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Abstract

Background: 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 COPD Genetic Epidemiology (COPDGene®) study 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 <Imm) 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, forced expiratory volume in 1 second percentage predicted, and coronary calcium), and technical covariates.

Results: A total of 8931 individuals were included with a mean age of 60.019.0 years. Of the participants, 52.7% were male. Half
were current smokers (50.7%), and the number of pack years was 44.5£25.0. Median saturation was 97% (interquartile
range 95%—98%), and 1040 (11.6%) participants used supplemental oxygen. Oxygen saturation decreased with 0.14% (-0.25,-0.03)
(p=0.01) for ImL/m? each increase in vein volume and 0.15% (-0.21, -0.09) for artery volume. Oxygen users had higher small vein
volume (3.01£0.6 1mL/m2) compared to those without oxygen (2.68+0.53mL/m?2). Each 1mL/m? increase in vein volume (adjusted
odds ratio [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 noncontrast CT scans
obtained in the chronic obstructive pulmonary discase
Genetic Epidemiology (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.? 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 postmortem 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
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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

As a next step in understanding the role of small veins
disease in smokers’ 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
(NCT00608764), in whom CT analysis was available (Figure
1). Data was collected!8 in 2008-2011. All participants
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 postbronchodilator.
Forced expiratory volume in 1 second (FEV1) and forced
vital capacity are presented as a percentage of their
predicted values.19 The pulmonary function test results were
categorized according to the Global initiative for chronic
Obstructive Lung Disease (GOLD) spirometry stages 0—4 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 dyspnea was self-reported with
the modified Medical Research Council (mMRC) dyspnea
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
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Figure 1. Flow Diagram Showing Participant Selection

COPDGene subjects
(n = 10299)

Excluded (n = 735)
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CT scan unavailable or corrupted,
technical or quality issues

Excluded (n = 527)

h 4

No mortality data available

Excluded (n = 106)

Analyzed CT scans
(n=8931)

Y

Never smokers

COPDGene=COPD Genetic Epidemiology study; CT=computed tomography

saturation measurement. If oxygen saturation fell below
82%, the supplemental oxygen was restarted and a reading
of 82% was registered.22

Computed Tomography Acquisition and
Measurements

CT scan protocols have been described previously.18 Briefly,
multidetector CT scanners (>16 detector channels) were
used to acquire thin slice noncontrast-enhanced volumetric
CT scans at inspiration (200mAs) and at the end of expiration
(50mAs). Emphysema was calculated as the percentage of
voxels below -950 Hounsfield units (HU) (%LAA950) 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).2% 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; Nijmegen,
The Netherlands).

Computed Tomography Pulmonary Vein and
Artery Quantification

The pulmonary veins and arteries were quantified using the

lung quantification platform LungQ®; details were published
previously.8 In short, this method consists of 3 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 <Imm, and small artery
volume as the accumulated volume of all pulmonary arterial
branches with a diameter <Imm. To correct for inherent
differences in body size, absolute small pulmonary venous
and arterial were normalized by dividing it by body surface
area (BSA), according to the DuBois method30 (BSA [m?2] =
0.007184 x Height [cm]%-725 xWeight [kg]0-425),

Statistical Analysis

All analyses were performed using R (version 4.3.3).
Continuous variables were presented as meanztstandard
deviation or median (interquartile range [IQR]). Missing
values were presentin 11 variables. In 9 variables (pack years,
FEV1 percentage predicted [FEV1 %pred], emphysema, Pil0,
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 generated.
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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, pack years, FEV1 %pred,
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, pack years, FEV1 %pred, mMRC dyspnea
score, 6MWD, %LAA950, Pil0, mAgatston score, severe
exacerbpations, pixel spacing, and scanner model. Regression
parameters are reported with their 95% confidence intervals.
Pvalues <0.05 were considered statistically significant.

Results

Participants' Characteristics

Of the 10,299 COPDGene participants who 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 to spirometry severity stages: 3811 GOLD O,
1074 PRISm, 704 GOLD 1, 1760 GOLD 2, 1056 GOLD 3,
and 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, while
former smokers had a mean of 45.4%126.4 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£0.55mL/m2. Mean small
artery volume was 3.88+0.91mL/m2. Further baseline
characteristics are provided in Table 1.

Univariate Analysis

Of all participants, 1040 (11.6%) used supplemental oxygen.
Univariable comparison (Table 1) showed that participants
using supplemental oxygen were older (65.6X8.1 years
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versus 59.0£8.9 years) and had more pack years smoked
(56.2£29.2 pack years versus 42.9124.0 pack years).
Supplemental oxygen users had more severe airflow
obstruction, reflected by a lower FEV1 %pred (41.4%%+22.4%
versus 79.5%%41.4%) and higher amounts of emphysema
(17.9% [5.9%—31.3%] versus 2.2% [0.6%—7.4%]), air trapping
(50.7% [29.2%-63.9%] versus 12.5% [5.6%—25.8%]), and
thicker airway walls (2.73£0.53mm versus 2.30+0.61mm).
Mean small vein volume (3.01£0.61mL/m2) and mean
small artery volume (3.97+0.84mL/m?) were higher in
participants using supplemental oxygen compared to those
without (2.68%0.53mL/m? for veins and 3.87+0.9 1mL/m?
for arteries). See Figure 2 for representative 3D renders of
pulmonary vein volume in participants from our population.

Multivariate Analysis

Multiple linear regression showed that for each 1mL/m?
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
(odds ratio [OR] per ImL/m?2 small vein volume 1.51 [1.25,
1.84]) and higher small artery volume (OR per 1mL/m?2
small artery volume 1.16 [1.02, 1.31]) were associated with
more frequent supplemental oxygen use. Results are shown
in Tables 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. 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.3233 Shelton et
al measured venous wall thickness of postmortem lungs
with emphysema and chronic bronchitis and found an
increased wall thickness, especially in the smallest veins.3%
Also, there is substantial evidence from animal studies that
(chronic) low levels of oxygen have an effect on smooth
muscle cells of the pulmonary veins, including hypertrophy
and impaired contractility.35-37
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.Figure 2. Results of the Artery-Vein Phenotyping Analysis

AVX analysis of pulmonary veins in an individual with a normal oxygen saturation of 99% and no supplemental oxygen use (left), and an individual 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).

AVX, Thirona, The Netherlands

AVX=artery-vein phenotyping analysis

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 postmortem 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 lungs38-41 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.** 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.1345 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 individuals 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 normally be too small to measure
are now detected as 0.2Zmm-Imm due to the thickened
vessel wall.

Fifth, the higher small vein and artery volumes in
participants with lower oxygen levels could also be related
to the recruitment of underused capillaries. There are a
number of pulmonary capillaries at rest that are available
“on demand” for the accommodation of an 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.>0-52 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 can 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 who have a normal
mean pulmonary arterial pressure (mPAP) at rest but have
an abnormally increased mPAP during exercise (exercise-
induced pulmonary hypertension).

Lastly, low oxygen saturation is a common characteristic
in many cardiac diseases including heart failure, ischemic
heart disease, and hypertension. In these patients, chronic
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.Table 1. Clinical Characteristics of the Study Population

COPDGene Cohort No Supplemental Oxygen Supplemental Oxygen
(N=8931) (N=7891) (N=1040)
Age (Y1) 60.0+9.0 59.0+8.9 65.618.1
Male Gender (N, %) 4710 (52.7%) 4167 (52.8%) 543 (52.2%)
BMI (Kg/M?) 28.846.3 28.8+6.2 28.57.1
Obesity (BMI>30) 3306 (37.0%) 2937 (37.2%) 369 (36.5%)
Pack Years (Cigarette Packs/Day x Yr) 44 5+25.0 4294240 56.2+29.2
Non-Hispanic White Participants (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 4144224
FVC (% Predicted) 86.9+18.2 89.0+16.8 70.8+20.3
6MWD (Ft)? 13541402 14021376 969+396
Resting SpO; (%) 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 (MI/M?) 2.71+0.55 2.68+0.53 3.01+0.61
Mean Small Artery Volume (MI/M?) 3.8840.91 3.8740.91 3.9740.84
Min-Max (IQR) Of Small Vein Volume (MI/M?) 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 (MI/M?) 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%)

Data given are meanzstandard deviation, median and interquartile range in parentheses, or number and percentage in parenthesis, depending on the data distribution.
a0ne foot is 0.3048 meter.
COPDGene=COPD Genetic Epidemiology study; BMI=body mass index; FEV1=forced expiratory volume in 1 second; FVC=forced vital capacity; 6MWD=6-minute walking distance; SpO2=oxygen saturation

assessed by pulse oximetry; mMMRC=modified Medical Research Council dyspnea scale; CT=computed tomography; Pi10=square root wall area of an airway with a diameter of 10mm; mAgatston=modified Agatston;
IQR=interquartile range; GOLD=Global initiative for chronic Obstructive Lung Disease, PRISm=preserved ratio-impaired spirometry

local hypoxia can be an effect of microvascular obstruction,  our current cohort other than coronary calcium scores.
impaired vascularization, and decreased oxygen supply to
the heart.1415 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.5* Unfortunately, we did not have specific
cardiac measurements available to assess cardiac disease in

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 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.>>
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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% Cl T Statistic P Value
Small Vein Volume Per 1 mL/m? -0.142 [-0.253, -0.032] -2.52 0.01
Supplemental Oxygen Use 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/m? -0.048 [-0.057, -0.039] -10.55 <.001
Gender For females -0.069 [-0.184, -0.047] -1.47 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] -244 0.01
Smoking Status For current smokers -0.012 [-0.129, 0.106] -0.19 0.85
FEV1 %pred 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] 437 <.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

Pixel spacing, CT scanner models, and research center were also added as covariates.

Cl=confidence interval; BMI=body mass index; FEV1 %pred=forced expiratory volume in 1 second percentage predicted; Pi10=square root wall area of an airway with a diameter of 10mm; mAgatston=modified
Agatston; 6MWD=6-minute walking distance; mMRC=modified Medical Research Counsel dyspnea scale; CT=computed tomography

Table 3. Multiple Linear Regression Coefficients for Analysis of Association Between Resting
_Oxygen Saturation and Small Artery Volume

Determinant Unit Change B 95% Cl T Statistic P Value
Small Vein Volume Per 1 mL/m? -0.149 [-0.212, -0.086] -4.63 <.001
Supplemental Oxygen Use 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/m? -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] 457 <.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 %pred 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] 462 <.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

Pixel spacing, CT scanner models, and research center were also added as covariates.

Cl=confidence interval; BMI=body mass index, FEV1 %pred=forced expiratory volume in 1 second percentage predicted; Pi10=square root wall area of an airway with a diameter of 10mm; mAgatston=modified
Agatston; BMWD=6-minute walking distance; mMMRC=modified Medical Research Council dyspnea scale

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
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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 B 95% Cl T Statistic P Value
Small Vein Volume Per 1 mL/m? 1.51 [1.25, 1.84] 4.20 <.001
Age Per year 1.03 [1.01,1.04] 3.57 <.001
BMI Per kg/m? 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
FEV4 %pred 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 2 313 [2.18,4.51] 6.14 <.001
mMRC Dyspnea Score 3 For score 3 468 [3.30, 6.64] 8.66 <.001
.mMRC Dyspnea Score 4 For score 4 4.72 [3.20, 6.96] 7.84 <.001

Pixel spacing, CT scanner models, and research center were also added as covariates.

OR=0dds ratio; Cl=confidence interval; BMI=body mass index, FEV1 %pred=forced expiratory volume in 1 second percentage predicted; Pi10=square root wall area of an airway with a diameter of 10mm;

mAgatston=modified Agatston; 6MWD=6-minute walking distance; mMMRC=modified Medical Research Council dyspnea scale; CT=computed tomography

Table 5. Multivariable Logistic Regression Odds Ratios for Analysis of Association Between
_Supplemental Oxygen Use and Small Artery Volume

Determinant Unit Change B 95% Cl T Statistic P Value
Small Vein Volume Per 1 mL/m? 1.16 [1.02,1.31] 227 0.02
Age Per year 1.03 [1.01,1.04] 3.71 <.001
BMI Per kg/m? 1.04 [1.02, 1.06] 452 <.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
FEV; %pred Per % 0.97 [0.97, 0.98] -10.34 <.001
Emphysema Per % 2.80 [2.303.42] 1017 <.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 2 317 [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

,
Pixel spacing, CT scanner models and research center were also added as covariates.

OR=0dds ratio; Cl=confidence interval; BMI=body mass index; FEV1 %pred=forced expiratory volume in 1 second percentage predicted; Pi10=square root wall area of an airway with a diameter of 10mm;
mAgatston=modified Agatston; 6MWD=6-minute walking distance, MMRC=modified Medical Research Council dyspnea scale

Third, the unavailability of physiological and cardiac
variables that could influence pulmonary vessel caliber
(e.g., partial pressure of oxygen, arterial partial pressure
of carbon dioxide, pH, B-type natriuretic peptide, troponin,
hemoglobin, carboxyhemoglobin, pulmonary pressures, and
sleep-disordered breathing), may have affected the observed

data during exertion, such as the 6MWT, were not available
for all participants. 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.
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Figure 3. Possible Pathophysiological Explanations of Our Findings
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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 pulmonary artery to aortic diameter 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 on 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 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.

Acknowledgements

Author contributions: AK,DL,SMH, PdJ, and EP conceived
and conceptualized the study. DL, JC, and RC acquired the
clinical data. JPC, LGE, and HT worked on development of the
method and performing the quantitative CT analysis. AK and
WvVA performed statistical analysis. AK, LGE, JPC, FMH, PdJ,
and EP wrote the manuscript. All authors contributed to data
interpretation and revision of the manuscript. All authors
read and approved the final manuscript.

Declaration of Interest

AK, WvA, FMH, and EP have no competing interests relevant
to this manuscript. DAL, JC, SMH, and RC received grant
support from the National Heart, Lung, and Blood Institute.
PdJ declares that the Department of Radiology from the UMC
Utrecht receives research support from Philips Healthcare.
JPC is an employee and shareholder of Thirona. LGE and HT
are employees of Thirona.

For personal use only. Permission required for all other uses.

journal.copdfoundation.org | JCOPDF © 2026

Volume 13 ¢ Number 3 * 2026



246  Small Vessel Volumes and Lower Oxygen in Smokers

References 13. Lim CS, Kirigkio?is S, P"aleolog EM, Davies AH. In'creased.activation
of the hypoxia-inducible factor pathway in varicose veins. J Vasc
1. Kent BD, Mitchell PD, McNicholas WT. Hypoxemia in patients with Surg. 2012;55(5):1427-1439.e1.
COPD: cause, effects, and disease progression. Int J Chron Obstruct hitps://doi.org/10.1016/j;jvs.2011.10.111
Pulmon Dis. 2011;6:199-208.
https://doi.org/10.2147/COPD.S10611 14. Su Z, Liu Y, Zhang H. Adaptive cardiac metabolism under chronic
hypoxia: mechanism and clinical implications. Front Cell Dev Biol.
2. Matsuoka S, Washko GR, Dransfield MT, et al. Quantitative CT 2021;9:625524. https://doi.org/10.3389/fcell.2021.625524
measurement of cross-sectional area of small pulmonary vessel in
COPD: correlations with emphysema and airflow limitation. Acad 15. Abe H, Semba H, Takeda N. The roles of hypoxia signaling in the
Radiol. 2010;17(1):93-99. pathogenesis of cardiovascular diseases. J Atheroscler Thromb.
https://doi.org/10.1016/j.acra.2009.07.022 2017;24(9):884-894. https://doi.org/10.5551/jat.RV17009
3.  Estépar RSJ, Kinney GL, Black-Shinn JL, et al. Computed tomographic 16. Wagenvoort CA, Wagenvoort N. Pulmonary veins in high-altitude
measures of pulmonary vascular morphology in smokers and their residents: a morphometric study. Thorax. 1982;37:931-935.
clinical implications. Am J Respir Crit Care Med. 2013;188(2):231- https://doi.org/10.1136/thx.37.12.931
239. https://doi.org/10.1164/rccm.201301-01620C
17. Wagenvoort CA, Wagenvoort N. Pulmonary venous changes in
4.  Diaz AA, Maselli DJ, Rahaghi F, et al. Pulmonary vascular pruning chronic hypoxia. Virchows Arch. 1976;372:51-56.
in smokers with bronchiectasis. ER] Open Res. 2018;4(4):00044- https://doi.org/10.1007/BF00429716
2018. https://doi.org/10.1183/23120541.00044-2018
18. Regan EA, Hokanson JE, Murphy JR, et al. Genetic Epidemiology
5. Cho YH, Lee SM, Sco JB, et al. Quantitative assessment of pulmonary of COPD (COPDGene) study design. COPD. 2011;7(1):32-43.
vascular alterations in chronic obstructive lung disease: associations https://doi.org/10.3109/15412550903499522
with pulmonary function test and survival in the KOLD cohort.
Eur J Radiol. 2018;108:276-282. 19. Hankinson JL, Odencrantz JR, Fedan KB. Spirometric reference
https://doi.org/10.1016/j.cjrad.2018.09.013 values from a sample of the general U.S. population. Am J Respir
Crit Care Med. 1999;159(1):179-187.
6.  Pistenmaa CL, Nardelli P, Ash SY, et al. Pulmonary arterial pruning https://doi.org/10.1164/ajrccm.159.1.9712108
and longitudinal change in percent emphysema and lung function:
the Genetic Epidemiology of COFD study. Chest. 2021;160(2):470- 20, Agusti A, Celli BR, Criner GJ, et al. Global Initiative for Chronic
480. https://doi.org/10.1016/j.chest.2021.01.084 Obstructive Lung Disease 2023 Report: GOLD executive summary.
Eur Respir J. 2023;61(4):2300239.
7.  Ritchie A, Donaldson GC, Hoffman EA, et al. Structural predictors https://doi.org/10.1183/13993003.00239-2023
of lung function decline in young smokers with normal spirometry.
Am ] Respir Crif Care Med. 2024;209(10):1208-1218. 21. Mahler DA, Wells CK. Evaluation of clinical methods for rating
https://doi.org/10.1164/rccm.202307-12030C dyspnea. Chest. 1988;93(3):580-586.
https://doi.org/10.1378/chest.93.3.580
8.  Kwee AKAL, Andrinopoulou ER, van der Veer T, et al. Higher small
pulmonary artery and vein volume on computed tomography 22. Kim DK, Jacobson FL, Washko GR, et al. Clinical and radiographic
is associated with mortality in current and former smokers. correlates of hypoxemia and oxygen therapy in the COPDGene
EBioMedicine. 2024;108:105366. study. Respir Med. 2011;105(8):1211-1221.
https://doi.org/10.1016/j.cbiom.2024.105366 https://doi.org/10.1016/j.rmed.2011.02.015
9.  Kwee AKAL, van Amsterdam WAC, de Jong PA, et al. Impact of 23, FI Kaddouri B, Strand MJ, Baraghoshi D, et al. Fleischner Society
cigarette smoke on pulmonary vein and artery volumes in those visual emphysema CT patterns help predict progression of
with current and former smoking status: a quantitative CT analysis. emphysema in current and former smokers: results from the
ERJ Open Res. 2025;11(6):00296-2025. COPDGene study. Radiology. 2021;298(2):441-449.
https://doi.org/10.1183/23120541.00296-2025 https://doi.org/10.1148/radiol.2020200563
10. Licbow AA. Pulmonary emphysema with special reference to 24. Patel BD, Coxson HO, Pillai SG, et al. Airway wall thickening and
vascular changes. Am Rev Respir Dis. 1959;80(1, Part 2):67- emphysema show independent familial aggregation in chronic
93. obstructive pulmonary disease. Am J Respir Crit Care Med.
2008;178(5):500-505.
11. Liew G, Sharrett AR, Wang ]JJ, et al. Relative importance of https://doi.org/10.1164/rccm.200801-0590C
systemic determinants of retinal arteriolar and venular caliber:
the Atherosclerosis Risk in Communities study. Arch Ophthalmol. 25. Agatston AS, Janowitz WR, Hildner FJ, Zusmer NR, Viamonte M,
2008;126(10):1404-1410. Detrano R. Quantification of coronary artery calcium using ultrafast
https://doi.org/10.1001/archopht.126.10.1404 computed tomography. J Am Coll Cardiol. 1990;15(4):827-832.
https://doi.org/10.1016/0735-1097(90)90282-T
12. Klijn CJM, Kappelle LJ, van Schooneveld MJ, et al. Venous stasis

retinopathy in symptomatic carotid artery occlusion. Stroke.
2002;33(3):695-701. https://doi.org/10.1161/hs0302.104619

For personal use only. Permission required for all other uses.

journal.copdfoundation.org | JCOPDF © 2026

Volume 13 ¢ Number 3 * 2026



247  Small Vessel Volumes and Lower Oxygen in Smokers

26.

Chen Y, Lv Q, Andrinopoulou ER, et al. Automatic bronchus and
artery analysis on chest computed tomography to evaluate the
effect of inhaled hypertonic saline in children aged 3-6 years
with cystic fibrosis in a randomized clinical trial. J Cyst Fibros.
2023;22(5):916-925. https://doi.org/10.1016/j.jcf.2023.05.013

27.

Lv Q, Gallardo-Estrella L, Andrinopoulou ER, et al. Automatic
analysis of bronchus-artery dimensions to diagnose and monitor
airways disease in cystic fibrosis. Thorgx. 2023;79:13-22.
https://doi.org/10.1136/thorax-2023-220021

28.

Welling JBA, Klooster K, Charbonnier JP, et al. A new oxygen uptake
measurement supporting target selection for endobronchial valve
treatment. Respiration. 2019;98(6):521-526.
https://doi.org/10.1159/000502310

29.

Sadeghi AH, Maat APWM, Taverne YJH]J, et al. Virtual reality
and artificial intelligence for 3-dimensional planning of lung
segmentectomies. JTCVS Tech. 2021;7:309-321.
https://doi.org/10.1016/j.xjtc.2021.03.016

30.

DuBois D, DuBois E. A formula to estimate the approximate surface
area if height and weight be known. Arch Intern Med (Chic).
1916;17(6_2):863-871.
https://doi.org/10.1001/archinte.1916.00080130010002

31.

Dunham-Snary KJ, Wu D, Sykes EA, et al. Hypoxic pulmonary
vasoconstriction: from molecular mechanisms to medicine. Chest.
2017;151(1):181-192.
https://doi.org/10.1016/j.chest.2016.09.001

32.

Lechartier B, Boucly A, Solinas S, et al. Pulmonary veno-occlusive
disease: illustrative cases and literature review. Eur Respir Rev.
2024;33(171):230156.
https://doi.org/10.1183/16000617.0156-2023

33.

Harder E, Abtin F, Nardelli P, et al. Pulmonary hypertension in
idiopathic interstitial pneumonia is associated with small vessel
pruning. Am J Respir Crit Care Med. 2024;209(9):1170-1173.
https://doi.org/10.1164/rccm.202312-2343LE

34.

Shelton DM, Keal E, Reid L. The pulmonary circulation in chronic
bronchitis and emphysema. Chest. 1977;71(2_Suppl):303-306.
https://doi.org/10.1378/chest.71.2_Supplement.303

35.

Zhao Y, Packer CS, Rhoades RA. Chronic hypoxia impairs pulmonary
venous smooth muscle contraction. Respir Physiol. 1995;100(1):75-
82. https://doi.org/10.1016/0034-5687(94)00117-1

36.

Naeye RL. Pulmonary vascular changes with chronic unilateral
pulmonary hypoxia. Circ Res. 1965;17(2):160-167.
https://doi.org/10.1161/01.RES.17.2.160

37.

Dingemans KP, Wagenvoort CA. Pulmonary Arteries and veins
in experimental hypoxia. An ulfrastructural study. Am J Pathol.
1978;93(2):353-368.
https://pme.ncbi.nlm.nih.gov/articles/PMC2018373/

38.

Reid JA, Heard BE. The capillary network of normal and
emphysematous human lungs studied by injections of Indian ink.
Thorax. 1963;18:201-212.
https://doi.org/10.1136/thx.18.3.201

39.

Wyatt JP, Fischer VW, Sweet HC. The pathomorphology of the
emphysema complex. Part 1. Am Rev Respir Dis. 1964;89(4):533-
660. https://academic.oup.com/ajrccm/article-abstract/89/4/53
3/85698627redirectedFrom=fulltext

40.

Tobin CE. Arteriovenous shunts in the peripheral pulmonary
circulation in the human lung. Thorgx. 1966;21:197-204.
https://doi.org/10.1136/thx.21.3.197

41.

Tobin CE, Zariquiey MO. Arteriovenous shunts in the human lung.
Proc Soc Exp Biol Med. 1950;75(3):827-829.

42.

Balchum O], Jung RC, Turner AF, Jacobson G. pulmonary artery
to vein shunts in obstructive pulmonary disease. Am J Med.
1967;43(2):178-185.
https://doi.org/10.1016/0002-9343(67)90162-3

43.

Bracchi G, Barbaccia P, Vezzoli F, Marazzini L, Longhini E.
Peripheral pulmonary wedge angiography in chronic obstructive
pulmonary disease. Chest. 1977;71(6):718-724.
https://doi.org/10.1378/chest.71.6.718

44,

Gossage JR, Kanj G. Pulmonary arteriovenous malformations. Am J
Respir Crit Care Med. 1998;158(2):643-661.
https://doi.org/10.1164/ajrccm.158.2.971104 1

45.

Gwozdzinski L, Pieniazek A, Gwozdzinski K. Factors influencing
venous remodeling in the development of varicose veins of the
lower limbs. Int J Mol Sci. 2024;25(3):1560.
https://doi.org/10.3390/ijms2503 1560

46.

Fayyaz AU, Edwards WD, Maleszewski JJ, et al. Global pulmonary
vascular remodeling in pulmonary hypertension associated
with heart failure and preserved or reduced ejection fraction.
Circulation. 2018;137(17):1796-1810.
https://doi.org/10.1161/CIRCULATIONAHA.117.031608

47.

Leopold JA. Pulmonary venous
hypertension: the veins take
2018;137(17):1811-1813.

https://doi.org/10.1161/CIRCULATIONAHA.118.033013

remodeling in pulmonary
center stage.  Circulation.

48.

Hunt JM, Bethea B, Liu X, et al. Pulmonary veins in the normal
lung and pulmonary hypertension due to left heart disease. Am J
Physiol Lung Cell Mol Physiol. 2013;305(10):725-736.
https://doi.org/10.1152/ajplung.00186.2013

49.

Andersen KH, Andersen CB, Gustafsson F, Carlsen J. Pulmonary
venous remodeling in COPD-pulmonary hypertension and idiopathic
pulmonary arterial hypertension. Pulm Circ. 2017;7(2):514-521.
https://doi.org/10.1177/2045893217709762

50.

Langleben D, Fox BD, Orfanos SE, Giovinazzo M, Catravas JD.
Pulmonary capillary recruitment and distention in mammalian
lungs: species similarities. Eur Respir Rev. 2022;31(163):210248.
https://doi.org/10.1183/16000617.0248-2021

51.

Langleben D, Orfanos SE, Fox BD, Messas N, Giovinazzo M, Catravas
JD. The paradox of pulmonary vascular resistance: restoration
of pulmonary capillary recruitment as a sine qua non for true
therapeutic success in pulmonary arterial hypertension. J Clin Med.
2022;11(15):4568. hitps://doi.org/10.3390/jcm11154568

For personal use only. Permission required for all other uses.

journal.copdfoundation.org | JCOPDF © 2026

Volume 13 ¢ Number 3 * 2026



248  Small Vessel Volumes and Lower Oxygen in Smokers

52. West JB, Dollery CT, Naimark A. Distribution of blood flow in
isolated lung; relation to vascular and alveolar pressures. | Appl
Physiol (1985). 1964;19(4):713-724.
https://doi.org/10.1152/jappl.1964.19.4.713

53. Wanger WW Jr. Direct measurement of pulmonary capillary transit
time and recruitment. In: Lee JS, Skalak TC, eds. Microvascular
Mechanics. New York, NY: Springer; 1989:163-174.
https://doi.org/10.1007/978-1-4612-3674-0_11

54. West JB, Mathieu-Costello O. Vulnerability of pulmonary capillaries
in heart disease. Circulation. 1995;92(3):622-631.
https://doi.org/10.1161/01.CIR.92.3.622

55. Wouters EFM, Posthuma R, Koopman M, et al. An update
on pulmonary rehabilitation techniques for patients with
chronic obstructive pulmonary disease. Expert Rev Respir Med.
2020;14(2):149-161.
https://doi.org/10.1080/17476348.2020.1700796

For personal use only. Permission required for all other uses.

journal.copdfoundation.org | JCOPDF © 2026 Volume 13 * Number 3 ¢ 2026




