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BACKGROUND: Hypodense filling defects within the pulmonary veins on computed tomography described as pulmonary vein
sign (PVS) have been noted in acute pulmonary embolism and shown to be associated with poor prognosis. We evaluated
venous flow abnormalities in chronic thromboembolic pulmonary hypertension (CTEPH) to determine its usefulness in the
computed tomography assessment of CTEPH.

METHODS AND RESULTS: Blinded retrospective computed tomography analysis of 50 proximal CTEPH cases and 3 control
groups—50 acute pulmonary embolism, 50 nonthromboembolic cohort, and 50 pulmonary arterial hypertension. Venous
flow reduction was assessed by the following: (1) presence of a filling defect of at least 2 cm in a pulmonary vein draining into
the left atrium, and (2) left atrium attenuation (>160 Hounsfield units). PVS was most prevalent in CTEPH. Compared with all
controls, sensitivity and specificity of PVS for CTEPH is 78.0% and 85.3% (95% Cl, 64.0-88.5 and 78.6-90.6, respectively)
versus 34.0% and 70.7% (95% Cl, 21.2-48.8 and 62.7-77.8) in acute pulmonary embolism, 8.0% and 62% (95% ClI, 2.2-19.2
and 53.7-69.8) in nonthromboembolic and 2.0% and 60% (95% ClI, 0.1-10.7 and 51.7-67.9) in pulmonary arterial hyperten-
sion. In CTEPH, lobar and segmental arterial occlusive disease was most commonly associated with corresponding absent
venous flow. PVS detection was highly reproducible (Kappa=0.96, 95% CI, 0.90-1.01, P<0.001).

CONCLUSIONS: PVS is easy to detect with higher sensitivity and specificity in CTEPH compared with acute pulmonary em-
bolism and is not a feature of pulmonary arterial hypertension. Asymmetric enhancement of pulmonary veins may serve as
an additional parameter in the computed tomography assessment of CTEPH and can be used to differentiate CTEPH from
pulmonary arterial hypertension.
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sion (CTEPH) classified under group 4 pulmo-
nary hypertension (PH) is a complication of
pulmonary embolism and a major cause of chronic
PH leading to right-sided heart failure and death.
Despite considerable progress in the understanding

Chronic thromboembolic pulmonary hyperten-

of its pathophysiology and emergence of a successful
multi-therapeutic approach, CTEPH remains an un-
derdiagnosed disease.

A large proportion of patients with suspected
CTEPH or breathlessness of unknown cause will un-
dergo a computed tomography pulmonary angiogram
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CLINICAL PERSPECTIVE

What Is New?

e Absent or heterogenous pulmonary venous flow
(pulmonary vein sign), a computed tomography
pulmonary angiogram feature of thromboem-
bolic disease, has higher sensitivity in chronic
thromboembolic pulmonary hypertension com-
pared with acute pulmonary embolism.

e Pulmonary arterial occlusive disease in the
lobar and segmental levels is more commonly
associated with absent pulmonary venous flow
in the corresponding lobe compared with ec-
centric nonocclusive or partially occlusive clots,
web disease, and stenoses.

e Pulmonary vein sign is not a feature of pulmo-
nary arterial hypertension.

What Are the Clinical Implications?

e Pulmonary vein sign can be used in conjunc-
tion with arterial abnormalities in the computed
tomography pulmonary angiogram assess-
ment of chronic thromboembolic pulmonary
hypertension.

e Asymmetric enhancement of pulmonary veins
should prompt a search for chronic thromboem-
bolic pulmonary hypertension, particularly when
there is evidence of pulmonary hypertension on
a computed tomography pulmonary angiogram.

Nonstandard Abbreviations and Acronyms

CTEPH chronic thromboembolic pulmonary
hypertension

CTPA computed tomography pulmonary
angiogram

PAH pulmonary arterial hypertension

PH pulmonary hypertension

PV pulmonary vein

PVS pulmonary vein sign

vQ ventilation-perfusion

(CTPA). Unlike acute pulmonary embolism (PE) imaging
where CTPA is acknowledged as the reference stan-
dard, many institutions prefer ventilation-perfusion (VQ)
scintigraphy as the initial test of choice in the investiga-
tion of CTEPH. While there are publications advocating
the superiority of VQ scintigraphy,?® CTPA has been
shown to be noninferior to VQ in diagnosing CTEPH.*
Anecdotally, low-volume nonspecialist centers have
been known to miss CTEPH diagnosis if they relied
solely on CTPA, while high-volume specialist institutions
are more successful in using CTPA both for diagnosis
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and operability assessment. This is substantiated by a
recent publication demonstrating the inconsistencies in
computed tomography (CT) interpretation among ra-
diologists.® Thus, there is a real need to improve the
sensitivity of CTEPH diagnosis on CTPA because it will
reduce the need for downstream testing.

There is abundant imaging literature describing the
pulmonary arterial abnormalities of CTEPH on CTPA
since the first angiographic description,® but meager
information regarding the macroscopic appearances
of the pulmonary veins (PV). The extraparenchymal PV
are well delineated on a CTPA. Although variations may
occur in the number, diameter, and drainage pattern,
the veins typically show uniform density similar to that
of the left atrium (LA). Thus far, pulmonary venous flow
heterogeneity on CTPA in patients with CTEPH has not
been previously documented, although this phenome-
non, described as pulmonary vein sign (PVS) or insuffi-
cient contrast medium filling, has been noted in patients
with acute PE.”-® Heterogeneous pulmonary venous
flow has been postulated to be the result of diminished
venous return into an underfilled LA. We performed this
observational study to look for either absence of flow or
heterogeneous flow with nonuniform contrast medium
distribution in 1 or more PV in patients with CTEPH in
order to assess its usefulness as an additional parame-
ter in the CTPA assessment of CTEPH.

Figure 1. CTPA axial view at the level of the LA in a CTEPH
case.

There is normal enhancement (score 1) in the right upper lobe
pulmonary vein (chevron), heterogeneous enhancement (score 2)
in left lower lobe pulmonary vein (block arrow) and absent flow
(score 3) in the right lower lobe pulmonary vein (notched arrow).
There is a trifurcation web in the right lower lobe pulmonary
artery (thin arrow). CTEPH indicates chronic thromboembolic
pulmonary hypertension; CTPA, computed tomography
pulmonary angiogram; and LA, left atrium.
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METHODS

The authors declare that all supporting data are avail-
able within the article (Method S1).

A retrospective case—control review was performed
with approval from the local Institutional Review Board.
Informed consent from the patients was not required
for this study.

Cases

Patients with CTEPH who were referred between 2011
and 2019 for pulmonary endarterectomy to a PH spe-
cialist center and who underwent the surgery were in-
cluded. Fifty-three consecutive cases with confirmed
CTEPH had preoperative CTPA. For patients with more

PVS on CTPA in CTEPH

than 1 CTPA, the most recent CT closest in timing to
the surgery was selected. Three patients were ex-
cluded because they did not fit the CT selection criteria
(see Exclusions below).

Controls

Three patient groups had undergone CTPA for a
variety of reasons except CTEPH. This includes 50
acute PE, 50 nonthromboembolic cases that were
taken to be “normals” insofar as having no acute or
chronic PE, and 50 patients with pulmonary arterial
hypertension (PAH) (Group 1 PAH). The clinical re-
quest for CTPA in the first 2 groups was to exclude
acute PE. The CT data sets were collected from 1
institution to ensure uniformity in the acquisition

Figure 2. Pulmonary venous flow abnormalities in CTEPH.

CTPA coronal view (A), anterior (B) and posterior (C) volume-rendered technique (VRT) in a 45-year-
old woman with CTEPH. Pulmonary arterial abnormalities are asymmetrically worse on the right with
proximal stenosis (chevron, A) and segmental occlusions in the upper lobe, lobar occlusion in middle
lobe, and trifurcation stenosis with post stenotic dilatation in the lower lobe (thin arrow, B). Note the
pressure-overloaded hypertrophied right ventricle (RV, B) and dilated bronchial artery (thin arrow, A). On
A, there is absent flow in the right middle and lower lobe pulmonary veins (block arrows). Note normal
caliber vein with good enhancement in left upper lobe (notched arrow). The posterior VRT image on (C)
elegantly demonstrates normal upper, lingula, and lower lobe veins on the left (notched arrows) and
small caliber upper (block arrow) and absent middle and lower lobe veins on the right. In a different
subject who also has CTEPH, CTPA axial views (D and E), there is heterogeneous flow in the right
inferior pulmonary vein (block arrow, D) and a proximal web (notched arrow, D) in the corresponding
segmental artery. The complex web is better demonstrated on a lower slice (E). There is normal flow
in the left inferior pulmonary vein (black star, E). CTEPH indicates chronic thromboembolic pulmonary
hypertension; CTPA, computed tomography pulmonary angiogram; LA, left atrium; and MPA, RPA, LPA,

main, right, and left pulmonary arteries.
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Figure 3. CTPA coronal views at the level of the left atrium (LA) from 2 different patients with

acute PE.

There is absent flow in the right inferior pulmonary vein (notched arrow, A) with central intraluminal
thrombus in the corresponding right lower lobe pulmonary artery (white chevron). Note normal flow in left
upper lobe pulmonary vein (thin black arrow). There is heterogeneous flow in right superior pulmonary
vein (block arrow, B) with central clot in the main and right pulmonary arteries (black chevron). CTPA
indicates computed tomography pulmonary angiogram; and PE, pulmonary embolism.

protocol and were randomly selected from the ra-
diology department’s picture archiving and com-
munication system with the closest age and sex
match. These were acquired on a single-source
128-multislice configuration (Somatom Definition
AS+; Siemens AG, Berlin and Munich, Germany).
Scanning was performed in a craniocaudal direc-
tion from lung apices to bases. Omnipaque 350
(100 mL) was administered at 5 mL/s with a 40-mL
saline chaser. Bolus tracking was used with region
of interest in the pulmonary artery and trigger val-
ues of 100 HU. The images were reconstructed at
1-mm intervals using Siemens iterative reconstruc-
tion method, SAFIRE (Sinogram Affirmated lterative
Reconstruction, strength 3). CTPA for the PAH

Table 1. Baseline Characteristics

group was chosen from the institution’s PH data-
base and had a female preponderance because of
a higher number of idiopathic PAH cases, known to
be more prevalent in females.

Grading of PV

The appearances of the 4 major PV were scored ac-
cording to a visual grading system of 1 to 4: 1=Normal
flow; 2=Heterogeneous flow; 3=Absent flow; and
4=unable to comment (Figure 1). Normally, the PV
have a uniform density consistent with that of the LA.
Scores 2 and 3 were defined by the following criteria
adapted from previous publications®®—(1) Filling de-
fect in at least 2 cm of a PV and (2) LA attenuation
>160 HU.

Cases Controls
All Patients CTEPH PAH Acute PE Nonthromboembolic All
N 200 50 50 50 50 150
Age, y (+SD) 56.3+16.7 59.9+12.3 48.9+15.7 61.2+17.1 55.0+18.5 551£17.8
P value 0.004* 0.900 0.427 0.073
Females, n (%) 101 (51) 17 (34) 32 (64) 26 (52) 26 (52) 84 (56)
P value 0.0021 0.069 0.069 0.007"

P values refer to comparisons of control groups to cases with CTEPH as reference. CTEPH indicates chronic thromboembolic pulmonary hypertension; n,

number of patients; PAH, pulmonary arterial hypertension; and PE, pulmonary embolism.
*Significant Tukey Honestly Significant Difference P value.

fSignificant even after Bonferroni correction.
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Table 2. Prevalence of PVS Score 3

PVS on CTPA in CTEPH

Cases Controls

CTEPH PAH Acute PE Nonthromboembolic All
n 50 50 50 50 150
PVS sign present, n (%) 39 (78.0) 1(2.0) 17 (34.0) 4 (8.0) 22 (14.7)
P value <0.001* <0.001* <0.001* <0.001*
Sensitivity (%) (Cl) 78.0 (64.0-88.5) 2.0 (0.1-10.7) 34.0 (21.2-48.8) 8.0 (2.2-19.2)
Specificity (%) (Cl) 85.3 (78.6-90.6) 60.0 (561.7-67.9) 70.7 (62.7-77.8) 62.0 (53.7-69.8)

P values refer to comparisons of control groups with CTEPH cases as reference. CTEPH indicates chronic thromboembolic pulmonary hypertension; n,
number of patients; PAH, pulmonary arterial hypertension; PE, pulmonary embolism; and PVS, pulmonary venous sign.

*Significant even after Bonferroni correction.

Exclusions

Three patients with CTEPH had poor opacification of the
LA (LA <160 U) and were excluded at the outset. Two
patients (1 in the acute PE and 1 in the nonthromboem-
bolic group) had beam-hardening artifacts in the right
upper lobe PV and 2 patients (1 CTEPH and 1 PAH) had
partial anomalous pulmonary venous drainage involving
1 PV. These were also excluded from the analysis.

Image Analysis

The data sets were anonymized and cases and con-
trols were mixed randomly before the assessment.
Evaluation was performed by 2 radiologists (R1, a car-
diovascular radiologist with 15 years’ experience, and
R2, a thoracic radiologist with 3 years’ experience)
and a cardiovascular imaging fellow (cardiologist) with
1 years’ experience. Axial CTPA images (mediastinal
and pulmonary embolism window setting) and multi-
planar reformatted (coronal and sagittal) images with
slice thickness varying between 1 and 3 mm were ana-
lyzed on a Sectra Picture Archiving and Communication
System workstation.

In addition to appearances of the PV, concomitant
data regarding the pulmonary arterial appearances such
as acute PE or chronic thromboembolic disease—occlu-
sion, eccentric wall adherent thrombus, arterial bands/
webs, stenosis, reduced caliber segmental and subseg-
mental vessels (Figures 2 and 3) as well as a range of

Table 3. Age- and Sex-Adjusted Multivariate Regression
Model for CTEPH Versus Pooled Controls (Non-CTEPH)* on
the Odds of PVS

Variable Odds Ratio 95% ClI P Value
Group: CTEPH (Ref) 1

Non-CTEPH 0.052 (0.023, 0.121) <0.0001
Age 1.024 (0.998, 1.050) 0.071

Sex: female (Ref) 1

Male 2.419 (1.100, 5.318) 0.028

CTEPH indicates chronic thromboembolic pulmonary hypertension;
PAH, pulmonary arterial hypertension; PE, pulmonary embolism; and PVS,
pulmonary venous sign.

*Pooled controls includes PAH, PE, and nonthromboembolic.
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nonvascular findings (consolidation, atelectasis, pulmo-
nary fibrosis, lung nodule/mass, airways disease, and
pleural effusion) were collected. In cases of disagreement
between the reviewers, a consensus reading was per-
formed after individual assessment was completed.

Statistical Analysis

Data were analyzed using SPSS Statistics (version
25, IBM Corp) and Microsoft Excel. Continuous vari-
ables were compared between cases and control
groups using 1-way ANOVA with Tukey’s post-hoc
Honestly Significant Difference test or an unpaired
Student t test, as appropriate. Categorical variables
were compared between cases and control groups
using Pearson’s X2 test; where n<5, Fisher’s exact test
was used. A P<0.05 was considered statistically sig-
nificant, with Bonferroni correction applied as appro-
priate to control for multiple comparisons. Sensitivity
and specificity values were calculated for the PVS
(score 3 and score 2) in CTEPH, acute PE, PAH, and
nonthromboembolic groups, respectively, versus all
other groups. 95% CI were calculated as “exact”
Clopper-Pearson Cl. Positive predictive value and
negative predictive value estimates were not calcu-
lated because these parameters depend on disease
prevalence, which is unavailable in a case—control
study. The odds of having the PVS sign if a patient is
in each of the control groups compared with being in
the CTEPH group was assessed by fitting a univari-
ate logistic regression model. A multivariable regres-
sion model was fitted to allow further adjustment for
age and sex. Interobserver agreement was assessed
using Fleiss’ kappa statistics (k<0.20, poor agree-
ment; k=0.21-0.40, fair agreement; k=0.41-0.60,
moderate agreement; k=0.61-0.80, good agree-
ment; k=0.81-1.00, very good agreement).

RESULTS

This study included 200 patients: 50 CTEPH cases, and
150 controls (8 groups); mean+SD age of 56.3 (+16.7)
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Figure 4. Distribution of pulmonary arterial changes corresponding to PVS score 3 in CTEPH.
Thirty-nine of 50 CTEPH cases had PVS score 3 giving rise to 351 arterial points (6 matched and 3
unmatched arterial points per case). In total 79 veins had score 3. CTEPH indicates chronic thromboembolic
pulmonary hypertension; LPA, left pulmonary artery; MPA, main pulmonary artery; PE, pulmonary
embolism; RPA, right pulmonary artery; and PVS, pulmonary vein sign.

years. CTEPH cases had a mean age of 59.9 (+12.3)
years. Table 1 illustrates the baseline characteristics
of all patients included in this study. A 1-way ANOVA
analysis with post-hoc Tukey Honestly Significant
Difference test revealed that patients with PAH were
younger than (P=0.004) patients with CTEPH. There
were no statistically significant differences in age be-
tween CTEPH and acute PE or nonthromboembolic
groups, respectively. x? analysis showed that CTEPH
cases in this sample were more likely to be male (66%)
than the control groups (44%), P=0.007.

Table 4. PVS Score 3 and 2 Corresponding to Different
Pulmonary Arterial Abnormalities

Occlusive Disease* | Non-Occlusive Disease

PVS score 3 corresponding to different pulmonary arterial abnormalities

PVS score 3 69 10
No PVS score 3 62 39
P value <0.001

PVS score 2 corresponding to different pulmonary arterial abnormalities

PVS score 2 32 24
No PVS score 2 67 53
P value 0.870

PVS indicates pulmonary venous sign.
*Reference.
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PVS Score 3 (Absent Flow)

The number of patients with score 3 in at least 1 PV
were evaluated. Thirty-nine of 50 (78%) of CTEPH
cases had a score of 3 in at least 1 PV. The prevalence
of the PVS sign score 3 in the different groups is shown
in Table 2.

The PVS sign score 3 is more prevalent in CTEPH
than in any other control group (P<0.001). Compared
with all the controls, the PVS sign has a sensitivity of
78.0% (95% Cl, 64.0-88.5) and a specificity of 85.3%
(95% Cl, 78.6—90.6) for CTEPH. A multivariable regres-
sion model demonstrated that the PVS is still more
prevalent in the CTEPH group compared with the other
control groups after adjusting for age and sex. Detailed
information on the odds ratios for the age- and sex-ad-
justed multivariate model is shown in Table 3.

PVS Score 2 (Heterogeneous Flow)

The number of patients with score 2 in at least 1 PV
were evaluated (Table S1). Thirty-three of 50 (66%)
CTEPH cases had a score of 2 in at least 1 PV. When
using a score of 2 rather than a score of 3, the sen-
sitivity of the PVS for CTEPH decreases from 78% to
66%. However, the prevalence of the PVS score 2 in
CTEPH is still significantly higher than in the other con-
trol groups (P<0.001).
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Distribution of Pulmonary Arterial
Changes in Veins With Abnormal Flow
Pulmonary arterial abnormalities were evaluated at the
main, lobar, segmental, and subsegmental levels and
classified into different categories such as lobar or seg-
mental occlusion, eccentric nonocclusive thrombus,
webs, and stenosis and combination changes. For
each case, there are 6 matched arterial and venous
points (upper, middle/lingula, and lower). Because the
3 proximal pulmonary arteries (main, right, and left
pulmonary artery) do not have corresponding match-
ing veins, the venous changes were evaluated at the
lobar level. The distributions of the pulmonary arte-
rial changes corresponding to PVS are elaborated in
Figure 4 and Figure S1.

In CTEPH, pulmonary venous flow abnormalities were
more frequently observed in the lower and middle lobes
compared with the upper lobes (Figure S2). No normal
pulmonary arterial segment was associated with absent
PV flow but a small (6.6%) number had heterogeneous
flow. Pulmonary arterial occlusive disease in the lobar
and segmental levels were most commmonly associated
with absent flow in the corresponding vein when com-
pared with eccentric nonocclusive or partially occlusive
clots, web disease, and stenotic segments (P<0.001)
(Table 4). However, there was no significant difference in
heterogenous PV flow between the occlusive and non-
occlusive pulmonary arterial disease groups.

PVS Score 3 CTEPH Versus Acute PE
Absent PV flow is more prevalent in CTEPH ver-
sus acute PE (P<0.001) (Table 5). When compared
with acute PE, PVS score 3 has a sensitivity of 78%
and specificity of 66% for CTEPH. The sign has low-
to-moderate sensitivity and specificity for acute PE
(34.0% and 22.0%, respectively).

PVS Score 3 CTEPH Versus PAH

The distribution of different Group 1 PAH causes and
the corresponding PV scoring is elaborated in Figure 5.
Only 1 case (connective tissue disease—associated PH
with large pleural effusion) had PVS score 3 (Figure 6).
There were no morphological intraluminal pulmonary
arterial abnormalities in this cohort. Absent PV flow is
more prevalent in CTEPH versus PAH (P<0.001). When
compared with PAH, PVS score 3 has a sensitivity of
78% and specificity of 98% in CTEPH. The sign has
very low sensitivity and specificity for PAH (2.0% and
22.0%, respectively) (Table 5).

PVS Score 3 in Nonthromboembolic
Group

In the nonthromboembolic group, there were miscellane-
ous findings that are elaborated in Figure 7. In this cohort,
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Table 5. PVS Score 3 Comparative Sensitivity and
Specificity Values for CTEPH Versus Acute PE, PAH, and
Nonthromboembolic Disease

CTEPH, Respectively

PVS Score 3 in CTEPH vs Acute PE: Sensitivity and Specificity
Values are Calculated as CTEPH vs Acute PE; and Acute PE vs

CTEPH Acute PE
PVS score 3 39 (78%) 17 (34%)
No PVS score 3 11 (22%) 33 (66%)
Sensitivity (%) (CI) 78.0 (64.0-88.5) 34.0 (21.2-48.8)
Specificity (%) (Cl) 66.0 (51.2-78.8) 22.0 (11.5-36.0)

Respectively

PVS Score 3 in CTEPH vs PAH: Comparative Sensitivity and
Specificity Values for CTEPH vs PAH; and PAH vs CTEPH,

CTEPH (n=50) PAH (n=50)
PVS score 3 39 (78%) 1 (2%)
No PVS score 3 11 (22%) 49 (98%)
Sensitivity (%) (C)) 78.0 (64.0-88.5) 2.0 (0.1-10.7)
Specificity (%) (Cl) 98.0 (89.4-100.0) 22.0 (11.5-36.0)

Respectively

PVS Score 3 in CTEPH vs Nonthromboembolic:
Comparative Sensitivity and Specificity Values for CTEPH vs
Nonthromboembolic; and Nonthromboembolic vs CTEPH,

Nonthromboembolic
CTEPH (n=50) (n=50)
PVS score 3 39 (78%) 4 (8%)
No PVS score 3 11 (22%) 46 (92%)
Sensitivity (%) (Cl) 78.0 (64.0-88.5) 8.0 (2.2-19.2)
Specificity (%) (Cl) 92.0 (80.8-97.8) 22.0 (11.5-36.0)

CTEPH indicates chronic thromboembolic pulmonary hypertension;
PAH, pulmonary arterial hypertension; PE, pulmonary embolism; and PVS,
pulmonary venous sign.

4 (8%) patients (lobar consolidation, extrinsic compres-
sion by a neuroendocrine tumor, sarcoid with severe
fiorotic lung disease, and severe idiopathic pulmonary
fibrosis) had PVS score 3 (Figure 8). Absent PV flow is
more prevalent in CTEPH versus nonthromboembolic
controls (P<0.001). When compared with the nonthrom-
boembolic group, PVS score 3 has a sensitivity of 78%
and specificity of 92% for CTEPH. The sign has very low
sensitivity and specificity for the nonthromboembolic co-
hort (8.0% and 22.0%, respectively) (Table 5).

In terms of reproducibility of detection and catego-
rization of the PVS, the overall Fleiss’ Kappa statistics
showed that there was very high agreement between
the 3 readers, k=0.96 (95% ClI, 0.90-1.01), P<0.001
(Table S2).

DISCUSSION

Our results show that in CTEPH, pulmonary ve-
nous flow is significantly compromised when there is
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Figure 5. PV score and diagnoses in the PAH control group.

PV scoring in the 50 controls with PAH demonstrated score 3 in 1 patient and score 2 in 3 patients. CHD
indicates congenital heart disease; CTD, connective tissue disease; htn, hypertension; PAH, pulmonary
arterial hypertension; PH, pulmonary hypertension; and PV, pulmonary vein.

proximal occlusion in the pulmonary arteries and that
this can be readily visualized by CTPA. It is not surpris-
ing that the abnormal venous flow was more common
in the lower lobe veins because clinicopathological
studies have demonstrated that CTEPH is more pre-
dominant in the lower lobes."®

The pulmonary arterial, capillary, and venular seg-
ments serve to preserve the synchrony between right
ventricular (RV) output and left ventricular filling. A
multitude of factors such as blood viscosity, vascular
compliance, and transmural pressures influence the
propagation of blood flow in the pulmonary circulation,
which is pulsatile. The flow pattern in the large extrapa-
renchymal PV is also dependent on dynamic changes
in left atrial pressure occurring throughout the cardiac
cycle."

Under normal conditions, the lung has a dual vas-
cular supply from the pulmonary and bronchial arter-
ies and therefore, pulmonary venous drainage is rarely
affected. Hypoxic vasoconstriction is a homeostatic
mechanism that is intrinsic to the pulmonary vascu-
lature. Intrapulmonary arteries constrict in response
to alveolar hypoxia, diverting blood from the subop-
timally aerated alveoli to better-oxygenated lung seg-
ments, thereby optimizing VQ matching and systemic
oxygen delivery. Thus, regionalized pulmonary venous
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hypoperfusion may be the result of hypoxic vasocon-
striction and may account for the PV abnormalities ob-
served in the nonthrombotic control groups. It is very
important not to misinterpret the poor PV opacification
as thrombus.

In CTEPH, with chronic occlusion or narrowing of
the pulmonary arteries within segments of the lung
parenchyma, the altered pulmonary venous flow pat-
tern observed in this study may simply be a reflection
of this compromise in arterial flow. Alternative expla-
nations for the reduction in pulmonary venous return
might be based on the cardiac pathology known to
develop in CTEPH. Chronic pulmonary arterial ob-
struction causes resistance to continuous blood flow
and also alters the flow pulsatility because of an in-
crease in arterial impedance, a measure of RV af-
terload. Pathophysiological studies have shown that
the increase in pulmonary vascular resistance is re-
lated to the extent of obstruction, severity of vascular
remodeling, reflex or biochemically mediated vaso-
constriction of the pulmonary arterial bed, and reflex
hypoxemia.'>'® QOver time, there is progressive RV
dilatation and adaptive remodeling with hypertrophy,
reduction in stroke volume, and functional decline
as the RV is unable to maintain that level of systolic
stress. The decrease in RV stroke volume leads to
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Figure 6. CTPA coronal view in a patient with connective
tissue disease-associated pulmonary hypertension.

There is absent flow in the left inferior pulmonary vein (notched
arrow). There is a large left pleural effusion (white triangle) and
dependent atelectasis (white star) in the left lower lobe. On the
right, there is a small pleural effusion with mild basal atelectasis
and normal flow in the corresponding inferior pulmonary vein.
CTPA indicates computed tomography pulmonary angiogram;
and LA, left atrium.

reduced pulmonary venous return with LA under-
filling and impaired left ventricular diastolic func-
tion. Concomitant right atrial enlargement causes
compression and further reduction in the LA size.
However, the observation that PVS was not a sig-
nificant feature in the PAH group speaks against this
mechanism as the primary reason for the relatively
high frequency of pulmonary venous abnormalities
observed in the CTEPH cohort.

Correlation between CTPA finding of PVS and cath-
eter pulmonary angiography can be obtained from the
balloon pulmonary angioplasty literature. The overall suc-
cess of the procedure is graded on restoration of both
pulmonary arterial and venous flow."* Close attention is
paid by balloon pulmonary angioplasty operators to iden-
tify target lesions with poor venous return. The goal of
each balloon treatment is to adequately dilate the lesion
and restore prompt pulmonary venous return. Repeat
dilatations with bigger balloons are performed if there
is <60% increase in angiographic vessel size and an in-
crease of pulmonary venous backflow is documented.”
Given the angiographic importance placed on the pul-
monary venous flow, detection of the PVS can be used
not only to aid in the CT diagnosis of CTEPH but can po-
tentially also be useful in evaluating the effects of balloon
pulmonary angioplasty on postprocedural imaging.

Small case series have reported insufficient con-
trast medium filling of the PV in the more severe cases
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Figure 7. Miscellaneous findings on CTPA in the
nonthrombotic cohort.

PV scoring in 50 nonthromboembolic controls demonstrated
score 3 in 4 patients and score 2 in 3 patients. CTPA indicates
computed tomography pulmonary angiogram; PV, pulmonary
vein; and TB, tuberculosis.

of acute pulmonary embolism with significant pulmo-
nary vascular obstruction and failure of the right side
of the heart.”® The sign has been postulated as a po-
tential risk stratification tool because its presence has
been shown to be associated with higher mean PE
index and poor prognosis. In our acute PE group, ab-
sent PV flow had a sensitivity of 34%. This is in agree-
ment with previous publications, which have reported
sensitivities of 33% and 36%, respectively.®® The au-
thors speculated that significant imbalance of the VQ
ratio because of severe hypoxia in acute PE results
in diminished venous return, giving rise to flow distur-
bance, but as we have shown in the CTEPH group,
there might also be a simple flow phenomenon in
acute PE.

Although it is beyond the scope of this article
to elaborate on the technical parameters for CTPA
acquisition, it is important to understand that while
PVS is easily identifiable in CTEPH, its presence is
dependent on achieving a balance between good
opacification of the pulmonary vasculature and ho-
mogeneous opacification of the LA. A high-quality
CTPA is essential to ensure that the CTEPH diagno-
sis is not missed.

Computer-aided detection for automated diagno-
sis of acute PE on CTPA has evolved over the de-
cades and has been shown to be more sensitive in
the detection of peripheral emboli, particularly for
inexperienced readers.'® As yet, there is no com-
mercially available CT software for automated iden-
tification of CTEPH, but emerging machine learning
tools are apposite for the detection and risk strati-
fication of thromboembolic disease and pulmonary
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Figure 8. Pulmonary venous flow abnormalities in nonthromboembolic cohort.

Left Panel (A, D): CTPA axial view in a patient with left lower lobe consolidation (black star, A). There
is absent flow in the corresponding left inferior pulmonary vein (notched arrow, D) compared with the
normal flow in right inferior pulmonary vein (thin white arrow). Middle Panel (B, E): CTPA coronal view
in a patient with fibrocavitary sarcoidosis (lung window, B). There is absent flow in the left superior
pulmonary vein (notched arrow, E) compared with the normal flow in right pulmonary vein (thin black
arrow). Right Panel (C): CTPA coronal view in a patient with primary pulmonary neuro-ectodermal
tumor. Large heterogeneous soft tissue mass (white star) is causing compression of the pulmonary
artery (black notched arrow), right superior pulmonary vein (white notched arrow), and bronchus (white
chevron). There is absent flow in the right superior pulmonary vein compared with the normal flow
in left superior pulmonary vein (thin black arrow). CPTA indicates computed tomography pulmonary

angiogram.

hypertension. It is now feasible to do highly accu-
rate pulmonary artery—vein segmentation on CT
using a fully automated machine learning algorithm.”
Therefore, the incorporation of the PV sign into a
machine learning algorithm for CTPA diagnosis of
CTEPH should be achievable and has the potential to
improve the consistency and diagnostic confidence
in observers.

Limitations of this study include the following. First,
a subjective evaluation method was used for assess-
ment of the pulmonary venous flow. However, there
was high interobserver reproducibility (k 0.96) be-
tween the readers with different levels of experience
for CTPA assessment. Secondly, it was difficult to
blind observers to the presence or absence of either
acute or chronic PE. Thirdly, the absence of delayed
phase imaging precluded evaluation of the relation-
ship of the bronchial circulation and the observed
pulmonary venous changes. The dual-energy CT
literature has demonstrated that in chronic thrombo-
embolic disease, perfusion defects in the early phase
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show improved parenchymal enhancement in the late
phase; this has been attributed to contribution from
the systemic collaterals.'®? It is possible that patients
with CTEPH with PVS in the arterial phase CTPA may
show improvement in the pulmonary venous flow on
delayed phase CT, but this is speculative and would
require prospective evaluation. Finally, the sample is
biased towards the proximal CTEPH population and
hence the utility of PVS in distal CTEPH remains un-
known. Because the latter group of patients exhibit
very few pulmonary vascular signs on CTPA, it is
important to clarify the usefulness of PVS in this co-
hort. While we have shown that PVS is not a feature
of PAH, it is necessary to systematically investigate
other groups of PH, particularly those associated with
dysfunction of the left side of the heart and multifacto-
rial pathogenesis, as these may affect its prevalence
and accuracy. Prospective multicenter studies with
large numbers of patients are needed to evaluate the
correlation between the pulmonary venous abnormal-
ities and hemodynamic severity of the disease.
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In conclusion, our study has shown that PVS on
CTPA has higher sensitivity and specificity for CTEPH,
compared with the other control groups (acute PE,
PAH, and nonthromboembolic). Furthermore, PVS is
more prevalent in CTEPH compared with acute PE.
Additionally, PVS is not a feature of PAH. Therefore,
asymmetric enhancement of PV should prompt a
search for CTEPH, particularly when there is evidence
of PH on CTPA. PVS is relatively easy to see on CTPA,
as shown by the high concordance between the inde-
pendent blinded observers with varying levels of ex-
pertise in our study, and therefore can be used as an
aide-memoire in the CTPA interpretation of thrombo-
embolic disease and pulmonary hypertension.
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Table S1. Prevalence of PVS score 2.

Cases Controls
CTEPH PAH Acute PE Non-TE All
n 50 50 50 50 150
PVS sign
present —n 33 (66) 3 (6) 12 (24) 3(6) 18 (12)
(%)
p-value - <0.001* <0.001* <0.001* <0.001*
Sensitivity (%) | 66.0 6.0 24.0 6.0 i
(C.1) (51.2-78.8) (1.3-16.6) (13.1-38.2) (1.3-16.6)
Specificity (%) | 88.0 68.0 74.0 68.0 ]
(C.I) (81.7-92.73 (59.9-75.4) (66.2-80.8) (59.9-75.4)

C.1., 95% confidence intervals; n, number of patients; p-values refer to comparisons of control

groups with CTEPH cases as reference; * significant even after Bonferroni correction

PVS: Pulmonary Venous Sign; CTEPH: Chronic thromboembolic pulmonary hypertension;

PAH: Pulmonary arterial hypertension; PE: Pulmonary embolism; Non-TE: Non-

thromboembolic.




Table S2. Fleiss’ Kappa statistics.

Kappa P Value 95% Confidence
Intervals

Overall 0.96 <0.001 0.90t01.01

PV rating category

1 (Normal) 0.97 <0.001 0.90 to 1.05

2 (Heterogenous) | 0.92 <0.001 0.84t0 0.99

3 (Absent flow) 0.96 <0.001 0.88to 1.03

4 (Unable to 1.00 <0.001 0.93t01.07
comment)

PV: Pulmonary Vein



Figure S1.

Distribution of pulmonary arterial changes corresponding to PVS score 2 in CTEPH
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33/50 CTEPH cases had PVS score 2 giving rise to 297 arterial points (6 matched & 3

unmatched arterial points per case). In total 61 veins had score 2.



Figure S2.

Distribution of pulmonary venous flow abnormalities
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The pulmonary venous flow abnormalities are more frequently observed in the middle and

lower lobes compared to the upper lobes.



