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Background:  The in vivo relationship between peel pulmonary vessels, small pulmonary vessels, and pulmonary hypertension (PH) is

not fully understood.

Purpose:  To quantitatively assess peel pulmonary vessel volumes (PPVVs) and small pulmonary vessel volumes (SPVVs) as estimated
from CT pulmonary angiography (CTPA) in different subtypes of PH compared with controls, their relationship to pulmonary

function and right heart catheter metrics, and their prognostic value.

Materials and Methods:

In this retrospective single-center study performed from January 2008 to February 2018, quantitative

CTPA analysis of total SPVV (TSPVV) (0.4- to 2-mm vessel diameter) and PPVV (within 15, 30, and 45 mm from the lung

surface) was performed.

Results:

A total of 1823 patients (mean age, 69 years = 13 [SD]; 1192 women [65%)]) were retrospectively analyzed; 1593 patients

with PH (mean pulmonary arterial pressure [mPAP], 43 mmHg * 13 [SD]) were compared with 230 patient controls (mPAP,

19 mm Hg * 3). The mean vessel volumes in pulmonary peels at 15-, 30-, and 45-mm depths were higher in pulmonary arterial
hypertension (PAH) and PH secondary to lung disease compared with chronic thromboembolic PH (45-mm peel, mean difference:
6.4 mL [95% CI: 1, 11] [P < .001] vs 6.8 mL [95% CI: 1, 12] [P = .01]). Mean small vessel volumes at a diameter of less than

2 mm were lower in PAH and PH associated with left heart disease compared with controls (1.6-mm vessels, mean difference:

—4.3 mL [95% CI: —8, —0.1] [?=.03] vs —6.8 mL [95% CI: —11, —2] [P < .001]). In patients with PH, the most significant
positive correlation was noted with forced vital capacity percentage predicted (7 = 0.30-0.40 [all 2 < .001] for TSPVVs and

7= 0.21-0.25 [all 7 < .001] for PPVVs).

Conclusion:

The volume of pulmonary small vessels is reduced in pulmonary arterial hypertension and pulmonary hypertension

(PH) associated with left heart disease, with similar volume of peel vessels compared with controls. For chronic thromboembolic
PH, the volume of peel vessels is reduced. In PH, small pulmonary vessel volume is associated with pulmonary function tests.

Clinical trial registration no. NCT02565030
Published under a CC BY 4.0 license
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Pulmonary hypertension (PH) is a condition of varied
origin and defined by elevated mean pulmonary ar-
terial pressure (mPAP) (=20 mm Hg at rest) (1,2). PH
has five major subtypes: group 1, pulmonary arterial hy-
pertension (PAH); group 2, PH owing to left heart dis-
ease; group 3, PH associated with lung disease; group 4,
chronic thromboembolic PH (CTEPH); and group 5, a
miscellaneous group. PAH is characterized by remodeling
of the small pulmonary arteries, with thickening of the
intimal or medial layer of muscular vessel wall and pro-
liferation of cells with smooth muscle expression causing
distal remodeling (3,4). Evidence suggests that remodel-
ing in many instances of PH is an outward process with-
out luminal encroachment and might be due to failure of
arterial relaxation or expansion (5-7).

The in vivo relationship between the morphologic
change in small pulmonary vessels and PH is not well

understood. Previous histologic studies showed that
remodeling of small pulmonary vessels in PH is associated
with decreased distensibility, leading to increased pulmo-
nary vascular resistance and pulmonary arterial pressure.
This led to studies on quantitative small pulmonary vessel
assessment using multidetector CT mainly in patients with
PH secondary to chronic obstructive pulmonary disease
(COPD) (8-11) and in those with idiopathic pulmonary
fibrosis (12). Automatic three-dimensional extraction of
pulmonary vessels from multidetector CT has also been
used to assess the severity of PH when pulmonary vessel
volume could be measured in a lung peel (defined as the
thickness of a lung section from the surface) or based on
vessel diameter. However, quantitative multidetector CT
assessment of small pulmonary vessels in different sub-
types of PH compared with controls and how the pat-
tern of pulmonary vascular involvement differs between
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CT Assessment of Small Pulmonary Vessels in Pulmonary Hypertension

Abbreviations

COPD = chronic obstructive pulmonary disease, CTEPH = chronic
thromboembolic PH, CTPA = CT pulmonary angiography,
FEV1%pred = forced expiratory volume at 1 minute percentage pre-
dicted, FVC%pred = forced vital capacity percentage predicted, mPAP =
mean pulmonary arterial pressure, PAH = pulmonary arterial hyperten-
sion, PH = pulmonary hypertension, PPVV = peel pulmonary vessel
volume, SPVV = small pulmonary vessel volume, TLco = transfer factor
of the lung for carbon monoxide, TLco%pred = TLco percentage pre-
dicted, TSPVV = total small pulmonary vessel volume, TSPVV_,, =
TSPVV in vessels with a diameter of 1.2 mm or less, TSPVV
TSPVV in vessels with a diameter greater than 1.2 mm

>12mm

Summary

Quantitative CT assessment of small pulmonary vessels in pulmonary hy-
pertension (PH) provides anatomic, physiologic, and prognostic insights,
which might aid in the phenotyping of PH and in risk stratification.

Key Results

= In this retrospective study of 1823 patients with pulmonary arte-
rial hypertension (PAH) and pulmonary hypertension (PH) who
underwent chest CT, the mean peel pulmonary vessel volumes
were higher in patients with PAH and PH secondary to lung
disease compared with chronic thromboembolic PH (mean differ-
ence, 6.4 mL [P < .001] vs 6.8 mL [P = .01]).

m Mean small vessel volumes at a diameter of less than 2 mm were
lower in patients with PAH and PH associated with left heart dis-
ease compared with controls (mean difference, —4.3 mL [P = .03]
vs —6.8 mL [P < .001]).

PH subgroups has, to our knowledge, not been studied. We
hypothesized that the morphologic change in small pulmonary
vessels can be quantitatively evaluated with use of CT and that
it adds prognostic value in PH. Therefore, the primary objective
of this study was to quantitatively assess peel pulmonary vessel
volumes (PPVVs) and small pulmonary vessel volumes (SPVVs)
as estimated from CT pulmonary angiography (CTPA) scans
in different subtypes of PH compared with controls. Secondary

objectives were to study the relationship between PPVV, SPVV,
pulmonary function, and right heart catheter metrics and to
evaluate the prognostic value of PPVV and SPVV in PH.

Materials and Methods

Patients

Consecutive patients diagnosed with PH who underwent right
heart catheterization between January 2008 and February 2018
were prospectively recorded in Sheffield Pulmonary Vascular
Unit databases as part of the ASPIRE (or Assessing the Spec-
trum of Pulmonary Hypertension Identified at a Referral Centre;
ClinicalTrials.gov identifier NCT02565030) registry, as previously
described (13,14). Patients’ demographic, imaging, and clinical
metrics with follow-up data were prospectively collected using a
census date of January 30, 2020. Right heart catheterization and
pulmonary function metrics were included. Pulmonary function
metrics were adjusted for age and sex and presented as percentage
predicted. The study flowchart is presented in Figure 1.

‘The diagnosis of PH required patients to have right heart cath-
eterization with an mPAP of 25 mm Hg or greater at rest (1). All
patients were followed up until the date of death or census date.
Patients referred for suspected PH and eventually found not to
have PH after undergoing right heart catheterization, pulmonary
function testing, and CTPA were considered the control group.
Ethical approval for this study was granted by the North Shef-
field Ethics Committee and Review Board (ref c06/Q2308/8).
Informed consent was waived by the institutional review board
because this was a secondary analysis of retrospective data.

CTPA Image Acquisition and SPVV Analysis

CTPA examinations were performed on a 64-section multi-
detector CT scanner (LightSpeed, General Electric Medical
Systems) in 1472 patients (acquisition parameters: 120 kV;
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2300 subjects had
CT vessel analysis

o

2149 subjects with
baseline RHC

151 subjects excluded:
No baseline RHC data

[\

2000 subjects with
baseline PFTs

149 subjects excluded:
No baseline PFTs

l_\

177 subject luded:
Co—n;;gl _ 1523 subjects with Lun diseaszu(aje:rts f?::iﬂului disease
n= complete data ¢ P e
mPAP=19 subtype) and/or heart disease
| | | |
PAH CTEPH LHD Lung Disease Multifactorial
n=481 n=403 n=332 n=327 n=50
Figure 1:  Study flowchart. Mean pulmonary arterial pressure (mPAP) is provided in millimeters of mercury. CTEPH = chronic thromboembolic

pulmonary hypertension, LHD = left heart disease, PAH = pulmonary arterial hypertension, PFTs = pulmonary function tests, RHC = right heart catheter.
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Figure 2: Vascular masks for peel pulmonary vessels (left pair of each image) show peel vessels at 15-mm (red), 30-mm (green), and 45-mm (dark blue) depths from pleu-

ral surface and small pulmonary vessels (right pair of each image) with a diameter of 0.4 mm (red), 0.8 mm (green), 1.2 mm (dark blue), 1.6 mm (yellow), and 2 mm (cyan)
in (A) controls and (B) patients with pulmonary arterial hypertension with high peel vessel volume and pruning of the small pulmonary vessels less than 1.6 mm. (€) Chronic

thromboembolic pulmonary hypertension vascular masks show attenuation of small pulmonary vessels and reduction of peel vessels. (D) Vascular masks for pulmonary hyper-

tension secondary to left heart disease show pruning of the small pulmonary vessels and high peel vessel volume. The light brown color represents large proximal vessels.

100 mA with autodose reduction; pitch, 1; rotation time, 0.5
second; field of view, 400 X 400 mm; and section thickness,
0.625 mm with a standard kernel filter) or a 320 detector-row
CT system (Aquilion ONE/ViSION edition, Toshiba Medi-
cal Systems) in 351 patients (acquisition parameters: 120 kV;
modulated mA with adaptive iterative dose reduction [15];
pitch-standard pitch factor, 0.813; helical pitch, 65; rotation
time, 0.275 second; field of view, 500 mm; and section thick-
ness, 0.5 mm with kernel filter code FC08). Contrast material
was injected for 25 seconds via an antecubital vein with use of
a weight-adapted injection protocol. Scanning was initiated 3
and 14 seconds after the attenuation in the region of interest
placed in the pulmonary artery reached the threshold of 100
HU under a single breath hold.

J.T. is employed by VIDA Diagnostics and performed the
software analysis of CT scans. Y.S. and A.J.S., who are not em-
ployed by industry, had control of the data and conducted the
analysis. The authors did not receive industry funding.

PPVV and SPVV analysis was performed automatically, and
vascular masks were checked by thoracic radiologists (Y.S. and
A.].S, with 7 and 20 years of experience, respectively) using Food
and Drug Administration—approved lung quantitative imaging
software (LungPrint, VIDA Diagnostics). This dedicated soft-
ware was used to segment the lungs (16,17) and the pulmonary
vessels automatically with visual confirmation by using a pre-
viously described approach (18-21) with high reproducibility,
producing an intraclass correlation coefficient of 1 on replicate
readings (19). Total SPVV (TSPVV) (in milliliters) of each seg-
ment was measured as the volume of detectable arteries and
veins, including vessel walls and luminal blood. Total lung vol-
ume (in milliliters) was the combined volumes of left and right
lungs. Total vessel volume (in milliliters) was the total vascular
volume combined (arteries and veins). The vascular mask files

Radiology: Volume 305: Number 2—November 2022 = radiology.rsna.org

Schematic illustration on a coronal CT pulmonary angiography section

Figure 3:
shows the peel area concept at 15-mm (red), 30-mm (green), and 45-mm (blue)

depths from pleural surface, as demonstrated on the right lung, and the area for mea-
surement of small pulmonary vessels (orange), as demonstrated on the left lung.

were resampled to an isotropic voxel size of 0.2 mm?® to allow
for a comparison between scans acquired at different resolutions.
TSPVV metrics represented the volume taken up by small ves-
sels (arteries and veins combined) and were corrected according
to body surface area. TSPVV was calculated for vessels measur-
ing 0.4, 0.8, 1.2, 1.6, and 2 mm in diameter (19). The PPVV (in
milliliters) was the volume of blood vessels combined (arteries
and veins). The suffix (ie, 15, 30, or 45) represents the thickness
of the peel measured from the margin of the lungs at 15, 30, and
45 mm (Figs 2, 3). Vessel parameters were then adjusted accord-
ing to body surface area.
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Right Heart Catheterization

Right heart catheterization was performed using a balloon-tipped
7.5-F thermodilution catheter (Becton Dickinson). Right heart
catheterization was usually performed via the internal jugular
vein with use of a Swan-Ganz catheter. Features of right heart
catheterization required to define PH were mPAP of 25 mm
Hg or greater at rest, with a pulmonary capillary wedge pres-
sure of 15 mm Hg or less (1). Pulmonary vascular resistance was
determined as follows: pulmonary vascular resistance = (mPAP
— pulmonary capillary wedge pressure)/cardiac output. Cardiac
output was measured with use of the thermodilution technique.

Statistical Analysis

Normality of all variables was tested using the Kolmogorov-
Smirnov test and histograms. Continuous variables were ex-
pressed as means * SDs for parametric data and medians with
IQRs for nonparametric data. Categorical data were presented
as numbers of patients and percentages. Continuous parametric
variables were compared using one-way analysis of variance with
Bonferroni correction and Kruskal-Wallis and Mann-Whitney
U tests for nonparametric variables. Categorical variables were
compared using the Pearson x? test. Pearson correlation and
linear regression were performed to determine the relationship
between TSPVV, PPVYV, and right heart catheterization and pul-
monary function metrics, in which the dependent variable was
log-transformed to overcome the effect of heteroscedasticity.
Receiver operating characteristic analysis was used to deter-
mine prognostic volume thresholds for TSPVV in vessels with
a diameter of 1.2 mm or less (TSPVV_ , ) and TSPVV in
vessels with a diameter greater than 1.2 mm (TSPVV_ , ).
Survival was calculated from the date of the CT examina-
tion to date of death or census date with use of Kaplan-Meier
plots and compared using the log-rank test. Univariable Cox pro-
portional hazard regression analysis was used to assess the prog-
nostic value of TSPVV_ | and TSPVV_ | in addition to de-
mographics, right heart catheterization, and pulmonary function
metrics. Multivariable Cox proportional hazard regression analysis
using the forward stepwise likelihood ratio method was performed
for significant variables (” <<.05) at univariable analysis and were
previously reported as predictors of mortality in PH (22) (age, sex,
mean right atrial pressure, pulmonary vascular resistance, venous
oxygen saturation, transfer factor of the lung for carbon monoxide
[TLco]) in addition to vessel analysis metrics.

All statistical tests were two sided, and P < .05 was consid-
ered indicative of statistically significant difference. SPSS for
Windows, version 26 (IBM) was used for statistical analysis, and
GraphPad Prism, version 8.3.0 (GraphPad Software) was used
for presentation of data.

Results

Patients

Opverall, 1823 patients (mean age, 69 years = 13 [SD]; 1192
women [65%)]) were analyzed. A total of 1593 patients with
PH (mPAP, 43 mm Hg = 13) were compared with 230
patient controls (mPAP, 19 mm Hg * 3). Padients in the PH
group had higher pulmonary artery systolic and diastolic
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pressures (all 2 < .001). They also had higher pulmonary
capillary wedge pressure and pulmonary vascular resistance
compared with controls (both 2 < .001). Arterial oxygen sat-
uration and venous oxygen saturation were higher in the con-
trol group (both P < .001), as were all the pulmonary func-
tion metrics (all P < .001). Patients’ characteristics based
on PH subtype compared with controls are summarized in Table
1. In brief, patients in the lung disease group were younger com-
pared with PAH and left heart disease subtypes groups (P <
.001). More women were in the PAH subtype group compared
with CTEPH, lung disease, and multifactorial subtypes groups
(P < .001). The control group had a higher number of patients
with World Health Organization functional class I or II com-
pared with all PH subtype groups (all 2 < .001). Patients in the
CTEPH and left heart disease subtypes groups had the highest
mPAP and pulmonary capillary wedge pressure mean values, re-
spectively, compared with other subtypes groups (all 2 < .001).

Vessel Analysis

PPVV.—Figure 4 shows vessel volumes within 15-, 30-, and 45-
mm peel area in the control group and PH subtypes. We did
not observe evidence of a difference in PPVVs at 15-, 30-, and
45-mm depths between the control group and all PH subtypes.
Patients with PAH subtype had higher vessel volumes at 15-mm
and 30-mm peels (mean difference, 3.4 mL [95% CI: 2, 5] and
6 mL [95% CI: 2, 10], respectively; both 2 < .001) and at 45
mm (mean difference, 6.4 mL [95% CI: 1, 11]; 2 < .001) com-
pared with those with the CTEPH subtype. Vessel volumes were
also higher at 15-mm and 30-mm peels (mean difference, 3.2 mL
[95% CI: 1, 5] and 6 mL [95% CI: 2, 10], respectively; both P <
.001) and at 45 mm (mean difference, 6.8 mL [95% CI: 1, 12];
P =.01) in the lung disease subtype compared with CTEPH.

TSPVV.—Figure E1 (online) shows mean volumes of small ves-
sels of 0.4-, 1.2-, and 1.6-mm diameter in the control group
and PH subtypes. Figure E2 (online) shows the mean volumes
of small vessels of 0.8- and 2-mm diameter. The control group
had a higher volume of small vessels of less than 2 mm in di-
ameter compared with the PAH subtype (mean difference, 0.4
mL [95% CI: 0.1, 0.7] [P < .001] for 0.4-mm diameter ves-
sels vs 1.4 mL [95% CI: 0.2, 2.7] for 0.8-mm diameter vessels;
mean difference: 3 mL [95% CI: 0.3, 6] for 1.2-mm diame-
ter vessels and 4 mL [95% CI: 0.1, 8] for 1.6-mm vessels; all
P =.03). The control group had a higher volume of small vessels
of less than 2 mm in diameter (mean difference, 0.5 mL [95%
CI: 0.2, 0.8] for 0.4-mm vessels; mean difference: 2 mL [95%
CI: 1, 4] for 0.8-mm vessels; mean difference: 5 mL [95% CI:
2, 8] for 1.2-mm vessels; and mean difference: 6.8 mL [95%
CI: 2, 11] for 1.6-mm vessels; all 2 < .001) and 2-mm diam-
eter (mean difference, 7.6 mL [95% CI: 1.6, 13.6]; P = .003)
compared with left heart disease subtype. All volumes of small
vessels were higher in CTEPH compared with left heart disease
(mean difference, 0.3 mL [95% CI: 0.2, 0.5] [P = .03] for 0.4-
mm vessels vs 2 mL [95% CI: 0.6, 3] for 0.8-mm vessels; mean
difference: 4 mL [95% CI: 2, 7] for 1.2-mm vessels; and mean
difference: 6.5 mL [95% CI: 2.7, 10] for 1.6-mm vessels [all

radiology.rsna.org = Radiology: Volume 305: Number 2—November 2022
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Table 1: Patient Characteristics in Control and PH Subtype Groups
Multifactorial
Characteristic Control (7 =230) PAH (n=481) CTEPH (»=403) PHLHD (z=332) PHLD (n=327) (n=50)
Age (y) 69 (13)** 65 (14)H#s! 69 (14)** 76 (9)*H 40 (11)*F 64 (13)*
No. female (%) 181 (10)™* 355 (19)** 219 (12)*" 236 (13)% 174 (10)*™ 27 (1)
WHO FC (Ior Il vs 168 vs 62*1#* 47 vs 434% 51 vs 352*! 48 vs 2848 20 vs 307 4 vs 46"
IIT or IV), No.
Right heart catheter
metrics
Arterial SBP, 145 (23)8 137 (26)° 137 (24)° 150 (26)** 134 (23) 132 (23)*
mm Hg
Arterial DBP, 75 (12)* 76 (13)* 80 (14)* 77 (13) 76 (11)* 77 (14)
mm Hg
Arterial MAD, 101 (17) 98 (19)* 101 (17) 104 (17)* 98 (15)7 98 (17)
mm Hg
Pulmonary artery 32 (6)*Tst 67 (25)4 78 (23)*fs! 64 (214 67 (20)# 71 (19)"
SBP, mm Hg
Pulmonary artery 10 (3)*#* 24 (11)" 27 (9 24 (8) 26 (9)" 28 (12)"
DBP, mm Hg
mPAP, mm Hg 19 (3)*#s* 41 (15)" 46 (12)* 41 (1" 42 (12)" 45 (13)"
mRAP, median 5 (3-8)*t#s# 8 (5-12)! 11 (7—15)*! 14 (11-18)*isk 8 (6-13)™ 10 (6-14)™
(IQR), mm Hg
PVR, median 148 (100-189)*"%* 470 (243-786)" 545 (297-854)" 239 (157-349)*%% 453 (268-756)" 547 (330-918)
(IQR), WU
PCWP, mm Hg 10 (3)™ 11 (3)™ 13 (4)*H 14 (G)*#sh 12 (4)" 13 (4)
Cardiac output, 5.3 (1.6) 5(1.7) 4.9 (1.6)7 5.6 (1.9)% 5.3 (1.8) 5.4 (3)
L/min
Cardiac index, 3 (0.8)* 2.9 (1)* 2.5 (1)t 3 (1)* 2.8 (1)* 2.9 (1.5)
L/min/m?
Sao,, % 97 (3)*# 95 (5) 92 (7)* 95 (5) 94 (6)" 94 (5)
Svo,, % 73 (5)*T#s* 67 (9)4 61 (9)*fs! 66 (8)* 65 (8) 65 (11)"
Pulmonary function
metrics
FEV1, %pred 80 (17)*7%* 73 (21)®! 76 (19)*1%* 68 (19)# 59 (22)* 54 (17)%
FVC, %pred 88 (19)*7* 80 (23)# 87 (18)*™* 77 (18)# 71 (24)" 66 (15)
FEV1/FVC, % 72 (10)*'5* 69 (1) 68 (11)*i% 68 (10) 65 (17)* 66 (17)"
TLco, %pred 68 (20)*%* 55 (20)™ 63 (18)*%* 58 (19)"" 35 (13)* 38 (15)™
Note.—Unless otherwise specified, data are means, with SDs in parentheses. Percentages of female patients are of the whole patient sample
(n =1823). CTEPH = chronic thromboembolic PH, DBP = diastolic blood pressure, FEV1 = forced expiratory volume at 1 minute,
FVC = forced vital capacity, LD = lung disease, LHD = left heart disease, MAP = mean arterial pressure, mPAP = mean pulmonary artery
pressure, mRAP = mean right atrial pressure, PAH = pulmonary arterial hypertension, PCWP = pulmonary capillary wedge pressure, PH =
pulmonary hypertension, PVR = pulmonary vascular resistance, Sao2 = arterial oxygen saturation, SBP = systolic blood pressure, Svo2 =
venous oxygen saturation, TLco = transfer factor of the lung for carbon monoxide, WHO FC = World Health Organization functional
class, WU = Wood unit, %pred = percentage predicted.
* P < .05 compared with PAH.
TP < .05 compared with LHD.
¥ P < .05 compared with CTEPH.
$ P < .05 compared with LD.
" P < .05 compared with controls.
# P < .05 compared with multifactorial.

P <.001] and mean difference: 7 mL [95% CI: 2, 12] [P <<.001]

for 2-mm diameter vessels).

Correlation with Pulmonary Function and Right Heart
Catheter Metrics

Figure E3 (online) shows correlations of PPVV with forced vital
capacity percentage predicted (FVC%pred). Figures E4 and E5

Radiology: Volume 305: Number 2—November 2022 = radiology.rsna.org

(online) illustrate correlations of TSPVV and total vessel volume in
patients with PH with FVC9%pred, and Figure E6 (online) shows
correlations of TSPVV and total vessel volume with forced expi-
ratory volume at 1 minute percentage predicted (FEV1%pred).
Modest positive correlations were noted between all volumes of
peel vessels and FVC%pred (7 = 0.21-0.25 [all P < .001]) and
mild positive correlations with FEV1%pred. No significant corre-
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Figure 4: Floating bar charts show peel pulmonary vessel volumes in the control group and pulmonary hypertension subtypes. Bars represent

peel vessel volumes, with the top and bottom edges showing minimum and maximum values. The horizontal line within each bar represents the mean.
* =P < .05, ** =P < .001. CTEPH = chronic thromboembolic pulmonary hypertension, LD = lung disease, LHD = left heart disease, PAH = pulmonary

arterial hypertension, PPV, ;= peel pulmonary vessel volume within 15 mm from the lung surface, PPV,

= peel pulmonary vessel volume within

30 mm from the lung surface, PPV, = peel pulmonary vessel volume within 45 mm from the lung surface.

lation was noted with TLco percentage predicted (TLco%pred).
Moderate to strong positive correlations were noted between
all volumes of small vessels and FVC%pred (r = 0.30-0.40 [P
< .001]) (Figs E4, E5 [online]) and mild positive correlations
with FEV1%pred (Fig E6 [online]). There was modest posi-
tive correlation with TLco%pred (r = 0.15-0.22; all 2 < .001).
Correlations between TSPVV, PPVV, total vessel volume in all
PH subtypes, and pulmonary function metrics are summarized in
Table E1 (online).

Vessel volumes at 30-mm and 45-mm peels showed mild
positive correlation with cardiac output and cardiac index
(r = 0.09-0.13 for 30-mm peel and P = .006 for 45-mm peel
[P < .001]). All volumes of small vessels (0.4- to 2-mm diame-
ter) showed a mild negative correlation with pulmonary capillary
wedge pressure and mean right atrial pressure (» = 0.10-0.19,
P < .001 for 0.4-, 0.8-, 1.2-, and 1.6-mm diameter vessels and
P =.004 for 2-mm vessels). There was no significant correlation
observed between vessel volumes and mPAP.

Prognostic Value of Vessel Analysis

Prognostic volume thresholds of 50 and 135 mL were identified
using receiver operating characteristic analysis for TSPVV_ ,
and TSPVV_ ., respectively. As shown in Figure 5, median sur-
vival for TSPVV_, | greater than 50 mL was longer than that
for TSPVV_,, of 50 mL or less (85 vs 71 months [95% CI: 73,
97]; P = .02). Median survival for TSPVV_ ,  greater than 135
mL was longer than that of TSPVV_ | of 135 mL or less (88
vs 72 months [95% CI: 73, 98]; P = .02). Results of the univari-
able and multivariable Cox regression hazard analyses for the PH
group are summarized in Table 2. TSPVV_ ,  greater than 50
mL (hazard ratio = 0.85; P =.02) and TSPVV_ ,  greater than
135 mL (hazard ratio = 0.84; P = .02) were significant predictors
of mortality at univariable analysis. TSPVV_ | greater than 50
mL (hazard ratio = 0.79; P = .04) was an independent predictor
of mortality at multivariable analysis in addition to age, male sex,
mean right atrial pressure, pulmonary vascular resistance, and ve-

nous oxygen saturation.
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Subgroup Analysis

Incident patients.—To assess vessel volume differences in pa-
tients who were treatment-naive (without any treatment effect),
a subgroup analysis was performed for incident cases (patients
who underwent CTPA before the diagnostic visit). A total of
1209 patients (age 69 years * 13; 798 women [66%]) were
analyzed. A total of 1036 patients (subgroup: PAH, 283 [27%];
CTEPH, 259 [25%]; left heart disease, 224 [22%]; lung disease,
231 [22%]; multifactorial, 39 [4%]) with PH (mPAPR, 43 mm
Hg = 12) were compared with 173 controls (mPAP, 19 mm
Hg = 3).

There was no evidence of a difference in the PPVV between
the control group and all PH subtypes. The control group had
a higher SPVV (0.4- to 2-mm diameter) compared with left
heart disease subtype (P < .001 for 0.4-, 0.8-, 1.2-, and 1.6-mm
diameter vessels and P = .004 for 2-mm vessels). Small vessels
(0.8-2-mm diameter) were higher in CTEPH compared with
left heart disease (all P2 < .001).

Chronic thromboembolic disease distribution.—A subgroup
analysis was conducted to assess the impact of chronic throm-
boembolic disease distribution on vessel volumes, which was
available for 300 patients (proximal disease, 7 = 100; distal dis-
ease, 7 = 118; and mixed disease, 7 = 82) in the CTEPH group.
There was no evidence of a difference in PPVV (at 15-, 30-, and
45-mm depths) and SPVV (0.4- to 2-mm diameter) in patients
with proximal compared with distal or mixed disease distribu-
tion (P > .05).

Discussion

In this secondary chest quantitative CT analysis of 1593 pa-
tients with various causes of elevated pulmonary artery pressure
(pulmonary arterial hypertension [PAH], chronic thromboem-
bolic pulmonary hypertension [CTEPH], pulmonary hyper-
tension [PH] due to left heart disease, PH due to lung disease,
or multifactorial causes) and 230 controls, we found that the
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Table 2: Results of Univariable and Multivariable Cox Regression Analyses dicted and transfe%‘ factor of the lung
for carbon monoxide percentage pre-
Univariable Hazard Multivariable Hazard dicted. In addition, TSPVV was lower
Covariate Ratio (95% CI) PValue Ratio (95% CI) P Value in patients with PAH compared with
Age,y 102 (1.01,1.02) <001 1.02(1.01,1.03)  <.001 controls and patients with CTEPH.
Male sex 133 (1.17,1.51)  <.001  1.40 (1.12, 1.74) 003 It was also higher in patients with no
Right heart catheter metrics PH and in CTEPH compared with
PCWP mm Hg 1.01 (0.98, 1.03) 14 PH secondary to left heart disease.
mPAP, mm Hg 1.02 (1.01, 1.03)  <.001 ... The study also highlights that higher
mRAP, mm Hg 1.04 (1.02, 1.06) <.001  1.03 (1.00, 1.06) .03 TSPVV and peel pulmonary vessel
PVR, WU 1.00 (1.00, 1.00) <.001 1.00 (1.00, 1.00) <.001 volume measured at CT pulmonary
Sao,, % 0.96 (0.95,0.97)  <.001 ... angiography are associated with bet-
Svo,, % 0.96 (0.95,0.97)  <.001  0.98 (0.96, 0.99) .002 ter pulmonary function in patients
Cardiac output, L/min ~ 0.88 (0.83,0.93)  <.001 with PH; however, there was no as-
Cardiac index, L/min/m*  0.82 (0.74, 0.92) .001 sociation with pulmonary arterial
Pulmonary function metrics pressure. A summary of changes in
FEV1, %pred 0.98 (0.98,0.99)  <.001 volume of peel and small pulmonary
FVC, %pred 0.98 (0.98,0.99)  <.001 vessels is illustrated in Figure 6.
TLco, %pred 0.97 (0.96,0.97)  <.001 PAH is associated with vascular
Vessel analysis metrics remodeling, which involves medial
TSPVV_ , ~>50mL  0.85(0.74, 0.98) .02 0.79 (0.62, 1.00) .04 hypertrophy of the muscular and
TSPVV_ , . >135mL  0.84(0.72,0.98) -02 elastic arteries and proliferation of
Note.—FEV1 = forced expiratory volume at 1 minute, FVC = forced vital capacity, mPAP = cells of smooth muscle expression.
mean pulmonary artery pressure, mRAP = mean right atrial pressure, PCWP = pulmonary Dilatation and intimal atheromas
capilla{y wedge pressure, PVR = pulmon.ary vascular resistance, Sao, = arterial oxygen of the elastic pulmonary arteries
saturation, Svo, = venous oxygen saturation, TLco = transfer factor of the lung for carbon and veno-occlusive lesions without
monoxide, TSPVV_ , = total small pulmonary vessel volume in vessels with a diameter of ) .
1.2 mm or less, TSPVV_, , = total small pulmonary vessel volume in vessels with a diameter an associated arteriopathy have also
greater than 1.2 mm, WU = Wood unit, %pred = percentage predicted. been found at histologic examina-

mean vessel volumes in pulmonary peels at 15-, 30-, and 45-
mm depths were higher in patients with PAH and PH second-
ary to lung disease compared with CTEPH. Mean small vessel
volumes at a diameter of less than 2 mm were lower in PAH and
PH associated with left heart disease compared with controls.
In patients with PH, the most significant positive correlation
was noted between all total small pulmonary vessel volumes
(TSPVVs) and forced vital capacity percentage predicted, fol-
lowed by forced expiratory volume at 1 minute percentage pre-
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tion (23-25). In this study, PPVV
was higher in patients with PAH
compared with those with CTEPH.
This may be explained by dilatation of elastic pulmonary vessels
in the peel of the lung due to vascular remodeling and luminal
narrowing of downstream small pulmonary arteries. TSPVV was
lower compared with controls, suggesting coexistent pruning of
small blood vessels at thresholds of less than 1.6 mm in diameter.
In contrast, our study showed that in CTEPH, vascular changes
from clot burden, which include arterial narrowing or occlusion
and webs, result in an overall lower blood volume in the peel
of the lung but show higher blood volume in small pulmonary
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and the purple lines drawn on the left lung represent an example of the small vessels. Changes in peel volume in the left heart dis-

ease and pulmonary arterial hypertension (PAH) groups are compared with the chronic thromboembolic pulmonary hypertension

(CTEPH) group. All other changes are compared with the control group.

arteries (26,27). We postulate this is because of a greater propor-
tion of smaller pulmonary vessels due to proximal obstructions,
leading to downstream attenuation of vessels within the related
segments of the pulmonary tree.

TSPVV in patients with PH secondary to left heart disease
was lower than in patients CTEPH and the control group. This
may indicate pruning of small pulmonary arteries akin to PAH;
remodeling of small pulmonary arteries and veins is evident in
PH associated with left heart disease (28). In patients with PH
secondary to lung disease, our results showed higher PPVV com-
pared with those with CTEPH, consistent with CTEPH having
loss of peripheral blood volume. In contrast, TSPVV did not
show significant difference compared with other groups. Previ-
ous studies demonstrated significant alterations at the microvas-
cular level in patients with COPD (8-11,29-33). Further stud-
ies comparing COPD and interstitial lung disease subtypes are
required to further characterize vessel changes in patients with
PH associated with lung disease.

Hueper et al (31) showed a 38% reduction in pulmonary
microvascular volume in patients with mild COPD and 53%
in those with severe COPD compared with patients with-
out COPD, suggestive of marked microvascular damage.
However, the heterogeneity of the lung disease group in our
study, including patients with COPD in addition to lung fi-
brosis, might have been a confounding factor when evaluating
TSPVV. Additionally, the severity of lung disease in our sample
varied between patients. Microvascular damage is best seen in
patients with severe COPD (31).

Significant positive correlations were noted between TSPVV
and pulmonary function metrics. The strongest correlations
were observed between PPVV and TSPVV and forced vital ca-
pacity, which was most apparent in the PAH and lung disease
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subtypes. Additionally, there were mild to moderate correla-
tions with forced expiratory volume at 1 minute and TLco. Our
study showed that higher vessel volume is associated with bet-
ter pulmonary function. There was no evidence of a correlation
between SPVVs and mPAP in our study, which is in agreement
with other studies (29,34). However, Matsuoka et al (9) found
significant correlations between mPAP and pulmonary vessels
in a cross-sectional area of less than 5 mm? in a small cohort of
patients with severe emphysema. Their study was limited by the
small number of patients and the assessment of pulmonary ves-
sels with use of the cross-sectional area technique, which can be
influenced by automatic exposure control from the scanner and
by patient position.

Previous studies showed the prognostic value of quantitated
vessel volumes in patients with lung fibrosis (12,35). In PH,
several studies reported prognostic value of pulmonary artery
diameter but not SPVV (36-38). Our study is the first, to our
knowledge, to demonstrate the prognostic value of SPVVs in
PH with higher SPVV associated with decreased mortality. In
particular, TSPVV_ ,  greater than a threshold of 50 mL is
independently associated with decreased mortality. An increase
of TSPVV_ , by 1 mL above the 50 mL threshold was associ-
ated with a decrease in mortality by a factor of 0.79.

Our study has limitations. This is a secondary analysis of
prospectively collected data, which makes it difficult to draw
definitive conclusions beyond the variability in SPVV between
PH subtypes and the association of SPVV with pulmonary func-
tion metrics. Additionally, the quantitative CT analysis included
both arteries and veins. This is a recognized limitation of this
technology. Some early studies have shown success, and further
research in different disease groups is required to validate these
promising approaches (39—41). The sample comprised patients
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who were scanned with two different scanners with different sec-
tion thicknesses (0.625 mm and 0.5 mm); however, no signifi-
cant difference in vessel volumes was detected at analysis. The
control group consisted of patients with suspected PH with
comorbidities and elevated mPAP compared with individuals
without PH. However, our results showed differences between
the groups in a real-world setting. The depth of inspiration on
these quantitative CT examinations may impact these measures
of SPVV, and the repeatability and precision of these metrics has
not been determined.

In conclusion, quantitative CT assessment of small pulmonary
vessel volume (SPVV) provides anatomic and physiologic insights
that may aid image-based phenotyping and risk stratification in
pulmonary hypertension (PH). Future studies should focus on
evaluating treatment effects on SPVV and on stratifying patients
for treatment based on SPVV to improve outcomes in PH.
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