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Abstract 
Background & research question 

Multiple factors affect oxygen levels in chronic obstructive pulmonary disease (COPD), 

including airflow limitation, emphysema, ventilation-perfusion mismatch, cardiac dysfunction 

and pulmonary vascular remodeling. We investigated the association of small pulmonary vein 

and artery volume with oxygen saturation. 

 

Methods 

In the COPDGene cohort, current and former smokers were characterized with questionnaires, 

spirometry, oxygen saturation measurements and computed tomography (CT). On CT scans, 

small pulmonary vein and artery volume (diameter<1mm) were quantified with automated 

image analysis. Associations of small vein and artery volume with oxygen saturation and 

supplemental oxygen use were investigated with multivariable regression, correcting for body 

surface area, clinical (including emphysema, FEV1%predicted, coronary calcium) and 

technical covariates. 

 

Results 

8931 subjects were included with a mean age of 60.0±9.0 years. 52.7% were male. Half were 

current smokers (50.7%); number of pack-years was 44.5±25.0. Median saturation was 97% 

(IQR 95-98%), 1040 (11.6%) subjects used supplemental oxygen. Oxygen saturation 

decreased with 0.14% [-0.25,-0.03] (p=0.01) for 1 mL/m2 each increase in vein volume and 

0.15% [-0.21, -0.09] for artery volume. Oxygen users had higher small vein volume 

(3.01±0.61 mL/m2) compared to those without oxygen (2.68±0.53 mL/m2). Each 1 mL/m2 

increase in vein volume (adjusted OR 1.51[1.25,1.84] p<0.001) and artery volume (OR 

1.16[1.02, 1.31]) was associated with more supplemental oxygen use. 

 

Interpretation 

In current and former smokers, higher small pulmonary vein and artery volume were 

associated with lower resting saturation and more supplemental oxygen use, independent of 

lung disease severity or technical parameters. This suggests a role for vascular remodeling in 

smoking-related disease. 
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Introduction 

The pulmonary correlates of a decreased oxygen saturation in smokers are complex and 

multifactorial including airflow limitation, emphysema, ventilation-perfusion mismatch, 

cardiac dysfunction and pulmonary vascular remodeling.(1) In comparison to the extensive 

knowledge on the contribution of airways, alveoli and perfusion in smoking-related lung 

disease, knowledge of the changes in smaller pulmonary vessels related to blood oxygen 

levels remains limited. This may in part be due to lack of quantitative methods for the in vivo 

measurement of the small pulmonary vessels. Fortunately, the advancement in artificial 

intelligence over the past years enabled automated quantification of small pulmonary vessels, 

small arteries and/or small veins on computed tomography (CT).(2–7)  

 

Recently, we investigated the role of small pulmonary arteries and veins determined from 

non-contrast CT scans obtained in the COPDGene study and observed a higher mortality in 

participants with higher small pulmonary vein volume.(8) Furthermore, we also found that 

both the number of pack-years and smoking status were associated with higher small 

pulmonary vein and artery volumes.(9) This raised interest in the role of small veins in 

smoking-related lung disease and we hypothesized that dilated veins could be related to a 

lower oxygen saturation independent of emphysema, airways and heart disease. One of the 

possible explanations of dilated small pulmonary veins in smokers is based on findings from 

an established cast study(10), which described shunting between the bronchial veins (mostly 

oxygen poor) and pulmonary veins (mostly oxygen rich) in post-mortem lungs with severe 

emphysema, potentially causing local hypoxemia. Shunting between bronchial arteries and 

pulmonary veins is another possibility. In addition to shunting there are several other theories, 

including venous dilation as a response to lower blood oxygen levels. Indeed, considering 

other organ systems, dilated retinal venules have been observed as a response to hypoxia and 

hypoperfusion,(11,12) and it has also been suggested that hypoxia-induced factors are 

involved in the formation of varicose veins.(13) Lower blood oxygen levels are also a 

common component in the pathophysiology of cardiac disorders such as heart failure or 

ischemic and hypertensive heart disease.(14,15) In these patients, oxygen supply to 

cardiomyocytes is decreased due to microvascular obstruction and impaired vascularization. 

Additionally, a lower oxygen saturation could lead to venous wall thickening. For example, in 

residents with chronic hypoxia due to living at high altitude, medial hypertrophy of the 

pulmonary veins has been described in histological sections.(16,17) 
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As a next step in understanding the role of small veins disease in smoker’s lungs we aimed to 

investigate whether, in individuals with a smoking history, a higher volume of the small 

pulmonary veins is associated with lower oxygen saturation and more frequent supplemental 

oxygen use.  

 

Methods 

Study population 

We included phase 1 participants of the COPDGene study (ClinicalTrials.gov: 

NCT00608764), in whom CT analysis was available (Figure 1). Data was collected in 2008-

2011.(18) All subjects provided written informed consent. The full study protocol including 

inclusion and exclusion criteria was described previously.(18) 

 

Spirometry and clinical data 

Details on data collection are described in a previous paper.(18) Spirometry data was 

measured post-bronchodilator. Forced expiratory volume in 1 second (FEV1) and forced vital 

capacity (FVC) are presented as a percentage of their predicted values (%predicted).(19) The 

pulmonary function test results were categorized according to the Global initiative for 

Obstructive Lung Disease (GOLD) spirometry stages 0-IV or Preserved Ratio Impaired 

Spirometry (PRISm).(20) 

Race and pack-years were self-reported with questionnaires. Body Mass Index (BMI) was 

calculated based on height and weight measurements. Functional exercise capacity was 

assessed with the 6-minute Walking Distance (6MWD). Activity-related dyspnoea was self-

reported with the modified Medical Research Council (mMRC) dyspnoea scale.(21)  

 

Oxygen saturation 

Oxygen saturation was measured after a resting position (seated) for >5 minutes, using a pulse 

oximeter on a finger without nail polish. In participants with supplemental oxygen use, the 

oxygen was discontinued during the saturation measurement. If oxygen saturation fell below 

82%, the supplemental oxygen was restarted and a reading of 82% was registered.(22) 

 

CT acquisition and measurements 

CT scan protocols have been described previously.(18) Briefly, multidetector CT scanners 

(>16 detector channels) were used to acquire thin slice non-contrast-enhanced volumetric CT 
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scans at inspiration (200mAs) and at the end of expiration (50mAs). Emphysema was 

expressed as %LAA950 and calculated as the percentage of voxels below -950 Hounsfield 

Units (HU) on inspiratory CT scans. Emphysema was also visually assessed by expert readers 

according to the Fleischner Society and categorized as: none, trace, mild, moderate, confluent 

or advanced destructive.(23) Air trapping was quantified on expiratory CT scans and 

expressed as the percentage of voxels below -856 HU. Airway wall thickness was expressed 

as the square root wall area of an airway with a diameter of 10mm (Pi10).(24) Coronary artery 

calcification was quantified with the ‘modified Agatston’ (mAgatston) method, using the 

Agatston algorithm on ungated CT scans.(25) All quantitative CT analyses were performed 

using Thirona’s lung quantification platform, LungQ® (Thirona, The Netherlands, 

http://www.thirona.eu).  

 

CT pulmonary vein and artery quantification 

The pulmonary veins and arteries were quantified using the lung quantification platform 

LungQ® (Thirona, Nijmegen, The Netherlands), details were published previously.(8) In 

short, this method consists of three components: voxel-wise segmentation of pulmonary veins 

and arteries, separation of the identified vascular tree into individual branches and 

quantification of vascular diameters and volumes for each branch.(26–29) Small vein volume 

was quantified as the accumulated volume of all pulmonary venous branches with a diameter 

<1mm, and small artery volume as the accumulated volume of all pulmonary arterial branches 

with a diameter <1mm. To correct for inherent differences in body size, absolute small 

pulmonary venous and arterial were normalized by dividing it by body surface area, according 

to the DuBois method (BSA[m2] = 0.007184 * Height[cm]0.725 * Weight[kg]0.425).(30)  

 

Statistical analysis 

All analyses were performed using R (version 4.3.3). Continuous variables were presented as 

mean ± standard deviation or median (IQR). Missing values were present in 11 variables. In 9 

variables (packyears, FEV1%predicted, emphysema, Pi10, resting oxygen saturation, mMRC 

dyspnea score, 6MWD, COPD GOLD stage and CT scanner model), the percentage of 

missing values was <1%. In 2 variables (coronary calcium and visual emphysema severity), 

the percentages of missing data were 7.8% and 11.5%. All missing variables were imputed 

with multiple imputation. For imputation, the function ‘mice’ was used from package mice 

(version 3.16.0). Data were imputed using 10 iterations and 10 imputed datasets were 
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generated.  

Resting oxygen saturation was measured by pulse oximetry. Although the arterial oxygen 

tension relationship is nonlinear, most values in our cohort (>92–99%) fell in the effectively 

linear upper portion of the curve, supporting the use of linear regression for association 

analyses. Logistic regression for categorical outcomes, such as oxygen-use, does not rely on 

this linearity assumption.” 

 

To investigate the association between resting oxygen saturation and small vein and small 

artery volumes, multiple linear regression was used, correcting for: age, gender, race, BMI, 

smoking status, packyears, FEV1% predicted, mMRC dyspnea score, 6MWD, %LAA950, 

Pi10, mAgatston score, severe exacerbations, supplemental oxygen use, pixel spacing and 

scanner model. These covariates were selected a priori based on known associations with 

pulmonary vascular structure, hypoxemia, and CT-derived measurements, and to minimize 

confounding. Imaging and technical factors were included to account for variation in lung 

disease severity and acquisition-related measurement bias. Multivariable logistic regression 

was also used to analyze the association between supplemental oxygen use (yes/no) and small 

vein and small artery volume, corrected for: age, gender, race, BMI, smoking status, 

packyears, FEV1% predicted, mMRC dyspnea score, 6MWD, %LAA950, Pi10, mAgatston 

score, severe exacerbations, pixel spacing and scanner model. Regression parameters are 

reported with their 95% confidence intervals. P values <0.05 were considered statistically 

significant. 

 

Results 

Subject characteristics 

Of the 10299 COPDGene subjects that had completed Phase 1, 735 were excluded because of 

corrupted or unavailable CT scans, 527 because of unavailable mortality data and 106 because 

they were never smokers. Figure 1 shows a flow chart. The study population consisted of 

8931 current and former COPDGene participants classified according spirometry severity 

stages: 3811 GOLD 0; 1074 PRISm; 704 GOLD 1; 1760 GOLD 2; 1056 GOLD 3; 526 

GOLD 4. The average age was 60.0±9.0 years and 52.7% were male. Among 4527 (50.7%) 

current smokers, there was a mean of 43.6±23.6 pack-years smoked, former smokers had a 

mean of 45.4±26.4 pack-years. Median resting saturation was 97% (IQR 95-98%) and 1040 

(11.6%) participants used supplemental oxygen. Mean small vein volume was 2.71±0.55 

mL/m2. Mean small artery volume was 3.88 ± 0.91 mL/m2. Further baseline characteristics 
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are provided in Table 1. 

 

Univariate analysis 

Of all participants, 1040 (11.6%) used supplemental oxygen. Univariable comparison (Table 

1) showed that subjects using supplemental oxygen were older (65.6±8.1 years vs. 59.0±8.9 

years) and had more packyears smoked (56.2±29.2 packyears vs. 42.9±24.0 packyears). 

Supplemental oxygen users had more severe airflow obstruction, reflected by a lower FEV1% 

predicted (41.4±22.4% vs. 79.5±41.4%) and higher amounts of emphysema (17.9% [5.9-

31.3%] vs. 2.2% [0.6-7.4%]), air trapping (50.7% [29.2-63.9%] vs. 12.5% [5.6-25.8%]), and 

thicker airway walls (2.73±0.53 mm vs. 2.30±0.61 mm). Mean small vein volume (3.01±0.61 

mL/m2) and mean small artery volume (3.97±0.84 mL/m2) were higher in subjects using 

supplemental oxygen compared to those without (2.68±0.53 mL/m2 for veins and 3.87±0.91 

mL/m2 for arteries).  

 

Multivariate analysis 

Multiple linear regression showed that for each 1 mL/m2 greater small vein volume, oxygen 

saturation was 0.14% [0.25%, 0.03%] lower, after adjustment for other covariates (Table 2). 

For small artery volume, oxygen saturation was 0.15% [0.21%, 0.09%] lower (Table 3). 

In multivariable logistic regression corrected for clinical and technical confounders, higher 

small vein volume (OR per 1 mL/m2 small vein volume 1.51 [1.25, 1.84]) and higher small 

artery volume  (OR per 1 mL/m2 small artery volume 1.16 [1.02, 1.31]) were associated with 

more frequent supplemental oxygen use. Results are shown in Table 4 and 5.  

 

 

Discussion 

Our data showed that, in current and former smokers derived from the COPDGene cohort, 

higher volumes of small pulmonary veins and arteries are associated with a lower resting 

saturation and more use of supplemental oxygen when adjusted for various clinical and 

technical confounders. These results add to the growing interest in the relevance of the small 

pulmonary vessels, an understudied feature of the human lung.  

 

Many studies have found that the pulmonary arteries constrict in response to alveolar 

hypoxia(31), but not much is known about the effect of oxygen levels on the pulmonary veins. 
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In some pulmonary diseases where hypoxia is frequently present, including pulmonary veno-

occlusive disease and pulmonary hypertension, remodeling and pruning of the small 

pulmonary veins has been described.(32,33) Shelton et al. measured venous wall thickness of 

post-mortem lungs with emphysema and chronic bronchitis and found an increased wall 

thickness, especially in the smallest veins.(34) Also, there is substantial evidence from animal 

studies that (chronic) low levels of oxygen has an effect on smooth muscle cells of the 

pulmonary veins, including hypertrophy and impaired contractility.(35–37) 

   

We believe there are several possible explanations for our findings (Figure 3).  

The first possibility is that there is a collateral circulation between the bronchial veins 

and the pulmonary veins, which has previously been described in severe emphysema 

established in a post-mortem study.(10)  This would mean that blood from the bronchial veins 

(oxygen poor) mixes with the pulmonary veins (oxygen rich), leading to locally lower oxygen 

saturation and subsequent remodeling of the pulmonary veins. 

Second, another related explanation is that direct shunts between the deoxygenated 

pulmonary arteries and the oxygen rich pulmonary veins occur, again leading to a decreased 

oxygen saturation. There is substantial anatomical evidence describing the existence of these 

arteriovenous shunts, including postmortem histological and cast studies in healthy lungs(38–

41) and also in vivo studies in COPD patients using wedge angiography.(42,43) The etiology 

of these shunts is predominantly congenital, but have also been reported in acquired 

conditions such as hepatic cirrhosis, mitral stenosis or trauma.(44) In our cohort, no data is 

available on congenital conditions and no angiography has been performed. 

Third, venous dilation could be a direct response to lower oxygen levels. Previous 

studies have described dilated retinal venules as a possible reaction to chronic retinal hypoxia 

or hypoperfusion.(11,12) It has also been suggested that hypoxia-induced factors are involved 

in the formation of varicose veins.(13,45) Consequently, intrapulmonary varicose veins could 

lead to lower oxygen levels through blood stasis. In this case, dilated veins would not be a 

cause, but a consequence of low oxygen saturation. 

Fourth, the observed enlargement of venous and arterial volume could involve 

remodeling of the vessel wall, which has been found to occur in subjects with heart failure 

and pulmonary hypertension.(46–48) The observed remodeling includes hypertrophy of the 

medial layer and elastic laminae. A study on explanted lungs found that intimal fibrosis and 

arterialization of the pulmonary veins frequently occurs in COPD.(49) This remodeling could 

lead to an observed increase of small vein and artery volumes, when vessels that would 
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normally be too small to measure are now detected as 0.2mm-1mm due to the thickened 

vessel wall.  

Fifth, the higher small vein and artery volumes in subjects with lower oxygen levels 

could also be related to the recruitment of underused capillaries. There is a number of 

pulmonary capillaries at rest that are available “on demand” for accommodation of increase in 

blood flow, for example during exercise (West’s Lung Zone 2). These capillaries are recruited 

to keep the pulmonary pressure low in such situations.(50–52) In the case of low oxygen 

saturation, as mentioned previously in the discussion, many studies have found that the 

pulmonary arteries constrict in response to alveolar hypoxia, leading to an increased 

pulmonary arterial pressure. To compensate for this increased pressure, there is a 

redistribution of blood flow to recruit underperfused capillaries, which helps to keep the 

pressure low and increases the surface area for gas exchange to compensate for the decrease 

in oxygen saturation.(53) This recruitment can lead to, not only an enlargement of the small 

vessels in previously underperfused areas (they need to accommodate for increased flow), but 

also tiny vessels that were not visible before could become visible due to enlargement. 

Additionally, at higher flows, there can be further distension of already perfused 

capillaries(50), accentuating this effect even more. In COPD patients, this “reservoir” of 

capillaries is already recruited at rest to compensate for the hypoxia induced by lung disease, 

meaning that there is no extra recruitment for increased flow due to exercise for example. 

This could also explain those COPD patients that have a normal mean pulmonary arterial 

pressure (mPAP) at rest, but have an abnormally increased mPAP during exercise (exercise 

induced PH). 

Lastly, low oxygen saturation is a common characteristic in many cardiac diseases 

including heart failure, ischemic heart disease and hypertension. In these patients, chronic 

local hypoxia can be an effect of microvascular obstruction, impaired vascularization and 

decreased oxygen supply to the heart.(14,15) Microvascular dysfunction can, in turn, lead to 

stasis and accumulation of blood in the small veins and arteries, causing them to dilate. 

Furthermore, in mitral valve stenosis and pulmonary veno-occlusive disease an increase in 

pulmonary capillary pressures can lead to an increase in extracellular matrix.(54) 

Unfortunately, we did not have specific cardiac measurements available to assess cardiac 

disease in our current cohort other than coronary calcium scores. 

 

With this study, we want to emphasize that the lung is also a vascular organ and our data 

support further research into small pulmonary vessels. We can speculate that possible clinical 
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implications of our findings include better phenotyping of lung diseases, specific drug therapy 

development aimed at the pulmonary vessels, or selecting specific pulmonary rehabilitation 

techniques.(55) 

 

This study has several limitations. Due to the observational nature of our study, we cannot 

establish a causal relationship between oxygen levels and higher small pulmonary vein and 

artery volumes. A study with longitudinal follow-up measurements of vein and artery volume 

and oxygen saturation may strengthen the hypothesis of a causal effect if one measure would 

always precede the other. Second, oxygen saturation and vessel volumes were analyzed only 

at rest, as data during exertion, such as the 6MWT, were not available for all subjects. 

Therefore, we have no information on the behavior of the vessel volumes as an immediate 

response to a decreased saturation. Investigating this in the future could give us more insight 

into the dynamic relationship of vein and artery volumes and oxygen levels.   

Third, the unavailability of physiological and cardiac variables that could influence 

pulmonary vessel caliber (e.g. PaO2, PaCO2, pH, BNP, troponin, hemoglobin, 

carboxyhemoglobin, pulmonary pressures and sleep-disordered breathing), may have affected 

the observed relationship between oxygen saturation and small vessel volume. Fourth, clinical 

outcome data (e.g. mucus plugging or exacerbation history) and central vascular metrics such 

as the PA/A ratio were not consistently available in this dataset and therefore, we did not 

include these associations in our current analysis. Future studies are needed to explore 

potential relationships how distal and central pulmonary vascular changes relate to each other 

and to clinically relevant outcomes. Additionally, we have no histological validation for our 

vascular findings. It remains a possibility that the observed enlargement includes not only 

vessel volume, but also surrounding tissue and extracellular matrix, such as interstitial fibrosis 

or lymph fluid. Also, the result of the software’s measurements has not yet been histologically 

validated, though adequate separation of the venous and arterial trees was visually confirmed.  

Whether increased small vein and artery volumes are a cause or an effect of decreased oxygen 

saturation cannot be concluded from this study and a role for a cardiac cause remains a 

possibility. Further histological examinations of the small pulmonary vessels would be of 

interest, although intervention studies will be needed to ultimately unravel causality of the 

dimensions of small pulmonary vessels in the lungs of smokers and its relation to oxygen 

saturation. 

 

In conclusion, higher volumes in the small pulmonary veins and arteries are associated with a 
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lower resting oxygen saturation and more frequent supplemental oxygen use in smokers. 

These results highlight the relevance of the pulmonary vessels and urge further investigations 

into the small pulmonary vasculature. 
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Table 1. Clinical characteristics of the study population. 

 

Legend: Data given are mean ± standard deviation, median and interquartile range in 
parentheses, or number and percentage in parenthesis, depending on the data distribution. 
BMI is body mass index, FEV1 is Forced Expiratory Volume in one second, FVC is Forced 
Vital Capacity, SpO2 is oxygen saturation assessed by pulse oximetry, CT is computed 
tomography, Pi10 is square root of wall area for a theoretical airway with a lumen of 10mm, 
pctl is percentile, 6MWD is six minute walking distance, mMRC is modified Medical Research 
Council dyspnea scale, COPD is Chronic Obstructive Pulmonary Disease, GOLD is Global 
Initiative for Chronic Obstructive Lung Disease, PRISm is preserved ratio impaired 
spirometry.  
*One foot is 0.3048 meter. 
 

  

 COPDGene cohort 
(N=8931) 

No supplemental 
oxygen (N=7891 ) 

Supplemental oxygen 
(N=1040) 

Age (yr) 60.0 ± 9.0 59.0 ± 8.9 65.6 ± 8.1 
Male gender (N, %) 4710 (52.7%) 4167 (52.8%) 543 (52.2%) 
BMI (kg/m2) 28.8 ± 6.3 28.8 ± 6.2 28.5 ± 7.1 
Obesity (BMI>30) 3306 (37.0%) 2937 (37.2%) 369 (36.5%) 
Pack-years (cigarette packs/day * yr) 44.5 ± 25.0 42.9 ± 24.0 56.2 ± 29.2 
Non-hispanic white subjects (N, %) 6158 (69.0%) 5278 (66.9%) 880 (84.6%) 
Current smokers (n,%) 4527 (50.7%) 4329 (54.9%) 198 (19.0%) 
Spirometry    
   FEV1 (% predicted) 75.1 ± 26.7 79.5 ± 41.4 41.4 ± 22.4 
   FVC (% predicted) 86.9 ± 18.2 89.0 ± 16.8 70.8 ± 20.3 
6MWD (ft)*  1354 ± 402 1402 ± 376 969 ± 396 
Resting SpO2 (%) 97 (95-98) 97 (96-98) 93 (90-95) 
mMRC dyspnea scale 1 (0-3) 1 (0-2) 3 (2-4) 
CT quantified parameters    
   Emphysema (%) 2.2 (0.6-7.4) 1.7 (0.5-5.3) 17.9 (5.9-31.3) 
   Air trapping (%) 14.5 (6.2-31.8) 12.5 (5.6-25.8) 50.7 (29.2-63.9) 
   Pi10 (mm) 2.35 ± 0.62 2.30 ± 0.61 2.73 ± 0.53 
   mAgatston score 13 (0-178) 8 (0-157) 90 (1-362) 
Vascular parameters    
   Mean small vein volume (mL/m2) 2.71 ± 0.55 2.68 ± 0.53 3.01 ± 0.61 
   Mean small artery volume (mL/m2) 3.88 ± 0.91 3.87 ± 0.91 3.97 ± 0.84 
   Min-max (IQR) of small vein volume (mL/m2) 0.28 – 6.07 (2.33, 3.03) 0.73 – 5.52 (2.31, 2.98) 0.28 – 6.07 (2.57, 3.41) 
   Min-max (IQR) of small artery volume 
(mL/m2) 1.58 – 8.18 (3.24, 4.43) 1.58 – 8.18 (3.22, 4.43) 1.96 – 7.74 (3.36, 4.44) 

Emphysema visual (N, %)    
   0 – none 2943 (33.0%) 2877 (36.5%) 66 (6.3%) 
   1 – trace  1593 (17.8%) 1538 (19.5%) 55 (5.3%) 
   2 – mild  1750 (19.6%) 1652 (20.9%) 98 (9.4%) 
   3 – moderate  1431 (16.0%) 1179 (14.9%) 252 (24.2%) 
   4 – confluent  905 (10.1%) 521 (6.56%) 384 (36.9%) 
   5 – advanced destructive 309 (3.5%) 124 (1.6%) 185 (17.8%) 
GOLD spirometry stage (N, %)    
   PRISm 1074 (12.0%) 1028 (13.0%) 46 (4.4%) 
   0 3811 (42.7%) 3769 (47.8%) 42 (4.0%) 
   1 704 (7.9%) 670 (8.5%) 34 (3.3%) 
   2 1760 (19.7%) 1552 (19.7%) 206 (19.8%) 
   3 1056 (11.8%) 715 (9.1%) 341 (32.8%) 
   4 526 (5.9%) 155 (2.0%) 371 (35.7%) 
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Table 2. Multiple linear regression coefficients for analysis of association between resting 
oxygen saturation and small vein volume 

Determinant Unit change B 95% CI T statistic P value 

Small vein volume Per 1 mL/m2 -0.142 [-0.253, -0.032] -2.52 0.01 
Supplemental oxygen 

 
For oxygen users -1.786 [-1.969, -1.602] -19.1 <.001 

Age Per year -0.034 [-0.042, -0.027] -9.52 <.001 

BMI Per kg/m2 -0.048 [-0.057, -0.039] -10.55 <.001 

Gender For females -0.069 [-0.184, -0.047] -1.17 0.24 

Race For African Americans 0.360 [0.234, 0.485] 5.62 <.001 

Pack-years smoked Per pack-year -0.003 [-0.005, -0.001] -2.44 0.01 
Smoking status For current smokers -0.012 [-0.129, 0.106] -0.19 0.85 

FEV1 %predicted Per % 0.013 [0.011, 0.016] 10.04 <.001 

Emphysema Per % -0.373 [-0.460, -0.286] -8.40 <.001 

Pi10 Per mm -0.182 [-0.279, 0.085] -3.67 <.001 

Coronary calcium Per mAgatston unit 0.005 [-0.045, 0.054] 0.19 0.85 

6MWD Per 100 meter 0.118 [0.065, 0.171] 4.37 <.001 

Severe exacerbations For severe exacerbations -0.231 [-0.388, -0.074] -2.88 0.004 

mMRC Dyspnea Score 1 For score 1 -0.151 [-0.295, -0.007] -2.07 0.04 

mMRC Dyspnea Score 2 For score 2 -0.071 [-0.228, 0.085] -0.89 0.37 

mMRC Dyspnea Score 3 For score 3 -0.171 [-0.321, 0.020] -2.22 0.03 

mMRC Dyspnea Score 4 For score 4 -0.390 [-0.586, -0.194] -3.90 <.001 

Legend: BMI is body mass index, FEV1 is Forced Expiratory Volume in one second, Pi10 is 
square root of wall area for a theoretical airway with a lumen of 10mm, 6MWD is six minute 
walking distance, mMRC is Modified Medical Research Counsel dyspnea scale. Pixel 
spacing, CT scanner models and research center were also added as covariates. 
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Table 3. Multiple linear regression coefficients for analysis of association between resting 
oxygen saturation and small artery volume 
 

Determinant Unit change B 95% CI T statistic P value 

Small artery volume Per 1 mL/m2 -0.149 [-0.212, -0.086] -4.63 <.001 
Supplemental oxygen 

 
For oxygen users -1.800 [-1.983, -1.617] -19.3 <.001 

Age Per year -0.035 [-0.042, -0.028] -9.72 <.001 

BMI Per kg/m2 -0.047 [-0.055, -0.038] -10.74 <.001 

Gender For females -0.075 [-0.191, -0.040] -1.29 0.20 

Race For African Americans 0.300 [0.172, 0.429] 4.57 <.001 

Pack-years smoked Per pack-year -0.002 [-0.004, -0.001] -2.19 0.03 
Smoking status For current smokers 0.025 [-0.094, 0.144] 0.41 0.68 

FEV1 %predicted Per % 0.014 [0.011, 0.016] 10.19 <.001 

Emphysema Per % -0.375 [-0.461, -0.288] -8.50 <.001 

Pi10 Per mm -0.189 [-0.286, -0.092] -3.81 <.001 

Coronary calcium Per mAgatston unit 0.010 [-0.040, 0.060] 0.41 0.68 

6MWD Per 100 meter 0.123 [0.071, 0.175] 4.62 <.001 

Severe exacerbations For severe exacerbations -0.221 [-0.378, -0.064] -2.76 0.006 

mMRC Dyspnea Score 1 For score 1 -0.153 [-0.296, -0.009] -2.09 0.04 

mMRC Dyspnea Score 2 For score 2 -0.076 [-0.233, 0.080] -0.96 0.34 

mMRC Dyspnea Score 3 For score 3 -0.176 [-0.326, -0.026] -2.31 0.02 

mMRC Dyspnea Score 4 For score 4 -0.385 [-0.580, -0.190] -3.88 <.001 

Legend: BMI is body mass index, FEV1 is Forced Expiratory Volume in one second, Pi10 is 
square root of wall area for a theoretical airway with a lumen of 10mm, 6MWD is six minute 
walking distance, mMRC is Modified Medical Research Council dyspnea scale. Pixel spacing, 
CT scanner models and research center were also added as covariates. 
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Table 4. Multivariable logistic regression odds-ratios for analysis of association between 
supplemental oxygen use and small vein volume 

Determinant Unit change OR 95% CI T statistic P value 

Small vein volume Per 1 mL/m2 1.51 [1.25, 1.84] 4.20 <.001 
Age Per year 1.03 [1.01, 1.04] 3.57 <.001 

BMI Per kg/m2 1.05 [1.03, 1.07] 5.24 <.001 

Gender For females 1.28 [1.02, 1.61] 2.14 0.03 

Race For African Americans 0.92 [0.70, 1.20] -0.66 0.51 
Pack-years smoked Per pack-year 1.00 [1.00, 1.01] 1.30 0.19 
Smoking status For current smokers 0.49 [0.39, 0.63] -5.81 <.001 

FEV1 %predicted Per % 0.98 [0.97, 0.98] -10.10 <.001 

Emphysema Per % 2.67 [2.18, 3.26] 9.61 <.001 

Pi10 Per mm 1.05 [0.88, 1.26] 0.54 0.59 

Coronary calcium Per mAgatston unit 1.08 [0.98, 1.18] 1.56 0.12 

6MWD Per 100 meter 0.57 [0.52, 0.63] -11.32 <.001 

Severe exacerbations For severe exacerbations 1.97 [1.58, 2.45] 6.01 <.001 

mMRC Dyspnea Score 1 For score 1 1.83 [1.21, 2.78] 2.85 0.004 

mMRC Dyspnea Score 2 For score 2 3.13 [2.18, 4.51] 6.14 <.001 

mMRC Dyspnea Score 3 For score 3 4.68 [3.30, 6.64] 8.66 <.001 

mMRC Dyspnea Score 4 For score 4 4.72 [3.20, 6.96] 7.84 <.001 

Legend: BMI is body mass index, FEV1 is Forced Expiratory Volume in one second, Pi10 is 
square root of wall area for a theoretical airway with a lumen of 10mm, 6MWD is six minute 
walking distance, mMRC is modified Medical Research Council dyspnea scale. Pixel spacing, 
CT scanner models and research center were also added as covariates. 
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Table 5. Multivariable logistic regression odds-ratios for analysis of association between 
supplemental oxygen use and small artery volume 

Determinant Unit change OR 95% CI T statistic P value 

Small artery volume Per 1 mL/m2 1.16 [1.02, 1.31] 2.27 0.02 
Age Per year 1.03 [1.01, 1.04] 3.71 <.001 

BMI Per kg/m2 1.04 [1.02, 1.06] 4.52 <.001 

Gender For females 1.26 [1.00, 1.58] 1.98 0.05 

Race For African Americans 0.88 [0.67, 1.16] -0.89 0.37 
Pack-years smoked Per pack-year 1.00 [1.00, 1.01] 1.48 0.14 
Smoking status For current smokers 0.49 [0.39, 0.63] -5.74 <.001 

FEV1 %predicted Per % 0.97 [0.97, 0.98] -10.34 <.001 

Emphysema Per % 2.80 [2.30 3.42] 10.17 <.001 

Pi10 Per mm 1.06 [0.88, 1.27] 0.60 0.55 

Coronary calcium Per mAgatston unit 1.07 [0.98, 1.17] 1.49 0.14 

6MWD Per 100 meter 0.57 [0.52, 0.63] -11.21 <.001 

Severe exacerbations For severe exacerbations 1.94 [1.56, 2.42] 5.93 <.001 

mMRC Dyspnea Score 1 For score 1 1.85 [1.22, 2.80] 2.90 0.004 

mMRC Dyspnea Score 2 For score 2 3.17 [2.20, 4.56] 6.20 <.001 

mMRC Dyspnea Score 3 For score 3 4.80 [3.39, 6.80] 8.82 <.001 

mMRC Dyspnea Score 4 For score 4 4.80 [3.26, 7.07] 7.93 <.001 

Legend: BMI is body mass index, FEV1 is Forced Expiratory Volume in one second, Pi10 is 
square root of wall area for a theoretical airway with a lumen of 10mm, 6MWD is six minute 
walking distance, mMRC is modified Medical Research Council dyspnea scale. Pixel spacing, 
CT scanner models and research center were also added as covariates 
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Figure 1. Flow diagram showing participant selection 
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Figure 2. Results of the artery-vein phenotyping analysis (AVX, Thirona, The Netherlands) 

Legend: AVX analysis of pulmonary veins in a subject with a normal oxygen saturation of 
99% and no supplemental oxygen use (left), and a subject with a low oxygen saturation of 
82% and supplemental oxygen use (right). Different colors indicate venous diameter 
categories: light pink (0–1 mm), bright red (1–2 mm), and dark red (>2 mm). 
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Figure 3. Possible pathophysiological explanations of our findings 
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