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Quantitative CT measures of pulmonary vascular volume
distribution in pulmonary hypertension associated with
COPD: Association with clinical characteristics and
outcomes
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volume of pulmonary vessels > 10 mm? in cross-sectional area [BV10] as a
volume fraction of total pulmonary blood volume [BV10%], respectively) using
Functional Respiratory Imaging (FRI), an automated qCT platform, and
compared them between PH and control arms and between subjects with
mild-moderate PH and those with severe disease. Correlations of hemo-
dynamics with pulmonary function and associations with survival were tested.
Forty-five PH-COPD and 42 control subjects were studied. BV5% was lower in
PH subjects (32.2% vs. 37.7%, p =0.003), and BV10% was higher (50.2% vs.
43.5, p = 0.001). Subjects with severe PH did not differ from those with mild-
moderate PH in qCT. Pulmonary vascular volumes were not associated with
pulmonary function. BV10 was associated with mean pulmonary artery
pressure (r = 0.3, p = 0.05). Associations with survival were observed for BV5%
(hazard ratio 0.63, p = 0.02) and BV10% (hazard ratio 1.43, p = 0.03) in the PH-
COPD arm, but not for controls. qCT-derived measures of pulmonary vascular
volume may have diagnostic and prognostic significance in PH-COPD and
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BACKGROUND

Pulmonary hypertension (PH), frequently found in the
context of chronic obstructive pulmonary disease (PH-
COPD), is thought to have a multifactorial origin, with
hypoxia, left heart disease, destruction of the vascular
bed due to emphysema, and pulmonary arterial remodel-
ing all playing a role.”” PH-COPD remains a highly
morbid condition, associated with worse hypoxia, more
significant dyspnea, shorter 6-min walk distances, worse
survival compared with COPD patients with similar
degrees of airflow obstruction, and greater risk of severe
exacerbations.> Detection of PH in COPD with echo-
cardiography is technically fraught due to lung hyper-
inflation.®” Right heart catheterization (RHC) is infre-
quently performed in COPD patients due to its invasive
nature and the paucity of treatment options available
should PH be confirmed.>® There remains a substantial
unmet need for diagnostic and prognostic tools to
manage PH-COPD.

Advances in this area have come from quantitative
computed tomography (qCT). It is now possible to
automatically segment the pulmonary vascular tree and
thus quantify the loss of small peripheral vessels and
dilation of proximal vessels. Reduced small vessel
volume (SVV) or vessels that have a surface of less than
5mm?® is characteristic of pulmonary arterial hyper-
tension (PAH) and correlates with the extent of

should be investigated further as screening and risk stratification tools

COPD, pulmonary hypertension, quantitative computed tomography, vascular pruning

emphysema and various markers of clinical severity in
subjects with COPD, including those with Global
Obstructive Lung Disease stages 4 versus 1 and markers
of functionality such as 6-min walk distance.”"!
Recently, Alkhanfar et al. demonstrated that subjects
with severe PH-COPD had lower SVV compared with
PH-COPD subjects with mild-moderate PH and that SVV
was negatively correlated with mean pulmonary artery
pressure (mPAP)."

Our study aims were (1) determine whether qCT-
measured vascular volume distribution differed between
COPD subjects with and without PH; (2) characterize the
relationship of these metrics to conventional metrics of
disease severity and clinical outcomes, particularly
survival; and (3) characterize how these measurements
differed between mild-to-moderate and severe PH. We
hypothesized that reduced SVV would be associated with
the presence and severity of PH, as well as with worse
outcomes.

METHODS
Subject selection
Patients 18 years of age and older who had consented to

participate in research and were seen at Mayo Clinic
Florida, Arizona, and Rochester after January 2000 were



PULMONARY CIRCULATION

queried by I2B2 software and included based on
international classification of diseases (ICD)9/ICD10
diagnoses COPD with exacerbation, COPD with acute
lower respiratory tract infection, COPD unspecified, and
or other obstructive pulmonary disease.

PH arm

Subjects were queried for the availability of any of the
following: a combined right and left heart catheterization,
combined right and left heart catheterization including
intraprocedural injection for left ventriculography, com-
bined right and left heart catheterization including
intraprocedural injection for left ventriculography imaging
supervision and interpretation, combined RHC and retro-
grade left heart catheterization for congenital cardiac
anomalies, RHC, or RHC for congenital cardiac anomalies.
The selected subjects were required to have had a CT
thorax without contrast material, CT thorax with and
without contrast material, or CT thorax within 30 days of
the RHC. Subjects were included in the PH group if they
met the above criteria and had any diagnosis of primary
PH, other secondary PH, PH not otherwise specified, PH
due to lung disease or hypoxia, or PH unspecified. We
reviewed the pulmonary hemodynamics assessed via RHC
to ensure all subjects had mPAP > 20 mmHg. They were
further subdivided into severe (mPAP =35 or mPAP =25
mmHg with a cardiac index < 2.0 L/min/m?*) and mild-
moderate PH.

Control arm

Subjects without PH were required to have had an
echocardiogram with normal right ventricular systolic
pressure measurement and normal right heart function,
confirming the exclusion of PH within 30 days of a CT.

Technical requirements for CT data

All CT scans were required to have been reconstructed with
section thickness <1.5 mm, with contiguous or overlapping
sections, and the entire lung within the field of view.

Data collection

CT images, demographic data, and relevant clinical and
physiologic variables were collected, including hemo-
dynamic, echocardiographic, laboratory, functional, and
pulmonary function test variables from the medical

ulmonary Circulation

record. We used ACCURINT® software to query patients
who died after being lost to follow-up.

QCT analysis

Deidentified CT data was provided to FLUIDDA and
postprocessed using Functional Respiratory Imaging
(FRI), an automated qCT pipeline developed by FLUID-
DA. We performed manual segmentation of the hilum to
include extra-parenchymal hilar vessels in the vessel
analysis. The following outcome measures resulted:
qCT-derived volume of pulmonary vessels < 5mm? in
cross-sectional area (BV5), qCT-derived volume of pulmo-
nary vessels between 5 and 10 mm? in cross-sectional area
(BV5-10), qCT-derived volume of pulmonary vessels > 10
mm? in cross-sectional area (BV10) (mL): The volume of
pulmonary vessels < 5mm? between 5 and 10, and
>10mm? in cross-sectional area (CSA), respectively. See
Figure 1 for a graphic depiction of the denoted volumes.
BVS5 as a volume fraction of total pulmonary blood
volume (BV5%), BV5-10 as a volume fraction of total
pulmonary blood volume (BV5%-10%), BV10 as a volume
fraction of total pulmonary blood volume (BV10%) (%):

cross-sectional area (mm?)

FIGURE 1 Vascular tree, color-coded by vessel cross-sectional
area, for example, healthy volunteer adapted from Lins et al.
Quantitative computed tomography (qCT)-derived volume of
pulmonary vessels < 5mm? in cross-sectional area denotes the
cumulative volume of red vessels, qCT-derived volume of
pulmonary vessels between 5 and 10 mm? in cross-sectional area
yellow vessels, and qCT-derived volume of pulmonary

vessels > 10 mm? in cross-sectional area blue vessels.
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BV5, BV5-10, and BV10 expressed as a percentage of
total pulmonary blood volume.

qCT-derived volume of the airways > 1 mm in diam-
eter (iVaw) (mL): The volume of airways (>1mm in
diameter).

qCT-derived volume of the lungs (iVlobe) (L): The
volume of the lungs.

Low attenuation score, the volume fraction of qCT-
derived lung volume with attenuation values < —950 Houns-
field units following application of a binomial blur filter
(LAS%) (%): Percent of lung volume affected by emphysema.

Fractal dimension: The fractal dimension of the
segmented vasculature is computed using the box-
counting method as a measure of vascular complexity."?

Full details of the FRI process can be found in the
Supporting Information.

Statistics

Relevant demographic, clinical, physiological, echocardio-
graphic, and qCT variables were compared between PH and
no-PH (control) arms using Wilcoxon Rank Sum tests for
ordinal variables and y* or Fischer exact tests appropriate for
nonordinal variables. We made comparisons between severe
and mild-moderate PH using only qCT variables. Unless
otherwise noted, listed measures of central tendency are
presented as median (interquartile range).

We assessed Spearman rank correlations between qCT
and pulmonary function variables for all subjects pooled, PH,
and control arms. We performed a similar correlation
analysis for qCT variables and pulmonary hemodynamics.

We assigned associations with survival using Cox
proportional hazard models for pulmonary function and
qCT parameters as continuous predictors in the PH and
control arms separately and for the pooled cohort. Pulmo-
nary hemodynamics were assessed only in the PH arm. The
qCT variables of highest interest were used to stratify subj-
ects for Kaplan-Meier estimates of overall survival to be
computed, using cut-points derived wusing the
Contal-O'Quigley method for PH and control arms sepa-
rately and for the pooled cohort.* Median follow-up to
overall survival was computed using the reverse
Kaplan-Meier method.

RESULTS
Subjects

Sixty-three subjects met PH-COPD criteria; 18 were
excluded as their CT did not meet the technical

requirements. Six hundred and twenty patients met the
criteria for no PH-COPD, and 45 were included as
controls—three were later excluded because of scan
quality issues. Cohort demographic and clinical char-
acteristics are shown in Table 1, with physiological and
pulmonary hemodynamic variables in Supporting Infor-
mation S5: Tables 1 and 2.

Twenty-five subjects (56%) in the PH-COPD arm met
the mild-moderate PH criteria, while the remaining 20
(44%) met the severe PH criteria. Within the PH arm, 22
subjects (48.9%) had additional features of postcapillary
PH, with 5 (22.7%) of those having features of isolated
postcapillary PH and 17 (77.3%) features of combined
pre- and postcapillary PH (using a pulmonary vascular
resistance [PVR] threshold of 2 wood units [WU]). Two
(4.4%) subjects had PVR <2 WU and normal pulmonary
capillary wedge pressure (PCWP), and one subject
(PVR>2WU) did not have a PCWP measurement
recorded.

Group comparisons
PH versus no PH

Compared with non-PH controls, subjects with PH-
COPD were significantly more likely to have histori-
cal diagnoses of cardiac comorbidities (heart disease
73.3% vs. 50%, p =0.03, heart failure with preserved
ejection fraction 44.4% vs. 21.4%, p =0.02) as well as
kidney disease defined per medical record history
(57.8% vs. 31%, p = 0.01). They were functionally more
impaired in terms of the New York Heart Association
(NYHA) functional class (p < 0.001). There were no
significant differences in forced expiratory volume in
1s (FEV,)%, FEV,/forced vital capacity (FVC), or
diffusion capacity for carbon monoxide (DLCO)%
between the two groups, though there was a trend
towards milder obstruction (higher FEV,/FVC) in the
PH-COPD arm (p=0.09). Table 1 and Supporting
Information S5: Table 1 shows the complete group
comparison.

All qCT metrics except BV10 differed significantly
between PH and control groups. BV5 and BV5% were
lower in the PH-COPD group [105.6 (81.3-131.4) mL vs.
131.7 (103.3-154.4mL, 30.2 (25.5-38.5)% vs. 38.6
(34.0-43.0)%, p =0.002 and p = 0.003, respectively], and
BV10% was  higher (50.5 (41.8-58.9)%  vs.
42.4(37.9-48.4)%, p=0.001). BV5-10 and BV5%-10%
were lower in the PH group as well [58.1 (49.8-64.3)
mL vs. 63.9(55.2-73.3), 16.8 (15.4-19.3)% vs. 18.7
(17.0-20.4)%, p=0.01 for both]. The wvessel fractal
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TABLE 1 Group comparison of baseline demographic and
clinical characteristics of subjects with PH-COPD and controls.

PH-COPD, COPD,
N=45 N=42 p Value
Female, n (%) 22 (48.9) 15 (35.7) 0.18
Age, years, mean (SD)  64.8 (13) 67.7 (9.8) 0.42
[range] [30-85] [36-86]
Ethnicity, n (%)
White 40 (90.9) 40 (97.6) 0.32
African American 2 (4.5) 1(24)
Asian 2 (4.5) 0 (0)
Missing 1 1
BMI, mean (SD) 38.3 (63.9) 28.9 (5.5) 0.85
Comorbidities, n (%)
Diabetes 20 (44.4) 12 (28.6) 0.13
Hypertension 31 (68.9) 35 (83.3) 0.12
Heart disease 33 (73.3) 21 (50.0) 0.03
Atrial fibrillation 23 (51.1) 17 (40.5) 0.32
HFpEF 20 (44.4) 9 (21.4) 0.02
HFrEF 10 (22.2) 6 (14.3) 0.34
Mitral valve disease 17 (37.8) 8 (19) 0.053
Kidney disease 26 (57.8) 13 (31) 0.01
Cancer 14 (31) 19 (45) 0.17
Thyroid disease 4 (8.9) 7 (16.7) 0.28
Autoimmune disease 1 (2.2) 0 (0) 0.33
NYHA functional class, <0.001
n (%)
1 0 (0) 7 (17)
2 11 (26) 27 (66)
3 28 (65) 6 (15)
4 4(9) 1(2)
Missing 2 1
6-min walk distance, 0.37
n (%)
<440 m 14 (70) 9 (90)
2440 m 6 (30) 1(10)
Missing 25 32

Abbreviations: HFpEF, heart failure with preserved ejection fraction;
HFrEF, heart failure with reduced ejection fraction; NYHA, New York Heart
Association; PH-COPD, pulmonary hypertension associated with chronic
obstructive pulmonary disease.

dimension was also lower compared with the control arm
[1.72 (1.68-1.74) vs. 1.74 (1.72-1.76), p = 0.007].

iVlobe and iVaw were both lower in the PH arm [4.0
(3.5-4.7)L vs. 49 (4.2-6.7)L, 40.9 (32.4-49.7) mL vs. 50.6

on Access

TABLE 2 Group comparison of quantitative CT measurements
between subjects with PH-COPD and controls.

PH-COPD,
n =45,
median (IQR)

COPD, n =42,

median (IQR) p Value

BV5, mL 105.6 (81.3-131.4) 131.7 (103.3-154.4) 0.002
BV5% 30.2 (25.5-38.5) 38.6 (34.0-43.0) 0.003
BV10, mL 167.6 (129.1-206.5) 140.7 (114.3-191.4) 0.24
BV10% 50.5 (41.8-58.9)  42.4 (37.9-48.4)  0.001
BV5-10, mL 58.1 (49.8-64.3) 63.9 (55.2-73.3) 0.01
BV5%-10% 16.8 (154-19.3)  18.7 (17.0-204)  0.01
LAS% 0.1 (0.0-1.5) 2.3 (0.4-6.0) <0.001
IVLobe, L 4.0 (3.5-4.7) 4.9 (4.2-6.7) <0.001
iVaw, mL 40.9 (32.4-49.7)  50.6 (36.4-64.4)  0.01
Fractal 1.72 (1.68-1.74)  1.74 (1.72-1.76)  0.007
dimension

Abbreviations: BV10%, BV10 as a volume fraction of total pulmonary blood
volume; BV10, qCT-derived volume of pulmonary vessels > 10 mm? in cross-
sectional area; BV5%, BV5 as a volume fraction of total pulmonary blood
volume; BV5, qCT-derived volume of pulmonary vessels < 5mm? in cross-
sectional area; BV5%-10%, BV5-10 as a volume fraction of total pulmonary
blood volume; BV5-10, qCT-derived volume of pulmonary vessels between 5
and 10 mm? in cross-sectional area; CI, cardiac index; COPD, chronic
obstructive pulmonary disease; CT, computed tomography; DLCO, diffusion
capacity for carbon monoxide; FEV,, forced expiratory volume in 1s; FVC,
forced vital capacity; LAS%, low attenuation score, the volume fraction of
qCT-derived lung volume with attenuation values < —950 Hounsfield units
following application of a binomial blur filter; mPAP, mean pulmonary
artery pressure; PCWP, pulmonary capillary wedge pressure; PVR,
pulmonary vascular resistance; qCT, quantitative computed tomography.

(36.4-64.4) mL, p < 0.001 and p = 0.01, respectively]. Finally,
LAS% was lower in the PH group than in the control group
[0.1 (0.0-1.5)% vs. 2.3 (0.4-6.0) %, p <0.001]. All between-
group comparisons of qCT variables can be found in Table 2.

Mild-moderate versus severe PH

Neither qCT vessel nor emphysema measures differed
significantly between mild-moderate and severe PH, though
LAS% was lower in the severe than the mild-moderate group
[0.0 (0.0-0.2)% vs. 0.7 (0.0-2.9)%, p = 0.08]. These compari-
sons are shown in Supporting Information S5: Table 3.

Pulmonary function and pulmonary
hemodynamics

No significant correlations were observed between qCT
vessel parameters and pulmonary function, considering
the PH and control arms separately and pooled. In the
PH-COPD arm, a borderline significant negative
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association between BV10% and DLCO% was observed
(r=-0.2, p=0.09). The control arm had a significant
positive association between BV5%-10% with FEV,% and
FEV,/FVC. The complete results of this analysis can be
seen in Supporting Information S5: Table 4.

The correlations between vascular parameters and
pulmonary hemodynamics were significant for a positive
association between BV10 and mPAP (r=0.3, p = 0.05).
The results of this analysis are shown in Supporting
Information S5: Table 5.

Survival

Median follow-up to overall survival was 9.5 years for the
pooled cohort, 9.5 years for the PH-COPD arm, and 11

years for the control arm. Median survival was 5.9 years
in subjects with PH and 11.1 years in those without PH.
There were 30 recorded deaths in the PH group (66.67%)
and 17 (40.04%) among the controls.

Univariate Cox proportional hazard
ratios (HRs)

The presence of PH was associated with a signifi-
cantly greater risk of death (HR: 2.32, p=0.007), as
was increased age (HR: 1.42 per 10 years, p = 0.003).
Lower FEV,;% and FEV,/FVC were associated with
increased risk of death in the pooled cohort and the
control arm but not in the PH group (FEV;: HR: 0.78
and HR:0.55 per 10%, p =0.001, and p <0.001, for

TABLE 3 Univariate Cox hazard regression for pooled, control, and PH-COPD arms, respectively.

All subjects, n = 87

COPD (no PH), N=42 PH-COPD, n =45

Hazard ratio

(95% CI) p Value
Baseline characteristics

Presence of PH 2.32 (1.27-4.27) 0.007
Age (per 10 years) 1.54 (1.16-2.05) 0.003

Physiological and hemodynamic characteristics

FEV,%, per 10% 0.78 (0.68-0.9) 0.001
FEV,/FVC, per 10 0.8 (0.66-0.97) 0.03
DLCO%, per 10% 0.74 (0.62-0.87) <0.001
mPAP n/a n/a
PVR n/a n/a
PCWP n/a n/a
Cardiac index n/a n/a
Quantitative CT

BV5, per 10 mL 0.96 (0.88-1.06) 0.42
BV5%, per 10% 0.6 (0.44-0.84) 0.003
BV10, per 10 mL 1.07 (1.02-1.12) 0.005
BV10%, per 10% 1.49 (1.15-1.94) 0.003
BV5-10, per 10 mL 1.13 (0.92-1.39) 0.23
BV5%-10%, per 10% 0.52 (0.2-1.35) 0.18
Fractal dimension, per 0.1 0.46 (0.21-1.02) 0.06

LAS%, per 10% 1.15 (0.86-1.54) 0.35

Hazard ratio Hazard ratio

(95% CI) p Value (95% CI) p Value
n/a n/a n/a n/a
n/a n/a n/a n/a
0.55 (0.4-0.76) <0.001 0.88 (0.74-1.05) 0.16
0.56 (0.38-0.81) 0.002 0.87 (0.7-1.09) 0.22
0.73 (0.57-0.93) 0.009 0.73 (0.56-0.95) 0.02
n/a n/a 1.01 (0.97-1.05) 0.68
n/a n/a 1.05 (0.99-1.12) 0.11
n/a n/a 0.97 (0.91-1.03) 0.26
n/a n/a 1.02 (0.67-1.53) 0.94
1.18 (0.98-1.41) 0.07 0.95 (0.85-1.07) 0.4
0.89 (0.47-1.68) 0.71 0.63 (0.42-0.93) 0.02
1.05 (0.98-1.13) 0.18 1.09 (1.02-1.17) 0.02
1.13 (0.65-1.96) 0.67 1.43 (1.031.99 0.03
1.41 (1.02-1.94) 0.04 1.25 (0.89-1.76) 0.2
0.75 (0.12-4.5) 0.75 0.68 (0.22-2.12) 0.51
2.05 (0.35-11.93) 0.43 0.52 (0.22-1.24) 0.43
4.09 (1.85-9.04) 0.001 0.97 (0.68-1.37) 0.847

Abbreviations: BV10%, BV10 as a volume fraction of total pulmonary blood volume; BV10, qCT-derived volume of pulmonary vessels > 10 mm?2 in cross-sectional
area; BV5%, BV5 as a volume fraction of total pulmonary blood volume; BV5, qCT-derived volume of pulmonary vessels < 5 mm?2 in cross-sectional area;
BV5%-10%, BV5-10 as a volume fraction of total pulmonary blood volume; BV5-10, qCT-derived volume of pulmonary vessels between 5 and 10 mm?2 in cross-
sectional area; CT, computed tomography; IQR, interquartile range; iVaw, qCT-derived volume of the airways > 1 mm in diameter; iVlobe, qCT-derived volume of
the lungs; LAS%, low attenuation score, the volume fraction of qCT-derived lung volume with attenuation value < —950 Hounsfield units following application of
a binomial blur filter; PH-COPD, pulmonary hypertension associated with chronic obstructive pulmonary disease; qCT, quantitative computed tomography.
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overall and control, respectively; FEV,/FVC: HR: 0.8
and HR: 0.56 per 10, p=0.03, and, p=0.002 for
overall and control, respectively). Lower DLCO% was
a significant predictor of mortality in general and
both subgroup analyses (HR: 0.74, HR: 0.73, and HR:
0.73 per 10%, p < 0.001, p =0.009, p = 0.02 for overall,
control, and PH, respectively). Notably, no hemo-
dynamic variable was significantly associated with
survival in those patients with PH-COPD and who
had RHC.

Lower BV5% was associated with increased risk of
death in both the overall pooled analysis (HR: 0.6 per
10%, p =0.003) and in the PH subgroup analysis (HR:
0.63 per 10%, p = 0.02), as was higher BV10 and BV10%.
Curiously, near-significant and significant associations
between increased BV5 and BV5-10 (but not BV5% or
BV5%-10%) and risk were observed in the control arm
(p =0.07 and 0.04, respectively). A lower fractal dimen-
sion was not associated with an increased risk of death in
the overall cohort (p =0.06). LAS% was strongly associ-
ated with risk in the control arm (HR: 4.09, p = 0.001) but
not in the overall analysis or the PH-COPD arm. The
complete results of the univariate Cox analysis can be
found in Table 3.

Pulmonary Circulation

Kaplan-Meier estimate for overall survival

Survival as a function of PH status is shown in Figure 2.
Cut-points for Kaplan-Meier analysis and associated
univariate Cox HRs are shown in Supporting Informa-
tion S4: Table 6 using BV5, BV5%, BV10, BV10%, and
LAS%. Resultant survival curves are shown in Figures 2
and 3 and Figures S1 and S2. Of note, a BV5% < 40% was
associated with an 8.41 increased risk of death in the
PH arm.

LIMITATIONS

Resource constraints and data availability limited our
sample size, so we could not include enough pre- and
postcapillary PH to analyze the groups separately. Data
were retrospective and based on ICD codes, raising the
possibility of inaccurate diagnoses, though PH diag-
noses were confirmed with RHC data, obstruction by
pulmonary function tests, and emphysema radiograph-
ically. Other obstructive lung diseases could have been
included such as chronic bronchitis, bronchiectatic
airway disease, or chronic asthma. CT data were not
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FIGURE 2 Kaplan-Meier survival curves comparing survival of subjects with pulmonary hypertension (PH) (n =45) and no-PH

controls (n =42).
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FIGURE 3 Kaplan-Meier survival curves for pulmonary hypertension associated with chronic obstructive pulmonary disease (n =45,
top row) and control (n =42, bottom row) arms, stratified according to quantitative computed tomography (qCT)-derived volume of

pulmonary vessels < 5 mm? in cross-sectional area as a volume fraction of total pulmonary blood volume (left) and qCT-derived volume of
pulmonary vessels > 10 mm? in cross-sectional area as a volume fraction of total pulmonary blood volume (right) with cut points determined

using the Contal-O'Quigley method.

standardized, and reconstructions varied considerably
concerning the reconstruction algorithm, use of
contrast, and indication for scans; we controlled this
variability to the extent possible by imposing specific
technical requirements. Nevertheless, more control
subjects (40%) had contrast scans than PH subjects
(20%). While there is limited data available regarding
the impact of contrast on these measurements, one
large (n = 508) retrospective study of subjects hospital-
ized with acute respiratory complaints observed no
difference (p =0.23) in BV5% between subjects whose
scans had been acquired with contrast and those
without, so the impact of this imbalance is likely
small.'® Patients with increased pulmonary venous
pressures were included, representing a significant
portion of the cohort; while imperfect, this also reflects
the reality of limitations in measuring wedge pressures
in patients with comorbid respiratory and cardiac
disease.

DISCUSSION

The present is the first study where a comparison of
blood vessel characteristics by qCT and clinical parame-
ters was made between patients with COPD and PH
demonstrated by RHC versus COPD without PH.
Radiographic pulmonary vessel measurements have
been studied for decades.'® An increase in the ratio of the
diameter of the pulmonary artery to the ascending aorta
(PA:A) in COPD is linked to the risk of severe
exacerbations, worse survival, and increased mPAP,
and outperforms echocardiography at diagnosing PH in
this group.”'”'® qCT has made possible automatic
measurement of small vessel characteristics, which have
been shown to correlate with the extent of emphysema,
lower resting oxygen saturation, more significant symp-
tom burden, and increased right ventricular volume
absent known PH.>'! Rahaghi et al. showed that subjects
with (PAH) had significantly reduced BV5 and increased
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large vessel volume compared with healthy volunteers, a
signature “redistribution” from small to large vessels
which is now thought to characterize PH."

Loss of SVV on qCT is often referred to as “pruning,”
suggesting obliteration of distal arterioles and capillaries.
However, current CT resolution visualizes only the
largest arterioles, and the capillary bed is not directly
resolvable. Vessel CSA is also variable—proximal artery
dilation is characteristic of PH, resulting in vessels
typically smaller than 5 mm? in CSA growing above that
cut-off, ultimately leading to an apparent “loss” of SVV.
Pruning is likely a contributor to reduced SVV but not
the only mechanism.

Our results suggest that, like PAH, PH-COPD is
characterized by reduced BV5(%) and increases in BV10%
compared to non-PH controls. These differences were
most striking when expressed as volume fractions due to
the complementarity of change in small and large
vessels; we also speculate that normalized volumes are
more robust to normal anatomic variability. Notably, the
non-PH subjects had more emphysema, which is
associated with reduced BV5.° Figure 4 shows example
vessel trees from PH and non-PH subjects, color-coded
according to vessel size. Figure 5 depicts the same control
subject; an area of focal pruning, reflecting emphysema,
is indicated, and the same vessel tree with emphysema
overlaid in gray is shown alongside. We conjecture that
loss of SVV due to emphysema is phenotypically distinct
from loss associated with PH due to its spatially limited

PH-COPD

cross-sectional area (mm?)

ulmonary Circulation

extent and lack of concomitant proximal vessel dilata-
tion. Likewise, vessel fractal dimension, a measure of
vascular tree complexity, was significantly lower in the
PH subjects. These findings point to the possible utility of
qCT to improve PH screening in COPD populations. We
also note that despite similar pulmonary function
between arms, PH subjects had significantly lower qCT-
derived measurements of lung and airway volumes. The
significance of this finding needs to be clarified.
However, we speculate that it reflects the impact of
cardiomegaly compressing lung tissue and airways based
on visual examination of the images.

Consistent with our hypotheses, lower BV5% and
higher BV10% were associated with worse survival in
both the PH-COPD and pooled groups. We contemplate
that the survival effect in the pooled group was driven by
the strong association of low BV5% and high BV10% with
the presence of PH, which was strongly associated with
worse survival. This signal was still significant within the
PH-COPD group, suggesting that these measurements
capture physiologically relevant processes not reflected
in hemodynamic severity. No hemodynamic variable was
associated with survival, and qCT was not generally
correlated with hemodynamics. This differs from find-
ings reported by Alkhafar et al. and may be explained by
the lack of a standardized imaging protocol in our study,
variability that is known to affect blood vessel measure-
ments, the inclusion of subjects with elevated pulmonary
venous pressures, and the user-dependent nature of RHC

Control

cross-sectional area (mm?)

FIGURE 4 Vascular trees, color-coded by vessel cross-sectional area, for a subject with pulmonary hypertension (PH) associated with
chronic obstructive pulmonary disease (PH-COPD) (left and a control subject (right). Note the paucity of small vessels (red) and prominence

of large vessels (blue) in the subject with PH.
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cross-sectional area (mm?)

140 EMPHYSEMA
cross-sectional area (mm?)

FIGURE 5 Vascular trees, color-coded by vessel cross-sectional area, for the same control subject shown in Figure 4 on the left, with the

same vascular tree shown on the right with regions of emphysema depicted in gray. Note how emphysema coincides spatially with focal

regions of low small vessel density (red).

readings, which in our case were collected over more
than two decades.'? Also, unlike Alkhanfar, we did not
find significant differences in vessel characteristics
between severe and mild-moderate PH despite severe
PH being overrepresented in our cohort. This may stem
from the fact that the authors of that paper analyzed the
pulmonary arteries only, whereas our data included the
pulmonary veins. Because pruning of distal vessels and
dilatation of proximal vessels occur primarily within the
arterial compartment, we speculate that the magnitude of
effects would have been larger were arterial and venous
components separated. Intriguingly, subjects with severe
PH had less emphysema than those with non-severe PH,
though the difference did not quite reach significance
(p=0.08). The extent of emphysema was also not
associated with outcomes in the PH group, in stark
contrast to the control group. This reinforces the idea
that PH in COPD, particularly severe, progressive PH, is
at least partly independent of COPD disease severity;
additional work is needed to untangle this interplay.'’

Despite the limitations, these strong results moti-
vate additional studies of this quantification modality
in larger, protocolized observational cohorts. In
particular, they point to the possible utility of
vascular volume quantification as a risk stratification
tool, potentially helpful both in clinical decision-
making and as a cohort enrichment tool in events-
driven clinical trials and a noninvasive screening tool
for PH in COPD.
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