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OR I G I N A L R E S E A R CH

Prevalence of coronary artery–pulmonary artery collaterals in

patients with chronic thromboembolic pulmonary hypertension

Noel S. Lee,1 Daniel G. Blanchard,2 Kirk U. Knowlton,2 Anna M. McDivit,2 Victor Pretorius,3 Michael M. Madani,3

Peter F. Fedullo,4 Kim M. Kerr,4 Nick H. Kim,4 David S. Poch,4 William R. Auger,4 Lori B. Daniels2

1Department of Medicine, University of California, San Diego, La Jolla, California, USA; 2Division of Cardiovascular Medicine, University of California, San
Diego, La Jolla, California, USA; 3Department of Surgery, University of California, San Diego, La Jolla, California, USA; 4Division of Pulmonary and Critical
Care Medicine, University of California, San Diego, La Jolla, California, USA

Abstract: This study sought to determine the prevalence of coronary artery–pulmonary artery collaterals in patients with chronic thromboembolic
pulmonary hypertension (CTEPH) and to correlate their presence with the degree of clot burden. CTEPH is a treatable cause of severe
pulmonary hypertension and right heart failure. Bronchopulmonary collateral vessels have been used as a supplementary diagnostic and
prognostic tool for this disease. Coronary artery–pulmonary artery collaterals in this population have not been described. The coronary
angiograms of 300 consecutive patients with CTEPH evaluated for pulmonary thromboendarterectomy (PTE) between January 1, 2007,
and May 1, 2014, were examined. Of these patients, 259 (50% male; mean age, 58.3 ± 10.6 years) had cineangiographic images deemed
adequate to definitively assess for the presence of coronary artery–pulmonary artery collaterals and were included in the final analyses. Pul-
monary angiogram reports were reviewed for extent of pulmonary artery obstruction. The coronary angiograms of 259 age- and sex-matched
control patients were also examined. Among 259 CTEPH patients with definitive imaging, 34 coronary artery–pulmonary artery collater-
als were found in 28 patients (10.8%), versus 1 coronary artery–pulmonary artery collateral among control subjects (0.4%; P < 0.001). Com-
pared with CTEPH patients without collaterals, patients with collaterals had a significantly higher prevalence of total occlusion of their right
or left main pulmonary artery (P < 0.001) or lobar arteries (P < 0.001). In conclusion, the prevalence of coronary artery–pulmonary artery
collaterals in CTEPH patients undergoing coronary angiography for possible PTE is approximately 11%. These vessels are associated with
more severe pulmonary artery occlusion.
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Chronic thromboembolic pulmonary hypertension (CTEPH) is a
major cause of progressive pulmonary hypertension and right heart
failure. Approximately 0.5%–3.8% of patients who suffer an acute
pulmonary embolism will develop CTEPH, and many investiga-
tors believe the true incidence is higher because some patients are
eventually diagnosed without a clear history of acute pulmonary em-
bolism.1-6

Unlike other forms of pulmonary hypertension, CTEPH is cur-
able by pulmonary thromboendarterectomy (PTE). Considerations
in proceeding with PTE include whether the disease is surgically ac-
cessible, whether hemodynamic normalization should be expected
given other comorbidities or microvascular disease, and whether op-
erative risks are worthwhile in mildly symptomatic patients know-
ing that foregoing early PTE allows for the chance that secondary
vasculopathy and worsening hemodynamics might develop.1,7

Preoperative evaluation of CTEPH patients includes right heart
catheterization and pulmonary angiography. Coronary angiography
is often performed to rule out obstructive coronary artery disease. Dur-
ing these workups at the University of California, San Diego (UCSD),
Medical Center, coronary artery–pulmonary artery collaterals have

been identified. Whereas bronchopulmonary collaterals are a well-
established phenomenon in the current CTEPH literature and serve
as an auxiliary prognostic indicator,8-10 coronary artery–pulmonary
artery collaterals have not previously been described. We sought
to determine the prevalence and predictors of coronary artery–
pulmonary artery collaterals in patients with CTEPH undergoing
workup for possible PTE.

METHODS

CTEPH patients
The study included 300 consecutive patients with CTEPH who un-
derwent coronary angiography between January 1, 2007, and May 1,
2014, as part of a preoperative workup for PTE at the UCSD Medi-
cal Center. At this institution, coronary angiography is performed
to rule out obstructive coronary disease prior to PTE in men more
than 40 years of age, women more than 45 years of age, and younger
patients who have significant cardiac risk factors.

Each patient’s electronic medical record was reviewed to con-
firm the diagnosis of CTEPH. This diagnosis was made on the basis of
precapillary pulmonary hypertension (mean pulmonary arterial pres-
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sure [PAP] of ≥25 mmHg and pulmonary capillary wedge pres-
sure of ≤15 mmHg) as well as findings indicative of chronic occlu-
sive thrombi on ventilation-perfusion scans and pulmonary angio-
grams.2,11,12 Pulmonary angiogram reports were reviewed for extent
of pulmonary artery obstruction. Demographic information, includ-
ing age, sex, race, and comorbidities, was collected. Functional capac-

ity (World Health Organization class) and hemodynamic data were
also obtained.

Collateral vessel analysis
A cardiologist blinded to the pulmonary angiogram results reviewed
the coronary angiogram of each subject for evidence of collateral
vessels from the coronary arteries to the pulmonary arteries. The
images were divided into two categories: (1) adequate (images that
provided sufficient visualization of the distal ends of all coronary
artery branches) and (2) indeterminate (images that provided in-
sufficient visualization of the ends of all coronary artery branches,
e.g., due to failure to pan sufficiently, too-short acquisition, poor
opacification of the vessel lumen, or ill-defined heart border).

Table 1. Demographics of patients in this study with adequate
imaging

Characteristic

CTEPH
patients
(n = 259)

Control
patients
(n = 259) P

Age, years 58.3 ± 10.6 58.3 ± 10.8 0.98

Sex

Male 130 (50.2) 130 (50.2) NA

Female 129 (49.8) 129 (49.8)

Race

White 196 (75.7) 202 (78.0)

African American 46 (17.8) 21 (8.1) 0.001

Asian 6 (2.3) 17 (6.6)

Unknown 11 (4.2) 19 (7.3)

BMI 30.8 ± 7.1 29.5 ± 7.3 0.04

WHO functional class

1 5 (1.9)

2 47 (18.1) NA NA

3 181 (69.9)

4 26 (10.0)

Comorbidities

Diabetes 56 (21.6) 82 (31.7) 0.01

Hypertension 109 (42.1) 170 (65.6) <0.001

Hyperlipidemia 64 (24.7) 136 (52.5) <0.001

Coronary artery
disease 10 (3.9) 0 (0.0) 0.001

Chronic kidney
disease 33 (12.7) 34 (13.1) 0.92

COPD 23 (8.9) 35 (13.5) 0.09

Asthma 23 (8.9) 19 (7.3) 0.52

Smoking history

Never smoker 143 (55.2) 131 (50.6)

Former smoker 89 (34.4) 91 (35.1)

Current smoker 21 (8.1) 30 (11.6)

Unknown 6 (2.3) 7 (2.7) 0.53

Note: Data are no. (%) or mean ± SD and were compared with
the χ2 test or the independent-sample t test, respectively. Boldface
type indicates statistical significance. CTEPH: chronic thromboem-
bolic pulmonary hypertension; NA: not applicable; BMI: body mass
index; WHO: World Health Organization; COPD: chronic obstruc-
tive pulmonary disease.

Figure 1. Right posterolateral artery–to–pulmonary artery collat-
eral in a 43-year-old man with chronic thromboembolic pulmo-
nary hypertension. A, Left anterior oblique cranial view. B, Exten-
sion of the vessel beyond the heart border in the left anterior oblique
cranial view.
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Adequate images were examined for definite collaterals, visual-
ized on the cineangiogram extending beyond the heart border and
into the pulmonary region. Indeterminate images were examined
for potential coronary artery–pulmonary artery collaterals, which were
subdivided into three groups—probable, possible, and unlikely—as
follows: (1) probable collaterals displayed more than one collateral-
like characteristic, such as a caliber equal to or larger than other branch-
ing vessels, significant tortuosity, and plexus-like appearance,13 but
terminated outside the view of the cine images and could not be
confirmed to be supplying the pulmonary territory; (2) possible col-
laterals were equal to or larger than other branching vessels but
terminated outside the view of the cine images and could not be
confirmed; and (3) unlikely collaterals were small in caliber but ter-
minated outside the view of the cine images and could not be com-
pletely excluded.

Operative reports were reviewed for any mention of coronary
artery–pulmonary artery collaterals. Intraoperative classification of
the CTEPH lesions was also recorded (type 1, proximal clot in the
main pulmonary arteries; type 2, thickened intima; type 3, distal
disease in the segmental and subsegmental vessels; type 4, inopera-
ble distal vasculopathy not due to pulmonary embolism).7

Control patients
Each of the 259 CTEPH patients with adequate imaging was as-
signed an age-matched (±3 years) and sex-matched control patient
from a procedural database containing patients who underwent cor-
onary angiography for indications other than CTEPH from Jan-
uary 1, 2003, to May 1, 2014. Basic demographic information was
collected. The coronary angiogram of each control patient was re-
viewed for coronary artery–pulmonary artery collaterals. Patients
with indeterminate imaging were excluded. Patients with a history

of coronary artery disease or significant obstructive disease found
during the cardiac catheterization were also excluded.

The study was reviewed and approved by the UCSD Institutional
Review Board/Human Research Protections Program.

Statistical analysis
Values are expressed as means and SDs for continuous variables
and as counts and percentages for dichotomous variables. To study
differences in population characteristics between CTEPH and con-
trol patients as well as CTEPH patients with and without collater-
als, the Student t test was used for continuous variables, and the χ2

test was used for categorical variables. All tests used a two-sided
P value of <0.05 for significance. Analyses were performed using
SPSS (ver. 21.0; IBM, Armonk, NY).

RESULTS

Demographics
The final analysis included 259 CTEPH patients (50% male; mean
age, 58.3 ± 10.6 years) and 259 control patients (mean age, 58.3 ±
10.8 years). Indications for coronary angiography in control patients
were chest pain (n = 143), heart failure (n = 21), preoperative evalu-
ation for noncardiac surgery (n = 71), arrhythmia (n = 4), and valve
dysfunction (n = 20). Both populations were predominantly white
(76% [n = 196] vs. 78% [n = 202], respectively), but the CTEPH
population had a higher proportion of blacks (18% [n = 46] vs.
8% [n = 21]). CTEPH patients were characterized as World Health
Organization functional class 1 (2%; n = 5), 2 (18%; n = 47), 3 (70%;
n = 181), and 4 (10%; n = 26). The control group had a higher prev-
alence of several comorbidities, including diabetes (P = 0.01), hy-

Figure 2. Large corkscrew collateral from the right posterolateral
artery to the right and left pulmonary arteries in a 47-year-old man
with chronic thromboembolic pulmonary hypertension, shown in
the left anterior oblique cranial view.

Figure 3. Coronary artery–pulmonary artery collateral arising from
the left circumflex artery in a 67-year-old man with chronic throm-
boembolic pulmonary hypertension, shown in the left anterior
oblique cranial view.
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pertension (P < 0.001), and hyperlipidemia (P < 0.001). Other char-
acteristics are shown in Table 1.

Prevalence of coronary artery–pulmonary
artery collateral vessels
Among the 259 CTEPH patients with cineangiographic images
deemed adequate to definitively assess for coronary artery–pulmonary
artery collaterals, 34 definite collaterals were observed in 28 CTEPH
patients (10.8%, including 22 men and 6 women; Figs. 1–4; Videos
1–5, available online). Six patients had two distinct coronary artery–
pulmonary artery collaterals. The remaining 231 CTEPH patients
with adequate imaging had no evidence of collaterals. The vessels
in the 41 CTEPH patients with angiograms of indeterminate diag-
nostic quality were classified as probable (n = 10; Fig. S1; Figs. S1,
S2 are available online), possible (n = 11), or unlikely (n = 20)
collaterals.

The prevalence of coronary artery–pulmonary artery collaterals
was significantly lower in the control group than in the CTEPH group
(0.4% [n = 1] vs. 10.8% [n = 28]; P < 0.001). The sole control patient
with a collateral had cystic fibrosis and was undergoing evaluation
for lung transplantation (Fig. S2).

Characteristics of CTEPH patients with coronary
artery–pulmonary artery collaterals
As shown in Table 2, CTEPH patients with coronary artery–pulmonary
artery collaterals were younger than those without them (mean age,
50.3 ± 9.1 vs. 59.3 ± 10.4 years; P < 0.001). They were predomi-
nantly male (79% [n = 22 of 28] vs. 46% [n = 107 of 231]; P = 0.001) and
had a lower prevalence of chronic kidney disease (0% [n = 0 of 28]
vs. 14% [n = 33 of 231]; P = 0.03). One patient (3.6%) had a history
of coronary artery disease.

CTEPH patients with collaterals had a significantly higher in-
cidence of total occlusion of their right or left main pulmonary
artery or lobar arteries. In 8 patients (29% of those with collater-
als), complete occlusion of the main pulmonary artery was noted
on the side toward which the collateral traveled, whereas only
1.3% (n = 3 of 231) of those without collaterals had complete
occlusion (P < 0.001). Additionally, 46% (n = 13 of 28) of those
with collaterals versus 15% (n = 35 of 231) of those without col-
laterals had subtotal occlusion completely limiting flow to one or
more lobes of the ipsilateral lung (P < 0.001).

Hemodynamic data in the CTEPH group with collaterals re-
vealed a mean PAP of 41 ± 10 mmHg, a mean cardiac index of
2.2 ± 0.7 L/min/m2, a mean pulmonary vascular resistance (PVR)
of 590 ± 294 dyn-s/cm5, and a mean pulmonary arterial saturation
of 65% ± 9%. The CTEPH group without collaterals had compara-
ble hemodynamics. The groups were similar in baseline arterial oxy-
gen saturation and oxygen requirements (Table 3).

Anatomic distribution of collateral vessels
Collateral vessels most often originated from the right coronary
artery (RCA; 52.9%, n = 18) and the left circumflex artery (LCx;
35.3%, n = 12; Table 4). They also most commonly traveled toward
the right lung. All 28 patients with collaterals underwent surgery.
Three operative reports commented on significant collateral flow
from the coronary circulation. Two other operative reports men-
tioned heavy collateral supply but did not specify the origin.

Type 1 (or proximal) disease was the most common lesion found
intraoperatively in the lung toward which the collateral traversed. In
the lone control patient with a coronary artery–pulmonary artery col-
lateral vessel, the collateral arose from the LCx and supplied the left
lung territory.

Figure 4. Collateral vessel arising from the proximal left circumflex
artery traveling toward the left lung in a 46-year-old man with chronic
thromboembolic pulmonary hypertension, shown in the right ante-
rior oblique caudal view.

Video 1. Still photograph from a video (Video 1) showing a coro-
nary artery–pulmonary artery collateral arising from the posterolat-
eral artery.

316 | Coronary-pulmonary collaterals in CTEPH Lee et al.



Operative and postoperative outcomes
The 28 CTEPH patients with collaterals and the 208 patients with-
out collaterals who underwent PTE did not differ significantly in
total circulatory arrest time (P = 0.48). Postoperative hemodynamic
data in the CTEPH group with collaterals revealed a significantly
lower mean PAP compared with that in the group without collater-
als (21.0 ± 7 vs. 24.1 ± 7 mmHg; P = 0.03). Final mean PVR in the
patients with collaterals was 189.9 ± 64.2 dyn-s/cm5, compared with
233.7 ± 117.4 dyn-s/cm5 in those without them (P = 0.05). This
change represented a nonsignificant reduction in PVR (60.6% ±
19.6% vs. 53.5% ± 27.2%, respectively; P = 0.19). The prevalence of
reperfusion injury was also not significantly different between groups
(10.7% vs. 16.3%, respectively; P = 0.16; Table 5).

DISCUSSION

Collateral vessels are a distinguishing feature of CTEPH compared
with other forms of pulmonary hypertension.1,14,15 Numerous stud-
ies suggest that bronchopulmonary collaterals possess significant
physiological and prognostic value.8-10,16-18 These vessels have been
likened to a CTEPH biomarker14,16 owing to their potential to help
differentiate CTEPH from idiopathic pulmonary arterial hyperten-
sion8 in the midst of nearly identical small pulmonary artery histo-
pathology19 as well as their association with distal arteriolar spar-
ing.9 Other sources of collateral flow in CTEPH patients include
the inferior phrenic, intercostal, and internal mammary arteries.18

Pulmonary artery–to–pulmonary artery collaterals have also been
noted.20

To our knowledge, coronary artery–pulmonary artery collaterals
have not been previously described in the CTEPH literature. They

are found, however, in various pathologies, such as chronic ob-
structive pulmonary disease and atrial fibrillation,21 Takayasu’s ar-
teritis with severe pulmonary hypertension,22 and pulmonary atre-
sia with ventricular septal defect.23 They are also found, usually
asymptomatically, in the general population. The prevalence was
approximated at 0.1%–0.2% in two large-scale studies of more
than 10,000 coronary angiograms.24,25 Drawbacks of this diagnos-
tic modality include contrast dilution, flow limitation, and two-
dimensional viewing.26 When studied with multidetector computed
tomography (CT) in 5,372 consecutive patients, the prevalence was
0.32%,26 similar to the prevalence that we report in our control
group.

The increased prevalence of coronary artery–pulmonary artery
collaterals in our CTEPH group compared with our control group
suggests that these vessels may help maintain pulmonary parenchy-
mal viability, especially among CTEPH patients with a more signif-
icant degree of pulmonary artery obstruction.

Studies of bronchial collaterals in CTEPH patients support the
idea that coronary artery–pulmonary artery collaterals may preserve
tissue oxygenation in areas distal to the occluded pulmonary artery.
The bronchial circulation component of the dual blood supply to
the lungs is responsible for nourishing the lung parenchyma. Deliv-
ering oxygenated blood from the systemic circulation, two bronchial
arteries to each lung commonly originate from the thoracic aorta or
intercostal arteries, although anatomic variation exists.8,27 Some of
these vessels follow the large airways outside the lungs, while others
enter the lung parenchyma.27 Vessels outside the lungs drain into
the bronchial veins, azygos vein, or superior vena cava and subse-
quently into the right atrium, whereas vessels that pierce the pleura
form a network of capillaries that drain into the pulmonary veins

Video 2. Still photograph from a video (Video 2) showing a cor-
onary artery–pulmonary artery collateral arising from the right cor-
onary artery.

Video 3. Still photograph from a video (Video 3) showing a coro-
nary artery–pulmonary artery collateral arising from the left cir-
cumflex artery.
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and into the left atrium.8,27 The latter is deemed bronchopulmonary
collateral flow.8,28

Normally, bronchial venous flow accounts for about 1% of the
systemic cardiac output.29 In CTEPH patients, however, broncho-
pulmonary collaterals can account for up to 30% of the blood flow
draining directly into the pulmonary veins.8 Animal models of
chronic microemboli as well as unilateral pulmonary artery obstruc-
tion also demonstrate that markedly dilated bronchial arteries sup-
ply areas of decreased pulmonary artery flow.30-32

Collateral flow may play the most substantial role in patients
with high-grade proximal lesions. Large bronchial collateral circu-
lation is commonly associated with proximal occlusion and opera-
ble disease.14 In a study of 59 CTEPH patients, Shimizu et al.17

found that the median total cross-sectional area of bronchial arter-
ies was significantly larger in patients with thrombi of the lobar or
main arteries than in patients with thrombi of the segmental or
distal arteries. A dual-energy pulmonary CT angiography study
also sought to correlate the extent of pulmonary artery obstruction
with collaterals, finding that 64% of completely occluded lobes still
displayed evidence of blood flow, suggestive of significant collateral
supply.16 Although the origin of the flow was not examined in that
study, this statistic parallels our analysis associating coronary artery–
pulmonary artery collaterals with more severe pulmonary artery ob-
struction: of 11 patients in our study with total occlusion of a main
pulmonary artery, 8 (73%) had definite collaterals.

In addition to their potential in delineating more proximal and
operative disease, collaterals may serve as a marker for postopera-
tive success. Both bleeding and reperfusion lung injury are signifi-
cant causes of death after PTE surgery.1,2 Kauczor et al.10 found a
lower postoperative mortality rate in CTEPH patients with dilated
bronchial arteries. This finding correlates with the significant risk

for poor hemodynamic response after PTE in the absence of these
collaterals.9 Our data revealed a significantly lower postoperative
mean PAP in patients with collaterals but no significant difference
in postoperative PVR or prevalence of reperfusion injury. Whether
the presence of coronary artery–pulmonary artery collaterals con-
fers a long-term morbidity and mortality benefit after PTE is un-
known and merits future study.

One theory for collateral formation and their role in hemody-
namic outcome is rooted in the pathogenesis of CTEPH, which
involves microvasculature remodeling distal to both obstructed
and nonobstructed vessels.1,3,19,33 Patients without bronchopulmo-
nary collaterals may have greater amounts of distal arteriopathy or
lesions, leading to higher postoperative PVR. On the other hand,
patients with proximal disease and less distal CTEPH or vasculop-
athy may tend to have a greater pressure difference between the
systemic circulation and the pulmonary circulation distal to the
occlusions, which could serve as a stimulus for bronchopulmonary
(and coronary artery–pulmonary artery) collateralization.8,9 The ab-
sence of collaterals in patients with primary pulmonary artery hy-
pertension, which affects smaller vessels, complements this theory.8

The origin of coronary artery–pulmonary artery collaterals in
CTEPH patients may be explained by the extension of the sinoatrial
(SA) nodal artery toward the occluded pulmonary artery. The SA
nodal artery is a major contributor of blood supply to the atrial
myocardium34 and is the largest atrial artery.35 Two studies of cadav-
eric hearts show strikingly similar proportions of the SA nodal ar-
tery origin compared with the proportions of the origin of the col-
laterals in our CTEPH patients. In these studies, approximately 35%
of SA nodal arteries arose from the LCx, and approximately 65%
arose from the RCA.35,36 In our study, 35% of the collaterals arose

Video 4. Still photograph from a video (Video 4) showing coro-
nary artery–pulmonary artery collaterals arising from the postero-
lateral artery.

Video 5. Still photograph from a video (Video 5) showing a coro-
nary artery–pulmonary artery collateral arising from the left cir-
cumflex artery.
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Table 3. Angiographic and preoperative hemodynamic character-
istics of chronic thromboembolic pulmonary hypertension
(CTEPH) patients with and without collaterals

Characteristic

CTEPH
patients with
collaterals
(n = 28)

CTEPH
patients
without
collaterals
(n = 231) P

Total occlusion of main
pulmonary artery 8 (28.6) 3 (1.3) <0.001

Total occlusion of lobar
artery or all its
segmental branches 13 (46.4) 35 (15.2) <0.001

RA pressure, mmHg

Mean 10.4 ± 7.3 9.4 ± 4.9 0.34

RV pressure, mmHg

Systolic 69.6 ± 18.1 72.9 ± 22.3 0.45

Diastolic 14.8 ± 7.3 12.6 ± 5.6 0.07

PAP, mmHg

Systolic 69.8 ± 18.1 73.3 ± 22.1 0.41

Diastolic 25.4 ± 7.6 24.5 ± 8.9 0.63

Mean 41.1 ± 10.4 42.4 ± 12.5 0.60

PCWP, mmHg 10.6 ± 3.3 11.2 ± 4.4 0.55

LV pressure, mmHg

Systolic 118.5 ± 18.5 122.8 ± 20.8 0.32

End-diastolic 14.7 ± 4.5 14.8 ± 5.0 0.89

Aortic pressure, mmHg

Systolic 118.0 ± 17.7 122.5 ± 20.3 0.28

Diastolic 74.0 ± 9.1 72.3 ± 11.5 0.47

Mean 90.9 ± 11.6 92.6 ± 14.3 0.56

CI, L/min/m2 2.2 ± 0.7 2.3 ± 0.7 0.54

PVR, dyn-s/cm5 589.8 ± 294.0 621.3 ± 389.6 0.68

Pulmonary arterial
saturation, % 65.0 ± 8.8 64.6 ± 8.9 0.82

Arterial saturation, % 94.3 ± 4.4 95.1 ± 2.9 0.23

Supplemental oxygen
requirement, L by
nasal cannula 1.0 ± 2.0 0.7 ± 1.5 0.30

Note: Data are no. (%) or mean ± SD and were compared with
the χ2 test or the independent-sample t test, respectively. Boldface
type indicates statistical significance. RA: right atrium; RV: right
ventricle; PAP: pulmonary arterial pressure; PCWP: pulmonary cap-
illary wedge pressure; LV: left ventricle; CI: cardiac index; PVR: pul-
monary vascular resistance.

Table 2. Demographics of chronic thromboembolic pulmonary
hypertension (CTEPH) patients with and without collateral
vessels

Characteristic

CTEPH
patients with
collaterals
(n = 28)

CTEPH
patients
without
collaterals
(n = 231) P

Age, years 50.3 ± 9.1 59.3 ± 10.4 <0.001

Sex

Male 22 (78.6) 107 (46.3) 0.001

Female 6 (21.4) 124 (53.7)

Race

White 16 (57.1) 180 (77.9)

African American 9 (32.1) 37 (16.0) 0.04

Asian 2 (7.1) 4 (1.7)

Unknown 1 (3.6) 10 (4.3)

BMI 29.8 ± 4.7 33.0 ± 14.3 0.46

WHO functional class

1 1 (3.6) 4 (1.7)

2 9 (32.1) 38 (16.5) 0.14

3 17 (60.7) 164 (71.0)

4 1 (3.6) 25 (10.8)

Comorbidities

Diabetes 9 (32.1) 47 (20.3) 0.16

Hypertension 12 (42.9) 97 (42.0) 0.95

Hyperlipidemia 7 (25.0) 57 (24.7) 0.98

Coronary artery
disease 1 (3.6) 9 (3.9) 0.93

Chronic kidney
disease 0 (0.0) 33 (14.3) 0.03

COPD 2 (7.1) 21 (9.1) 0.73

Asthma 3 (10.7) 20 (8.7) 0.72

Smoking history

Never smoker 16 (57.1) 127 (55.0)

Former smoker 7 (25.0) 82 (35.5) 0.47

Current smoker 4 (14.3) 17 (7.4)

Unknown 1 (3.6) 5 (2.2)

Note: Data are no. (%) or mean ± SD and were compared with
the χ2 test or the independent-sample t test, respectively. Boldface
type indicates statistical significance. BMI: body mass index; WHO:
World Health Organization; COPD: chronic obstructive pulmonary
disease.



from the LCx, and 53% arose from the RCA. Albeit rarely, the SA
nodal artery may also originate from the posterolateral branch of the
RCA: an evaluation of 1,500 coronary angiograms revealed a preva-
lence of 0.8%,37 similar to the percentage of patients (1%) with collat-
erals arising from the posterolateral branch among our 259 CTEPH
patients with definitive imaging.

Overall, these comparisons are limited because some of our
CTEPH patients had collaterals arising from multiple sources (both
the RCA and the LCx, for example), and the actual origins of their
SA nodal arteries were not studied. Further investigation is needed
to understand the stimuli for coronary artery–pulmonary artery
collateralization in CTEPH, whether they be pressure gradients or
vascular damage that results from obstruction, as has been pro-
posed in studies of other collateral vessels in CTEPH.8,20

Our study has a few limitations. It did not evaluate whether
coronary artery–pulmonary artery collaterals are associated with
bronchopulmonary collaterals. Although most CTEPH patients
are evaluated with CT pulmonary angiography, the timing of
these scans is optimized to detect contrast filling the pulmonary

arteries rather than the thoracic aorta or intercostal arteries from
which bronchial arteries typically originate. The study also included
only CTEPH patients who underwent preoperative coronary angi-
ography for PTE. Although unlikely, it is possible that the subset of
CTEPH patients who did not undergo coronary angiography has a
different prevalence of coronary artery–pulmonary artery collater-
als. Additionally, several angiograms were indeterminate for deter-
mining the presence of collateral vessels. The true prevalence could
actually be slightly higher than we have reported if any of the
probable collaterals are indeed true coronary artery–pulmonary ar-
tery collaterals. Finally, since this study was performed retrospec-
tively, we were unable to confirm the presence of collaterals intra-
operatively for the majority of patients.

This study also has several strengths, particularly the large
number of CTEPH patients included. Furthermore, each patient
underwent extensive and uniform characterization of their le-
sions and hemodynamics via both invasive and noninvasive means,
performed by a team of physicians expert in assessing CTEPH
patients.

Table 4. Relationship among collateral vessel origin, pulmonary destination, and clot burden

Pulmonary artery
destination

Total occlusion of main
pulmonary artery

Jamieson type of lesion
on ipsilateral lung

Collateral origin Left Right 1 2 3

RCA (n = 18) 3 15 4 9 7 2

LCx (n = 12) 4 8 4 9 2 1

LAD (n = 1) 1 0 0 0 1 0

PL (n = 3)a 3 1 1 0 3 1

Note: RCA: right coronary artery; LCx: left circumflex artery; LAD: left anterior descending artery; PL:
posterolateral branch of the RCA.

a One collateral arising from the PL traveled to both the left and the right pulmonary artery.

Table 5. Postoperative characteristics of chronic thromboembolic pulmonary hypertension
(CTEPH) patients with and without collaterals

Characteristic
CTEPH patients with
collaterals (n = 28)

CTEPH patients without
collaterals (n = 208) P

Total circulatory arrest time, minutes 50.0 ± 21.3 47.2 ± 18.1 0.48

Mean PAP, mmHg 21.0 ± 7.0 24.1 ± 7.0 0.03

PVR, dyn-s/cm5 189.9 ± 64.2 233.7 ± 117.4 0.05

ΔPVR, % 60.6 ± 19.6 53.5 ± 27.2 0.19

Reperfusion injury 3 (10.7) 34 (16.3) 0.16

Note: Data are no. (%) or mean ± SD and were compared with the χ2 test or the independent-
sample t test, respectively. Boldface type indicates statistical significance. PAP: pulmonary arterial
pressure; PVR: pulmonary vascular resistance.
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Conclusions
The prevalence of coronary artery–pulmonary artery collaterals in
patients with CTEPH undergoing coronary angiography is approx-
imately 11%. These vessels are associated with proximal lesions
and more significant pulmonary artery obstruction. Their diagnos-
tic and prognostic significance is an area for future investigation.
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