 

 Measurements of cardiovascular findings were performed on mediastinal views using a 131 

custom software (AZE Ltd., Japan) and completed by an investigator (N Takei) blinded to 132 

the participants’ clinical characteristics. Fifty randomly selected scans were reassessed (by 133 

N Takei and AO) to verify intra- and inter-observer reliability regarding PA diameter, PA:A 134 

ratio, and coronary artery calcium score (CACS). In line with previous studies11-13,22, the 135 

interpreter measured the diameter of the main PA at the level of its bifurcation and the 136 

diameter of the ascending aorta in its maximum dimension, using the same images (Fig. 137 

1A). CACS was assessed using the Agatston scoring method23,24.  The area of coronary 138 

artery calcium was defined by pixels with a non-contrast CT density of ≥130 Hounsfield 139 
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Units and ≥1 mm2 along coronary arteries. Calcium deposits that met the above criteria 140 

were identified and pointed out manually on each axial CT slice. Subsequently, their size, 141 

calculated automatically, was multiplied by a weighting factor defined according to each 142 

peak attenuation. Finally, the total CACS of each patient was produced by summing up all 143 

weighted areas (Fig. 1B). In the discovery cohort, CACS was assessed only for those 144 

participants who had undergone CT scan with a thickness of less than 2 mm. This was 145 

done because it is not suitable for tracking the continuity of calcified regions in CT images 146 

scanned with a thicker slice. Patients with a history of cardiac and thoracic aortic 147 

interventions, such as coronary stent insertion, heart valve replacement, and endovascular 148 

aortic repair, were also excluded from the measurement of CACS, because these 149 

interventions were indistinguishable from true coronary calcification. 150 

 151 

Statistical analysis 152 

During the first five years of the study, annual changes in post-bronchodilator FEV1 were 153 

estimated using a linear mixed-effects model that included the original group of 279 154 

patients with COPD from the previous study2,3,18,25. Reproducibility of cardiovascular 155 

measurements was validated by evaluating interclass correlation coefficients. 156 

Exacerbation-free survival and mortality were analyzed using the Kaplan–Meier method 157 

with a log-rank test. Multivariate Cox proportional hazards models were used to evaluate 158 

the effects of covariates on the time from the day of acquisition of the CT scan to first 159 

exacerbation and death, adjusting for a considerable number of confounders, such as age, 160 

sex, body mass index, and FEV1 % predicted. Statistical significance was defined as P 161 

<0.05. All analyses were performed using R version 3.6.3 software (The R Foundation; 162 

http://www.r-project.org/) and JMP 13.1 (SAS Institute, Cary, North Carolina, USA). 163 

 164 
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Results 165 

Patient characteristics and measurement of cardiovascular findings 166 

Out of 279 patients in the original Hokkaido cohort, 92 patients were excluded due to a 167 

lack of digital CT data. In addition, 15 patients who did not have three or more 168 

measurements of pulmonary function test after acquisition of the CT scan. Data of the 169 

remaining 172 patients were used for the present analysis of the discovery cohort including 170 

the assessment of PA enlargement and PA:A ratio (Supplementary Fig. 1). Furthermore, the 171 

analysis of CACS was performed in a subgroup of patients (N=131), excluding the data of 172 

the patients who underwent CT scans with a thickness of 2 mm or more (N=38) and who 173 

had been received coronary stent insertion (N=3). Of the 130 patients in the validation 174 

cohort, two had received coronary stent insertions before enrollment; thus, only the 175 

remaining 128 were included in the analysis of CACS (Supplementary Fig. 2). 176 

Table 1 provides the characteristics of participants and measurements of 177 

cardiovascular indices in both cohorts at the time of CT scan acquisition. Patients in the 178 

validation cohort had lower body mass index, worse pulmonary function, and higher 179 

prevalence of diabetes, compared to patients in the discovery cohort. While CACS values 180 

were comparable between both cohorts, PA diameters and PA:A ratios in the validation 181 

cohort were larger than those in the discovery cohort. The intra-observer and inter-observer 182 

agreement for each index was excellent. The intraclass correlation coefficients for intra-183 

observer and inter-observer were 0.92, 0.91, and 0.98 and 0.88, 0,92, and 0.98 for PA 184 

diameter, PA:A ratio and CACS, respectively. 185 

 186 

Clinical outcomes in the discovery cohort 187 

For analysis of the relationship between each finding and clinical outcome, participants 188 

were classified into 4 groups according to the quartiles of distribution for each index of the 189 
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participants included in the discovery cohort: for PA diameter, Q1 (<23.6 mm or 25th 190 

percentile), Q2 (23.6 to ≤26.0 mm or 50th percentile), Q3 (26.0 to ≤29.5 mm or 75th 191 

percentile), and Q4 (>29.5 mm); for PA:A ratio, Q1 (<0.701 or 25th percentile), Q2 (0.701 192 

to ≤0.777 or 50th percentile), Q3 (0.777 to ≤0.867 or 75th percentile), and Q4 (>0.867); and 193 

for CACS, Q1 (<5.3 or 25th percentile), Q2 (5.3 to ≤64.6 or 50th percentile), Q3 (64.6 to 194 

≤440.8 or 75th percentile), and Q4 (>440.8). 195 

Annual post-bronchodilator FEV1 decline for 5 years was comparable between 196 

quartile groups according to each index (Supplementary Table 1). Fig. 2 shows that the 197 

highest quartiles (Q4) of PA diameter and CACS indicated higher all-cause mortality. 198 

Multivariate Cox proportional hazards regression analysis revealed that only the highest 199 

quartile (Q4) of PA diameter was associated with an increase in all-cause mortality 200 

compared to the lowest quartile (Q1), and other quartiles for each cardiovascular index 201 

were not associated with either the development of exacerbation or increase in all-cause 202 

mortality (Table 2). However, when compared to combined Q1-3 groups, the Q4 of PA 203 

diameter failed to show significant association with the prognosis (hazard ratio 1.74 [95% 204 

confidence interval (CI) 0.84-3.43]). Next, we explored for sensitively predicting 205 

combinations of these indices for predicting clinical outcomes of patients with COPD. 206 

Although the combination of PA:A ratio with CACS had a prognostic value to some extent 207 

(Supplementary Fig. 3 and Supplementary Table 2), we found the combination of PA 208 

diameter and CACS to be the most useful for predicting prognosis of patients with COPD. 209 

We developed a cardiovascular risk (CR) score, which included a PA domain (0: PA 210 

diameter ≤29.5 mm or 75th percentile, 1: PA diameter >29.5 mm) and coronary domain (0: 211 

CACS ≤440.8 or 75th percentile, 1: CACS >440.8), ranging from 0 to 2. Fig. 3 shows that 212 

subjects with CR scores of 2 (N=11) had shorter survival period during the entire 10 years 213 

compared to those with CR scores of 0 (N=79) or 1 (N=41 [PA domain N=19,  coronary 214 



 

10 
 

domain N=22, respectively]); whereas exacerbation-free period and annual decline in 215 

FEV1 (score 0, -30.0 ± 24.6 (mean ± SD) mL/year; score 1, -27.9 ± 22.4 mL/year; score 2, 216 

-31.5 ± 21.2 mL/year, P = 0.84 by the Kruskal–Wallis test) were similar among each CR 217 

score. Of the 131 patients, 54 died during the follow-up period (death from respiratory 218 

diseases, 23; cardiovascular diseases, 7). Multivariate analysis revealed that subjects with a 219 

score of 1 or more had worse rates of all-cause mortality compared to those with a CR 220 

score of 0 (Table 3). The elevation in CR score did not have association with mortality 221 

from cardiovascular diseases, but from respiratory diseases (Supplementary Fig. 4). Even 222 

after adjustments for degree of emphysema, presence of cardiovascular diseases, or 223 

diabetes at baseline, the results remain unchanged (Supplementary Table 3). 224 

 225 

Clinical outcomes in the validation cohort 226 

Patients in the validation cohort were divided into four groups according to the same cut-227 

off values as the discovery cohort. Even though the elevation in CACS was associated with 228 

shorter exacerbation-free period and all-cause mortality in the Kaplan–Meier analysis, 229 

higher CACS quartiles were not associated with clinical outcomes in the Multivariate 230 

model (Table 2 and Supplementary Fig. 5). As well as the discovery cohort, the highest 231 

quartile (Q4) in PA diameter was associated with all-cause mortality compared to the 232 

lowest quartile (Q1), but not when compared to combined Q1-3 groups (hazard ratio 1.75 233 

[95% CI 0.85-3.69]). Although the CR score was not associated with time to first 234 

exacerbation (Fig. 3A), patients with a CR score of 1 (N=62) or 2 (N=16) had worse all-235 

cause mortality rate compared to that of participants with a CR score of 0 (N=50) (Fig. 3B). 236 

Of 128 patients, 32 died during the follow-up period. A multivariate Cox regression 237 

hazards model determined that the elevation of CR score was an independent risk factor 238 

for all-cause mortality, regardless of baseline cardiovascular comorbidities or degree of 239 
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emphysema (Table 3 and Supplementary Table 4). 240 

 241 

Discussion 242 

In the present study, we developed the CR score which is the novel composite index 243 

reflecting of the increase in PA diameter and CACS. Patients with COPD who had PA 244 

enlargement and/or coronary calcification (CR score 1 and 2) were clearly at higher risk 245 

for mortality, compared to patients without them (CR score 0). To the best of our 246 

knowledge, this is the first study to reveal the prognostic value of combining 247 

cardiovascular CT findings in patients with COPD. The findings from this study suggest 248 

that evaluation of PA enlargement and coronary calcification using chest CT scans have 249 

prognostic value when evaluating patients with COPD along with known intra-pulmonary 250 

findings (e.g., emphysema, airway abnormality, and lung cancer). Importantly, the main 251 

findings from our discovery cohort were replicated in an independent validation cohort. On 252 

the other hand, cardiovascular CT findings individually, including PA diameter, ratio of 253 

PA:A, and CACS, were not associated with annual FEV1 decline, development of 254 

exacerbation, or mortality in Japanese patients with COPD. The exception was an 255 

association between the highest quartile group of PA diameter (>29.5mm) and all-cause 256 

mortality, only when compared to the lowest quartile group (<23.6 mm). 257 

 We demonstrated in the discovery cohort that PA enlargement and/or coronary 258 

artery calcification assessed by CT scan were more strongly associated with death from 259 

respiratory diseases than death from other diseases, irrespective of the degree of 260 

emphysema and airflow limitation. One possible rationale is that common mechanisms, 261 

such as systemic inflammation, endothelial damage, or coagulopathy, have a synergistic 262 

effect on the development of cardiovascular abnormalities and the progression of COPD26. 263 

Another explanation is that patients with COPD comorbid with cardiopulmonary 264 
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dysfunction, caused by potential pulmonary hypertension and/or coronary artery disease, 265 

might have difficulty in surviving when acute respiratory events (e.g., exacerbation, 266 

pneumonia) occur. In addition, reduced exercise capacity, which is known risk factor of 267 

respiratory failure, were reported to be associated with both presence of pulmonary 268 

hypertension and elevation in CACS assessed by CT scan14,27-29. Although cardiovascular 269 

diseases are the most common cause of death in patients with COPD, especially in Western 270 

countries15, the number of deaths arising from cardiovascular diseases was small (11%) in 271 

the original Hokkaido cohort16, which is consistent with previous report from Japan17. Due 272 

to the small sample size and events in our cohorts, we failed to show a statistically 273 

significant association between elevation of CR score and mortality from cardiovascular 274 

diseases. For the same reason, we could not find conclusive associations between 275 

individual cardiovascular indices and clinical outcomes. However, our results clearly show 276 

that PA enlargement and coronary calcification on a CT scan are accurate in predicting 277 

poor prognosis of patients with COPD, even in geographical regions with lower risk of 278 

cardiovascular diseases. 279 

Pulmonary hypertension, a life-threatening condition, often develops as COPD 280 

progresses30. Transthoracic echocardiography is most often used as a screening test for 281 

pulmonary hypertension. However, structural changes associated with COPD, such as a 282 

remarkable increase in intrathoracic air, expansion of the thoracic cage, and shifted 283 

position of the heart, can impair the accuracy of echocardiography31. In this context, PA 284 

enlargement assessed by CT scan could be an alternative tool for pulmonary hypertension 285 

screening32. Several studies have reported the association of increases in PA diameter and 286 

PA:A ratio assessed using a CT scan and the presence of pulmonary hypertension, 287 

exacerbation, or mortality in patients with COPD11-13,33,34. However, the distributions of PA 288 

diameter and PA:A ratio varied from study to study35-38, because characteristics of the 289 
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patients, such as disease severity, age, and race, differed widely. In the present 290 

investigation, the CR score consisting of CACS and PA diameter, rather than PA:A ratio, 291 

was associated with poorer prognosis in the discovery cohort; however, the determination 292 

of appropriate cut-off values for PA diameter and PA:A ratio, as well as whether PA 293 

diameter or PA:A ratio is more useful, should be explored in different populations. 294 

This study has some limitations. First, PA diameter and PA:A ratios were measured 295 

using CT images with slice thicknesses (0.5-10 mm) that differed within the discovery 296 

cohort. However, results were trending similarly, even when CT images with a thickness of 297 

10 mm were excluded. Second, cut-off values used for the determination of PA 298 

enlargement and coronary calcification in this study was according to the upper-quartile of 299 

the discovery cohort (PA diameter: 29.5 mm, CACS: 440.8). This may impair the 300 

generalizability of our results; however, these thresholds in this study could be applied in 301 

another independent validation cohort. In addition, the cut-off values were close to the 302 

previously reported values for risk of pulmonary hypertension (PA diameter: 29.0 mm)33,34 303 

and coronary artery disease (CACS: 400)24.  Third, we did not perform transthoracic 304 

echocardiography, right heart catheterization, and coronary catheterization. Thus, we could 305 

not assess whether our subjects actually had pulmonary hypertension and coronary artery 306 

stenosis. Forth, patients in both cohorts were predominantly men; hence, the 307 

generalizability of our results to women remains unclear. Finally, due to lack of detailed 308 

information about the cause of death in the validation cohort, we could not perform a 309 

multivariate analysis according to cause of death. 310 

 311 

Conclusions 312 

In the present study, individual cardiovascular findings from chest CT scans of Japanese 313 

patients with COPD, including PA diameter, PA:A ratio, and CACS, were not sufficiently 314 
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predictive of future decline in pulmonary function, development of exacerbations, and 315 

poor prognosis. Nevertheless, we found a clear association between the elevation of CR 316 

score, defined by enlargement in PA diameter and a high value of CACS, with mortality. 317 

Combining these cardiovascular indices would create a novel biomarker for predicting 318 

long-term prognosis in patients with COPD and provide a clinical advantage in their 319 

management, even in geographical regions with lower risk of cardiovascular diseases.320 
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 Table 1 Characteristics of participants at the time of CT scan acquisition and 462 

measurement of cardiovascular findings in the discovery and validation cohorts 463 

 464 

 Discovery cohort Validation cohort 

 
P value 

Number of all participants analyzed 172 130  

Age, years (SD) 70.0 (7.8) 71.1 (8.4) 0.16a 

Female sex, N (%) 11 (6.4) 0 (0.0) 0.003b 

Height, cm (SD) 162.9 (6.6) 164.4 (6.1) 0.10a 

Body mass index, kg/m2 (SD) 22.5 (3.1) 21.4 (2.9) 0.001a 

Smoking index, pack-years (SD) 64.0 (31.4) 70.0 (38.5) 0.45a 

Current smoker, N (%) 42 (24.4) 24 (18.5) 0.26b 

GOLD stage (1/2/3/4) 48/78/42/4 23/61/34/12 0.02c 

SGRQ total score (SD) 29.4 (17.1) 27.9 (15.5)* 0.59a 

mMRC dyspnea scale ≥2, N (%) 83 (48.3) 41 (31.5) 0.005b 

Post-BD FEV1, % predicted (SD) 65.1 (21.0) 57.6 (20.3) 0.003a 

Post-BD FEV1/FVC (SD) 0.51 (0.13) 0.47 (0.13) 0.007a 

Kco, % predicted (SD) 70.2 (22.9)† 63.4 (23.7)‡ 0.014a 

% Low attenuation volume (SD) 24.1 (13.8) § 30.0 (9.6) <0.001a 

Comorbidities at baseline    

  Any cardiovascular disease, N (%) 45 (26.2) 27 (20.8) 0.34b 

  Ischemic heart disease, N(%) 13 (7.6) 9 (6.9) 0.84b 

  Diabetes, N(%) 7 (4.1) 16 (12.3) 0.009b 

Measurement of CT findings    

  PA diameter, mm (IQR) 26.0 (23.6-29.5) 28.9 (26.0-31.4) <0.001a 

  Aorta diameter, mm (IQR) 33.8 (31.0-36.7) 33.2 (30.9-35.8) 0.28a 
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  PA:A ratio (IQR) 0.777 (0.701-0.867) 0.865 (0.793-0.940) <0.001a 

  PA:A ratio ≥1, N (%) 7 (4.1) 10 (7.7) 0.18b 

Number of participants included in 

CACS analysis 
131 128 

 

  CACS (IQR) 64.6 (5.3-440.8) 101 (6.9-451.5) 0.58a 

Data are shown as mean (SD), median (interquartile range, IQR), or number (%). 465 

Comparisons between groups were conducted using the aKruskal-Wallis test, bFisher’s 466 

exact test, or cChi-square test. 467 

* N = 123, † N = 166, ‡ N = 128,§ N = 131.  468 

CACS, coronary artery calcium score; CT, computed tomography; FEV1, forced expiratory 469 

volume in one second; FVC, forced vital capacity; GOLD, Global Initiative for Chronic 470 

Obstructive Lung Disease; Kco, carbon monoxide transfer coefficient; mMRC, modified 471 

Medical Research Council; PA, pulmonary artery; PA:A ratio, the ratio of the diameter of 472 

the pulmonary artery to the diameter of the aorta; post-BD, post-bronchodilator; SGRQ, St. 473 

George’s Respiratory Questionnaire. 474 

475 
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Table 2 Multivariate analysis of exacerbation and all-cause mortality according to 476 

quartile group in each cardiovascular finding in the discovery and validation cohorts 477 

 478 

 PA diameter PA:A ratio CACS 

5-year exacerbation    

Discovery cohort    

   Q1 (reference) (reference) (reference) 

   Q2 1.10 (0.53-2.32) 0.96 (0.44-2.09) 0.96 (0.40-2.32) 

   Q3 0.67 (0.29-1.49) 1.35 (0.66-2.85) 1.20 (0.49-2.99) 

   Q4 1.10 (0.53-2.32) 1.25 (0.59-2.68) 1.18 (0.49-2.91) 

Validation cohort    

   Q1 (reference) (reference) (reference) 

   Q2 1.01 (0.40-2.68) 1.17 (0.44-3.68) 1.94 (1.02-3.84) 

   Q3 0.97 (0.45-2.23) 1.08 (0.45-3.18) 1.18 (0.62-2.32) 

   Q4 0.90 (0.42-2.17) 0.94 (0.41-2.72) 1.74 (0.91-3.43) 

10-year all-cause mortality    

Discovery cohort    

   Q1 (reference) (reference) (reference) 

   Q2 1.94 (0.89-4.31) 1.31 (0.66-2.62) 0.73 (0.29-1.90) 

   Q3 1.18 (0.53-2.69) 1.16 (0.57-2.37) 0.85 (0.36-2.13) 

   Q4 2.06 (1.02-4.39) 1.18 (0.57-2.44) 1.49 (0.68-3.55) 

Validation cohort    

   Q1 (reference) No death (reference) 

   Q2 2.27 (0.44-16.5) (reference) 0.76 (0.21-2.80) 
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   Q3 2.67 (0.67-17.7) 1.60 (0.47-7.29)* 0.94 (0.31-3.19) 

   Q4 3.77 (1.02-24.5) 1.97 (0.57-6.80)* 2.16 (0.78-6.97) 

Data are shown as hazard ratio (95% confidence intervals) of each quartile group 479 

compared to Q1 group, adjusted by age, sex, body mass index, and % forced expiratory 480 

volume in one second. Q1-4 show quartile groups according to the quartiles of distribution 481 

of each index (Q1, <25th percentile; Q2, 25th percentile to ≤50th percentile; Q3, 50th 482 

percentile to ≤75th percentile; and Q4, >75th percentile). 483 

* Hazard ratio was shown compared to the Q2 group because there were no deaths in the 484 

Q1 group.  485 

CACS, coronary artery calcium score; PA, pulmonary artery; PA:A ratio, the ratio of the 486 

diameter of the pulmonary artery to the diameter of the aorta. 487 

488 
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Table 3 Multivariate analysis of exacerbation and mortality according to elevation of 489 

cardiovascular risk score (score 1 or 2 vs 0) in the discovery and validation cohorts 490 

 491 

 Discovery cohort Validation cohort 

5-year exacerbation   

  Prescription change 1.10 (0.59-2.00) 1.15 (0.74-1.82) 

  Admission 1.09 (0.40-2.90) NA* 

10-year mortality   

  All-cause 1.89 (1.09-3.30) 3.62 (1.56-9.88) 

  Respiratory diseases 3.11 (1.30-8.25) NA* 

  Cardiovascular diseases 2.23 (0.47-12.09) NA* 

Data are shown as hazard ratio (95% confidence intervals), adjusted by age, sex, body 492 

mass index, and %forced expiratory volume in one second. 493 

* NA, not assessed. 494 

495 
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Figure legends 496 

 497 

Fig. 1. Measurements of the diameter of pulmonary artery, the diameter of aorta, and 498 

coronary artery calcium score 499 

(A) Panel A shows measurement of the diameter of main PA and aorta at the level of PA 500 

bifurcation. In this case, PA and aorta are 24.0 mm, 33.3 mm in diameters, respectively. 501 

PA:A ratio is then calculated to be 0.721. (B) Panel B shows measurement of coronary 502 

artery calcium score. Arrowhead marks (→) show the calcium deposits on the left anterior 503 

descending coronary artery. Size of the manually pointed region and its weighting factor 504 

depending on peak attenuation were calculated automatically. Total coronary artery 505 

calcium score was determined by summing individual lesion scores from each of four 506 

anatomic sites (left main, left anterior descending, left circumflex, and right coronary 507 

arteries). 508 

PA, pulmonary artery; PA:A ratio, the ratio of the diameter of the pulmonary artery to the 509 

diameter of the aorta. 510 

 511 

Fig. 2. Kaplan–Meier curves of time to first exacerbation and mortality according to 512 

quartile groups for each cardiovascular finding in the discovery cohort 513 

(A) 5-year exacerbation, (B) 10-year mortality. Q1-4 show quartile groups according to the 514 

quartiles of distribution for each index: in PA diameter, Q1 (<23.6 mm or 25th percentile), 515 

Q2 (23.6 to ≤26.0 mm or 50th percentile), Q3 (26.0 to ≤29.5 mm or 75th percentile), and 516 

Q4 (>29.5 mm); in PA:A ratio, Q1 (<0.701 or 25th percentile), Q2 (0.701 to ≤0.777 or 50th 517 

percentile), Q3 (0.777 to ≤0.867 or 75th percentile), and Q4 (>0.867); and in CACS, Q1 518 

(<5.3 or 25th percentile), Q2 (5.3 to ≤64.6 or 50th percentile), Q3 (64.6 to ≤440.8 or 75th 519 

percentile), and Q4 (>440.8). The highest quartiles (Q4) of PA diameter and CACS 520 
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indicated higher all-cause mortality (log-rank, P = 0.04 and 0.04 for PA diameter and 521 

CACS, respectively). 522 

CACS, coronary artery calcium score; PA, pulmonary artery; PA:A ratio, the ratio of the 523 

diameter of the pulmonary artery to the diameter of the aorta. 524 

 525 

Fig. 3. Kaplan–Meier curves of time to first exacerbation and mortality according to 526 

cardiovascular risk score in the discovery and validation cohorts 527 

(A) 5-year exacerbation, (B) 10-year mortality. CR score was determined according to the 528 

distributions of measurement value in the discovery cohort, consisting of pulmonary artery 529 

domain (0: the diameter of pulmonary artery ≤29.5 mm or 75th percentile, 1: the diameter 530 

of pulmonary artery >29.5 mm) and coronary domain (0: coronary artery calcium score 531 

≤440.8 or 75th percentile, 1: coronary artery calcium score >440.8), ranging from 0 to 2. In 532 

the discovery cohort, subjects with a score of 1 or more had worse rates of all-cause 533 

mortality (log-rank, P = 0.002). Similarly, in the validation cohort, subjects with a score of 534 

1 or more had worse rates of all-cause mortality (log-rank, P = 0.02), whereas exacerbation 535 

free period was comparable among groups. 536 

CR score, cardiovascular risk score. 537 
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