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BACKGROUND: Pulmonary hypertension is a heterogeneous disease, and a significant portion
of patients at risk for it have CT imaging available. Advanced automated processing tech-
niques could be leveraged for early detection, screening, and development of quantitative
phenotypes. Pruning and vascular tortuosity have been previously described in pulmonary
arterial hypertension (PAH), but the extent of these phenomena in arterial vs venous pul-
monary vasculature and in exercise pulmonary hypertension (ePH) have not been described.
RESEARCH QUESTION: What are the arterial and venous manifestations of pruning and
vascular tortuosity using CT imaging in PAH, and do they also occur in ePH?
STUDY DESIGN AND METHODS: A cohort of patients with PAH and ePH and control subjects
with available CT angiograms were retrospectively identified to examine the differential
arterial and venous presence of pruning and tortuosity in patients with precapillary pul-
monary hypertension not confounded by lung or thromboembolic disease. The pulmonary
vasculature was reconstructed, and an artificial intelligence method was used to separate
arteries and veins and to compute arterial and venous vascular volumes and tortuosity.
RESULTS: A total of 42 patients with PAH, 12 patients with ePH, and 37 control subjects were
identified. There was relatively lower (median [interquartile range]) arterial small vessel
volume in subjects with PAH (PAH 14.7 [11.7-16.5; P < .0001]) vs control subjects (16.9
[15.6-19.2]) and venous small vessel volume in subjects with PAH and ePH (PAH 8.0 [6.5-
9.6; P < .0001]; ePH, 7.8 [7.5-11.4; P ¼ .004]) vs control subjects (11.5 [10.6-12.2]). Higher
large arterial volume, however, was only observed in the pulmonary arteries (PAH 17.1 [13.6-
23.4; P < .0001] vs control subjects 11.4 [8.1-15.4]). Similarly, tortuosity was higher in the
pulmonary arteries in the PAH group (PAH 3.5 [3.3-3.6; P ¼ .0002] vs control 3.2 [3.2-3.3]).
INTERPRETATION: Lower small distal pulmonary vascular volume, higher proximal arterial
volume, and higher arterial tortuosity were observed in PAH. These can be quantified by using
automated techniques from clinically acquired CT scans of patients with ePH and resting PAH.
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Take-home Points

Study Question: What are the arterial and venous
manifestations of pruning and vascular tortuosity
using CT imaging in PAH and ePH?
Results: Distal arterial and venous volume loss,
proximal arterial dilation, and increased arterial
tortuosity are observed on CT scans of patients with
PAH and ePH.
Interpretation: Automated quantification methods
using CT imaging can provide a noninvasive method
for identification of PAH and ePH.
Pulmonary hypertension is a heterogeneous group of
conditions that results from pathologic processes
affecting the arteries, capillaries, or veins of the
pulmonary vascular tree. Although right heart
catheterization remains the gold standard for disease
diagnosis and classification, this procedure is invasive,
does not scale easily for screening large numbers of
patients, and is used sparingly to monitor disease
progression. For these reasons, noninvasive biomarkers
are highly sought after for all aspects of clinical care.
Cardiopulmonary imaging continues to show great
promise as a noninvasive biomarker, and CT imaging in
particular has become part of the standard clinical
evaluation of patients with suspected pulmonary
vascular disease. Numerous investigations have shown
that CT imaging-based measures of the main pulmonary
artery size, both alone and normalized by the diameter
of the aorta,1 are associated with the presence of
pulmonary hypertension and are now commonly
included in the clinical interpretation of a CT scan.2,3

Less is known about the intraparenchymal vasculature
and how the morphology of those arteries and veins may
differ according to disease type.

A lower area of functional small vessel lumen is a
histologic characteristic of pulmonary arterial
chestjournal.org
hypertension (PAH) that results in distal vascular
pruning on pulmonary angiogram; this has been
previously described by using taper and tree
complexity measured by fractal dimension.4-6 Studies
have shown that pruning can be objectively assessed
by using CT imaging and that its presence is clinically
significant in COPD,7-9 asthma,10 and chronic
thromboembolic disease.11 In pulmonary hypertension,
CT imaging-based sparsity of small vessels has also
been characterized by using measures of tree
complexity.12-14 Increases in transmural pressure in
the pulmonary vasculature due to elevated pulmonary
vascular resistance may also lead to central vascular
dilation,6,12,15 much like the dilation of the main
pulmonary artery or increased tortuosity.11,14

However, the extent to which many of these
morphologic changes differentially affect arteries and
veins in patients with PAH has not yet been
quantified in CT imaging. Characterization of the
similarities and differences between arterial and
venous changes in the lung parenchyma may enhance
their utility as diagnostic markers and further improve
the understanding of pulmonary vascular remodeling
in PAH.

The goal of the current study was to quantify the
changes in the parenchymal pulmonary arterial and
venous vasculature in patients with PAH (Group 1
pulmonary hypertension) leveraging automated arterial
and venous separation using an artificial intelligence
algorithm. We hypothesized that lower small vessel
volume, proximal vascular dilation, and higher vascular
tortuosity would be found in the arteries but not veins of
patients with PAH compared with control subjects.
Secondarily, we sought to determine if those features
detected in patients with PAH were also present in those
with exercise pulmonary hypertension (ePH), which
may be a pathophysiological precursor of PAH in some
individuals.
Subject and Methods
Subject Selection

Subjects for this investigation were identified through a single-center
registry consisting of 1,514 subjects who underwent right heart
catheterization between April 27, 2011, and October 2, 2018. As shown
in Figure 1, subjects were identified who had thin-slice CT angiography
with fully visible lung fields and with the imaging occurring no more
than 1 year following right heart catheterization. From this group, three
cohorts of subjects (PAH, ePH, and control subjects) were identified.

Subjects with a resting mean pulmonary arterial pressure > 20 mm Hg
and pulmonary vascular resistance > 3 Wood units were eligible for
inclusion in the PAH cohort (Fig 1). Exclusions criteria were an
pulmonary arterial opening pressure > 15 mm Hg, CT evidence of
thromboembolism, or clinical diagnosis of lung disease.16 The
remaining subjects diagnosed by pulmonary hypertension specialists
as having Group 1 disease (PAH) without mixed disease (ie,
presence of Group 2-5 disease) constituted the PAH cohort.

Subjects were eligible for inclusion in the ePH or control group if they
had a resting mean pulmonary arterial pressure # 20 mm Hg and had
undergone invasive upright cardiopulmonary exercise testing to
maximal exertion by a peak heart rate of > 85% predicted or a peak
respiratory exchange ratio > 1.10. Subjects were excluded if they had
lung disease either according to history or available spirometry,
2221
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1,514 RHC registry subjects
screened

Inclusion: CTA available
337 subjects

mPAP ≤ 20 mm Hg
128 subjects

mPAP > 20 mm Hg
184 subjects

59 subjects

Inclusion: Availability of iCPET
Exclusions: Lung disease (by history or spirometry)
structural heart disease (by history and if prior echocardiogram
available EF < 55%, or > mild valvular stenosis/insufficiency)

Control (N = 37)

Exclusion:
Inclusion in ePH cohort
Exercise rise PAWP (10)

ePH (N = 12)

Inclusion: Elevated mPAP rise with exercise
and abnormal PVR response to exercise
and normal PAWP rise with exercise

PAH (N = 42)

Inclusion: Diagnosis of PAH by PH specialist and
PVR ≥ 3 WU (N = 56)
Exclusion: Diagnosis of mixed PH by PH
                 specialist (12) or group V disease (2)

79 subjects

Exclusions:
Elevated PAWP > 15 mm Hg (53)
CT scan evidence of thrombus or CTEPH (28)
Diagnosis of COPD or interstitial lung disease (24)

Exclusions:
• CT scan thickness > 1.25 mm
• Complete lung fields not visible
• CT scan > 1 year after RHC

312 subjects

Figure 1 – Subject selection for the three groups of patients providing data for this study; the cohort is drawn from patients presenting for the work-up of
unexplained dyspnea undergoing RHC. CTEPH ¼ chronic thromboembolic pulmonary hypertension; CTPA ¼ CT pulmonary angiogram; EF ¼
ejection fraction; ePH ¼ exercise pulmonary hypertension; iCPET ¼ invasive cardiopulmonary exercise test; mPAP ¼ mean pulmonary arterial
pressure; PAH ¼ pulmonary arterial hypertension; PAWP ¼ pulmonary arterial wedge pressure; PH ¼ pulmonary hypertension; PVR ¼ pulmonary
vascular resistance; RHC ¼ right heart catheterization; WU ¼ Wood unit.
structural heart disease by history or echocardiogram (or left
ventricular ejection fraction < 50% or moderate/severe mitral or
aortic valve disease), or significant shunting/hypoxemia with exercise.

Among the remaining group, subjects meeting the age-adjusted
criteria of ePH17 were selected. This included an elevated peak
exercise mean pulmonary arterial pressure (> 30 mm Hg for
age # 50 years, > 33 mm Hg for age > 50 years), a blunted fall
in pulmonary vascular resistance (> 1.34 Wood units at peak
exercise # 50 years old, > 2.10 for age > 50 years), and no
evidence of age-adjusted elevated wedge pressures (pulmonary
arterial wedge pressure > 19 mm Hg at peak exercise for age #

50 years and > 17 mm Hg for age > 50 years) . The remaining
subjects with invasive upright cardiopulmonary exercise testing
exhibiting no evidence of ePH or exercise-elevated wedge pressures
were included as control subjects.

All subjects in this registry provided informed consent for a secondary
analysis involving clinical data. This study was approved by the
institutional review board (#2018P000419) at Mass General Brigham.

Methods of Automated Vascular Reconstruction and
Quantification

A description of automated methods used for lung segmentation,
vascular reconstruction, vascular labeling as arterial/venous, and
2222 Original Research
quantification of specific metrics are provided in e-Appendix 1. A
visual summary of the process used is outlined in Figure 2.
Briefly, the series with the thinnest axial sections were used to
create a three-dimensional map of the lung parenchyma and
perform vascular reconstruction using the Chest Imaging Platform
(www.chestimagingplatform.org),18,19 which incorporates methods
described in prior publications.7,20-23 The vasculature was then
labeled as arterial and venous by using a convolutional neural
network.24 The small, large, and total arterial and venous volumes
were computed by using a previously used definition of 5 mm2 as
a cross-sectional area cutoff distinguishing large from small
vessels.7,8,25,26 Vascular volumes were normalized by the lung
volume obtained from the same image. Distance from the chest
wall was computed and expressed as a volumetric distance
representing equal-volume concentric shells, with the center at the
hilum, such that 0 would represent the chest wall and 1.0 would
represent the hilum, and the volume distribution was plotted as a
function of this distance for each individual. The method of
computing tortuosity is summarized in the lower panel of
Figure 2. Tortuosity was computed for each segment as previously
described11 and the median segment tortuosity reported for both
the arterial and venous vessels. In addition, segments with
tortuosity > 10% were counted in both the arterial and venous
vessels, and the arterial count was normalized by the venous
count (e-Appendix 1).
[ 1 6 0 # 6 CHE ST D E C EM B E R 2 0 2 1 ]
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Figure 2 – A-F, A, Work-flow and process of getting from CT images to the quantification of vascular morphology used in this study is shown in
panel A. The processes, including quantifications made, were all automated, although representative images were generated at each step to ensure
that the results in each step were appropriate. Example of the measurement of percent tortuosity in an arterial vessel segment is shown in the bottom
panels. B, In panel B, a selected vascular segment is shown in three-dimensional (3D) form. C, Panel C shows the centerline of the same vessel. D, The
arc length is calculated by measuring the three-dimensional distance traversed by the vessel between its end points and labeled as arc length A (D). E,
The Euclidean distance (straight line) is then measured between the end points and labeled E (E). F, The arc length is divided by the Euclidean end
point distance and expressed as a percentage to yield the % tortuosity of the segment (F).
Statistical Analysis

Data are presented as medians and interquartile ranges for continuous
variables. Differences between groups were measured by using the
chestjournal.org 222
Mann-WhitneyU test. Two sided P values are reported, and values< .05
were considered statistically significant. All statistical analysis was
performed in R 4.0.1 (R Foundation for Statistical Computing).
Results
The final study included 91 patients, with 42 subjects in
the PAH group, 12 subjects in the ePH group, and 37
subjects in the control group. Demographic
characteristics and resting hemodynamics for each
group are presented in Table 1. The specific etiologies of
PAH, the diagnosis associated with control subjects, and
echocardiogram/pulmonary function test results are
described in e-Appendix 2 (e-Table 1); the CT imaging
parameters are described in e-Appendix 3 (e-Tables 2
and 3). For patients in the control and ePH groups,
exercise capacity and hemodynamics from upright
exercise testing are also provided in Table 1. The PAH
and ePH groups were older than the control group, and
the PAH and control groups included more female
subjects than the ePH group.

Vascular reconstruction and quantification were
performed by using the procedure as summarized in
Figure 2. Examples of the three-dimensional
reconstructions of the pulmonary vasculature and
output from the artificial intelligence labeling of the
arterial and venous phase for a subject with PAH, a
subject with ePH, and a control subject are shown in
Figure 3. Additionally, graphs showing relative vascular
volume as a function of vessel size for the same three
subjects are shown in Figure 3, showing in these specific
examples, lower distal vascular volume and proximal
arterial dilation with disease.

CT imaging-based measures of lung and vascular
volumes are presented in Table 2. The lung volumes
and total vascular volumes (aggregate of arteries and
veins, including small and large vessels) normalized
by lung volume were similar between patients with
PAH and control subjects. However, the small vessel
volumes normalized by lung volume were lower in
the PAH group compared with the control group,
whereas the large vessel volumes normalized by lung
volume were higher in the PAH group compared
with the control group. The lung volumes and total
vascular volumes were also similar between the ePH
and control groups and similar to the PAH group;
the ePH group had lower small vessel volumes
3
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TABLE 1 ] Demographic Characteristics, Hemodynamics, and Exercise Data of Subjects With PAH and ePH and
Control Subjects

Characteristic PAH (n ¼ 42) ePH (n ¼ 12) Control (n ¼ 37)

Age, y 64 (52-74) 65 (57-73) 53 (44-64)

Sex, female/male 35/7 3/9 28/9

Smoking history (> 5 pack-years) 19 (45) 3 (25) 13 (35)

Hypertension 21 (50) 3 (25) 15 (41)

Diabetes 6 (14) 1 (8.3) 5 (14)

Resting hemodynamics

mPAP, mm Hg 42 (35-59) 18 (16-20) 18 (14-20)

PVR, WU 7.2 (5.6-9.8) 1.8 (1.4-2.3) 1.2 (1.0-1.7))

Resting supine cardiac output, L/min 4.7 (4.1-5.7) 5.4 (5.1-5.8) 5.1 (4.6-6.3)

Resting supine cardiac index, L/min/m2 2.6 (2.3-3.0) 2.7 (2.5-3.0) 2.9 (2.5-3.2)

PAWP, mm Hg 10 (7-12) 10 (7-10) 10 (8-13)

Days between RHC and CT scan 52 (7-244) 95 (31-250) 71 (8-159)

Exercise hemodynamicsa

VO2max % predicted . 61 (59-71) 81 (68-92)

Peak exercise mPAP, mm Hg . 39 (35-43) 20 (17-30)

Peak exercise PAWP, mm Hg . 16 (14-17) 10 (5-13)

Peak exercise PVR, WU . 2.3 (2.0-3.5) 1.3 (0.9-1.6)

Peak mPAP/cardiac output (TPR), mm Hg � min/L . 3.7 (3.4-5.9) 2.0 (1.6-2.4)

Data are presented as median (interquartile range) or No. (%), except for sex, which is expressed as a ratio. ePH ¼ exercise pulmonary hypertension;
mPAP ¼ mean pulmonary arterial pressure; PAH ¼ pulmonary arterial hypertension; PAWP ¼ pulmonary arterial wedge pressure; PVR ¼ pulmonary
vascular resistance; RHC ¼ right heart catheterization; VO2max ¼ maximum oxygen consumption WU ¼ Wood units.
aAll control subjects and subjects with ePH by definition had undergone invasive exercise testing. Most patients with resting evidence of PAH did not undergo
invasive exercise testing.
compared with control subjects, but the trend of higher
large vessel volume did not reach statistical significance.

Analyses of the arterial and venous vasculature by vessel
size are summarized in Table 2 with validation of arterial
and venous separations using manual labeling as described
in e-Appendix 4 (e-Tables 4 and 5). The lung volume-
normalized total arterial volume was greater in the PAH
cohort compared with the control cohort. This finding
reflected a lower lung volume-normalized small arterial
vessel volume and higher lung volume-normalized arterial
large vessel volume compared with control subjects.
Although there was a trend for the higher total and large
vessel and lower small vessel arterial volume when
comparing subjects with ePH vs control subjects, these
findings did not reach statistical significance.

A similar analysis of the venous vasculature revealed a
lower lung volume-normalized total venous volume in
subjects with PAH compared with control subjects,
resulting from a lower lung volume-normalized venous
small vessel volume. The lung normalized-venous large
vessel volumes were similar between the PAH and control
groups. As in the PAH group, there was also lower lung
2224 Original Research
volume-normalized venous small vessel volume in the
ePH group compared with the control group. The venous
total and large vessel volumes did not exhibit a difference
between subjects with ePH and control subjects. The key
findings from the arterial and venous volume vessel size-
based analysis are summarized in Figure 4.

Normalization of the arterial vascular volume by venous
vascular volume is described in Table 2. The ratio of
arterial to venous vascular volume (AV ratio) was higher
in subjects with PAH compared with control subjects,
which reflected a higher AV ratio both for small vessels
and large vessels. When comparing the ePH group vs the
control group, there was similarly a higher total AV
ratio, although only the difference in large vessel AV
ratio reached statistical significance.

Acknowledging that “small” and “large” vessel
designations is an imprecise representation of distal and
proximal locations in the vascular tree, the arterial and
venous vasculature was then stratified based on
volumetric distance from the chest wall, as shown in
Figure 5. Vascular volume was plotted as a function of
the volumetric distance from the chest wall for all
[ 1 6 0 # 6 CHE ST D E C EM B E R 2 0 2 1 ]
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TABLE 2 ] CT Imaging-Derived Quantification of Vascular Volume (Normalized by Lung Volume) Distribution Based
on Vessel Cross-Sectional Area

Measurement PAH (n ¼ 42) ePH (n ¼ 12)
Control Subject

(n ¼ 37)
PAH vs Control

Subjecta
ePH vs Control

Subjecta

Lung volume, L 3.1 (2.7-3.9) 3.4 (2.7-4.2) 3.7 (2.7-4.4) .22 .65

Total vessel volumeb 49.4 (44.9-57.9) 52.2 (47.1-56.3) 48.4 (43.6-54.3) .59 .38

Small vessel volume 23.4 (18.5-25.9) 22.5(18.7-29.5) 28.9 (25.9-31.4) < .0001 .03

Large vessel volume 26.6 (21.7-36.4) 24.3 (19.4-36.9) 21.4 (14.8-25.2) .0004 .11

Arterial vascular
measures

Total arterial
volume

33.2 (28.8-37.8) 32.6 (30.0-35.1) 28.9 (25.5-34.1) .02 .15

Small arterial
volume

14.7 (11.7-16.5) 14.8 (12.0-18.3) 16.9 (15.6-19.2) < .0001 .08

Large arterial
volume

17.1 (13.6-23.4) 14.7 (11.9-22.7) 11.4 (8.1-15.4) < .0001 .06

Venous vascular
measures

Total venous
volume

17.4 (14.9-19.7) 18.6 (16.9-20.7) 19.6 (18.3-21.1) .0007 .33

Small venous
volume

8.0 (6.5-9.6) 7.8 (7.5-11.4) 11.5 (10.6-12.2) < .0001 .004

Large venous
volume

8.0 (7.4-10.2) 9.1 (7.2-10.9) 8.3 (7.3-9.6) .87 .53

Arterial adjusted by
venous

Total AV ratio 1.82 (1.60-2.36) 1.67(1.60-1.78) 1.47 (1.32-1.70) < .0001 .02

Small vessel AV
ratio

1.74 (1.61-1.93) 1.65 (1.59-1.81) 1.57 (1.40-1.68) < .0001 .05

Large vessel AV
ratio

1.94 (1.68-2.79) 1.64 (1.60-1.70) 1.31 (1.13-1.70) < .0001 .02

Data are presented as median (interquartile range). AV ratio ¼ the ratio of arterial to venous volume; ePH ¼ exercise pulmonary hypertension; PAH ¼
pulmonary arterial hypertension.
aP values represent two-sided significance from the Mann-Whitney U test.
bAll vascular volumes are normalized by lung volumes. The resulting measure when normalizing by lung volume is a unit-less value representing milliliters
of vessel per liters of lung.
patients, and the peak in vascular volume identified as
described in e-Appendix 1 and summarized in Table 3.

The peak in vascular volume in PAH was shifted toward

the hilum in both the arterial and venous trees. The

same shift toward the hilum was noted when comparing

subjects with ePH vs control subjects.

Lastly, vascular tortuosity was computed as described in
Figure 2 for both arteries and veins (Table 4). The

median tortuosity was higher in patients with PAH (but

not ePH) compared with the control group, whereas the
Figure 3 | (Continued) B, Arterial/venous-labeled versions of the same reconst
a function of vessel size. In the lower panels, relative vascular volume distribut
venous (D) circulation. Note the lower small vessel volume both on the arter
proximal arterial vessel volume in the arterial side close to a cross-sectional
pulmonary hypertension; PAH ¼ pulmonary arterial hypertension.

2226 Original Research
median tortuosity for the venous vasculature was the
same. Examples of the arterial tree with tortuous vessel
segments based on different thresholds for three
subjects, as well as a histogram of vessel tortuosity, are
shown in Figure 6. Motivated in part by the relatively
higher number of tortuous segments in the tail of this
distribution, we calculated the ratio of the number of
tortuous arterial segments (ie, segments with >

10% tortuosity) to the number of tortuous venous
segments (AV ratio segments > 10.0% tortuosity as
shown in Table 4), which was higher in subjects with
ructions are presented. These are used to quantify the vascular volume as
ion is shown as a function of cross-sectional area for the arterial (C) and
ial and venous side in the subjects with PAH and ePH and the higher
area of 10 mm2 (location of the vertical dotted line). ePH ¼ exercise
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Figure 4 – Small and large vessel volume distributions for the arterial and venous pulmonary vascular trees (values and comparisons shown in Table 2).
The arterial and venous small vessel volumes (top panels) show lower volumes in subjects with PAH compared with control subjects, with the ePH
subjects having a statistically significant difference for the venous tree. For the large vessel volume, higher volumes were obtained in subjects with PAH
compared with control subjects only in the arterial tree (bottom panels). ePH ¼ exercise pulmonary hypertension; PAH ¼ pulmonary arterial
hypertension.
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indicating vessels close to the mediastinum. The panel on the right shows the vascular volume density as a function of normalized distance to the chest
wall, with control subjects (black), subjects with ePH (yellow), and those with resting PAH (red) shown for both arterial (top) and venous (bottom)
vessels. In both arterial and venous vasculature, there is a peak in vascular volume between one-fifth (0.2) to one-half (0.5) of the way from the chest
wall to hilum. For both ePH and PAH, the peak is shifted closer to the hilum. In the arterial system, although the subjects with PAH start with lower
distal volumes, there is a more sharp increase of volume toward the proximal direction as the increased arterial dilation contributes more volume
proximally. On the venous side, the peak vascular volume density is lower and less prominent in the venous circulation for patients with ePH and PAH
compared with control subjects. ePH ¼ exercise pulmonary hypertension; PAH ¼ pulmonary arterial hypertension.
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TABLE 3 ] CT Imaging-Derived Quantification of Vascular Volume Based on Spatial Distribution

Measurement PAH (n ¼ 42) ePH (n ¼ 12)
Control Subject

(n ¼ 37)
PAH vs Control

Subjecta ePH vs Control Subjecta

Arterial peak
location

0.35 (0.25-0.43) 0.40 (0.25-0.46) 0.25 (0.20-0.30) .0003 .01

Venous peak
location

0.45 (0.35-0.50) 0.45 (0.39-0.46) 0.30 (0.25-0.35) < .00001 .001

Data are presented as median (interquartile range). ePH ¼ exercise pulmonary hypertension; PAH ¼ pulmonary arterial hypertension.
aP values represent two-sided significance from Mann-Whitney U test.
PAH and ePH compared with control subjects. Logistic
regression-based analysis of key variables with
adjustments for sex and age are presented in e-Appendix
5 (e-Table 6).

Discussion
In this single-center retrospective examination of our
right heart catheterization research registry, we
identified a group of patients with PAH, a group with
ePH, and patients without any evidence of
pulmonary vascular disease detected by invasive
upright cardiopulmonary exercise testing designated
as control subjects. Using CT images, volumetric
reconstructions of the intraparenchymal pulmonary
arterial and pulmonary venous vascular trees were
generated, and several metrics from those trees were
extracted to objectively compare their morphology.
Measures of discrete vascular volumes as well as
volume measures plotted as a function of distance
from the chest wall exhibited distal arterial and
venous pruning in patients with PAH and ePH;
proximal arterial dilation was limited to those with
PAH. We further examined vascular tortuosity and
found those metrics in the arterial but not venous
TABLE 4 ] CT Imaging-Derived Quantification of Arterial an

Measurement PAH (n ¼ 42) ePH (n ¼ 12)

Arterial

Median arterial tortuosity
(%)b

3.5 (3.3-3.6) 3.3 (3.1-3.4)

Venous

Median venous tortuosity
(%)

2.9 (2.7-3.0) 2.7 (2.6-2.9)

Arterial adjusted by venous

AV ratio segments
> 10.0% tortuosity

2.0 (1.6-2.8) 1.9 (1.7-2.0)

Data are presented as median (interquartile range). ePH ¼ exercise pulmonar
aP values represent two-sided significance from the Mann-Whitney U test.
bPercent tortuosity is the additional length of the segment above what would b
would have a tortuosity of 0%.
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vasculature to be higher in subjects with PAH
compared with control subjects.

Pruning, or sparsity of the small or distal vasculature,
has been previously described in patients with
pulmonary vascular disease. We used two different
approaches to assess this process in the arterial and
venous vascular trees. The measures of blood vessel
volume < 5 mm2 in cross-section have been described in
detail in several previous publications,7,9,23 but the
technique using the distribution of vessel volume as a
function of volumetric distance from the chest wall is
unique to this investigation. We introduced this latter
approach to better illustrate the shift in vessel volume to
the central vasculature in disease but also because
discrete measures of small vessel volume may
underestimate the impact of disease on vascular
morphology. For example, as pruning of the vascular
tree progresses, larger distal vessels may shrink in size,
and if their cross-sectional area drops below 5 mm2,
their addition to the small vessel volume metric will
effectively increase volume measures in this range. This
additive effect is counterbalanced by the lack of small
vessels when they fall below the limits of resolution of
clinical CT scanning and no longer contribute volume
d Venous Tortuosity

Control Subject (n ¼
37)

PAH vs Control
Subjecta

ePH vs Control
Subjecta

3.2 (3.2-3.3) .0002 .95

2.8 (2.7-3.0) .12 .28

1.5 (1.3-1.7) < .0001 .02

y hypertension; PAH ¼ pulmonary arterial hypertension.

e a straight line connecting the end points, such that a straight segment
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Figure 6 – A, Examples of tortuous vessels in three subjects with resting
PAH (left panels), ePH (middle panels), and a control subject (right
panels). Vessels are marked as red if exceeding a tortuosity of 20% (top),
15% (middle), or 10% (bottom). B, Estimated probability distribution
function derived from the data for each subject, in which the larger
relative number of high tortuosity segments (> 10% tortuosity, delin-
eated by the black vertical line) is shown in the patient with PAH
compared with the control subject. An increase in the number of
tortuous vessel segments is seen around 8% to 10%, which motivated the
selection of 10% as a cutoff for “high tortuosity.” ePH ¼ exercise pul-
monary hypertension; PAH ¼ pulmonary arterial hypertension.
measures in this range. It is only when vascular loss
exceeds the addition of “shrinking” vessels that the
volume encompassed by small vessels will decrease.

We measured distal pruning by identifying the peak
vascular volume as a function of distance from the chest
wall: in a pruned vascular tree, this peak appears closer
to the mediastinum as the distal vessels lose volume and
the more proximal vessels dilate due to increased
resistance to flow. We observed pruning of the distal
arterial and venous vascular trees in patients with PAH.
More surprising, however, was this same observation of
vascular pruning in patients with ePH. Pruning of the
distal arterial vasculature is a well-documented
pathological process in PAH, and targeting the lower
cross-sectional area of precapillary blood vessels through
vasodilation or reversal of vascular remodeling forms the
foundation of clinical care for these patients. The
presence of distal arterial pruning in patients with ePH
corroborates growing evidence that ePH may represent
an early form of PAH. Intraparenchymal proximal
arterial dilation is likely related to the dilation of the
main pulmonary artery also observed in this cohort (e-
Table 7, e-Appendix 6). The presence of proximal
arterial dilation (higher vascular volumes) in PAH but
not ePH suggests that the increase in pulmonary
vascular resistance and lower arterial compliance
associated with pruning evident on CT scan in the latter
subgroup is not great enough at rest to result in
elevations of transmural pressure and proximal vascular
enlargement. It is possible that repetition of the same CT
studies during exercise would show more proximal
dilation of the arterial vasculature in proportion to
increases in pulmonary arterial pressure during exertion.
Pruning of the distal venous vasculature in patients with
both PAH and ePH on CT imaging is likely related to a
reduced local perfusion, although we cannot rule out a
concurrent process such as venous remodeling seen in
pulmonary venoocclusive disease. A detailed spatial
matching of the arterial and venous vascular trees may
provide insight into whether the loss of distal venous
volume is spatially matched to the local changes in the
arteries.

Previous subjective and objective CT imaging-based
investigations have reported higher tortuosity of the
intraparenchymal pulmonary vasculature in patients
with PAH.14 We subsequently found in patients with
chronic thromboembolic pulmonary hypertension that
this process was limited to the arterial vascular tree,11

but such an examination has not been reported in
patients with Group 1 PAH. In the current investigation,
chestjournal.org
vessel segment tortuosity was measured in the arterial
and then venous pulmonary circulation, and we found
that, similar to chronic thromboembolic pulmonary
hypertension, patients with Group 1 PAH have higher
median arterial but not venous vascular tortuosity. Our
preliminary work exploring the ratio of tortuous arterial
to venous vascular segments suggests that patients with
ePH may have subtle higher arterial vascular tortuosity
compared with control subjects.
2229
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There are several limitations of this investigation that
must be acknowledged. This was a retrospective study,
and the analysis was limited to the subset of patients
who had CT images available for processing. The
limitation of the available sample is particularly germane
for the analysis of subjects with ePH, who had a
markedly different sex composition than the control and
PAH groups and a higher median time between CT
imaging and right heart catheterization. This availability
will also reflect a clinical bias; that is, the subjects who
had scans were those in whom a clinician felt the scan
was warranted for clinical care, which may affect the
generalizability of our findings. In addition, the small
sample size and limited a priori knowledge of effect size
estimates make it possible that the study was
underpowered to detect some of the differences between
cohorts. Although the current control cohort had no
evidence of pulmonary vascular disease following
extensive testing, they were referred for symptomatic
dyspnea and cannot be considered as completely
“healthy” control subjects. CT scans were used if they
were acquired within 1 year following the date of right
heart catheterization, during which therapy for PAH
may have been initiated. The impact of therapy on
vascular morphology is unknown, but it is possible that
with improvement in hemodynamics, there would be an
underestimation of the differences between control
subjects and subjects with PAH. It is possible that
disease leads to changes in the quality of imaging (eg,
2230 Original Research
ability to hold full breath, additional motion artifact)
that could affect the results of this analysis. In addition,
interstitial lung disease and restrictive lung disease often
complicate PAH, particularly in the context of
connective tissue disease. A sensitivity analysis
addressing this topic is presented in e-Appendix 7 (e-
Table 8). CT scans were obtained in the supine position,
which is different from the testing conditions used to
diagnose ePH. Finally, this article examined many
different derived quantities, and the number of
comparisons increases the probability of chance
statistical significance. Prospective validation is
necessary to confirm these findings and assess their
utility in specific clinical contexts.
Interpretation
Distal pruning and proximal dilation as well as higher
tortuosity of the arterial vasculature are all evident on
the CT scans of patients with PAH. Vascular pruning is
also evident in patients with ePH, suggesting that in at
least some subjects, this may represent an early form of
PAH. This finding suggests that objective CT imaging-
based assessments of the pulmonary vasculature may be
used to detect certain forms of pulmonary vascular
disease. Further work is needed to determine the
sensitivity and specificity of such metrics as well as their
value for prognostication and monitoring response to
therapeutic intervention.
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