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ABSTRACT
Background: Radiological assessment of patients with chronic thromboembolic pulmonary hypertension
(CTEPH) is critical to decide whether patients should be treated with pulmonary endarterectomy (PEA).
Although computed tomography pulmonary angiography (CTPA) is increasingly used for decision making
in CTEPH, the value of CTPA to predict surgical findings and outcome has never been explored.
Methods: We retrospectively reviewed 100 consecutive patients with high-quality CTPA undergoing PEA
for CTEPH between May 2015 and December 2017. The most proximal level of disease in the pulmonary
artery on CTPA was classified by two blinded radiologists as level 1 (main pulmonary artery), 2a (lobar
pulmonary artery), 2b (origin of basal segmental pulmonary artery), 3 (segmental pulmonary artery) or 4
(predominantly subsegmental pulmonary artery).
Results: CTPA demonstrated level 1 in 20%, level 2a in 43%, level 2b in 11%, level 3 in 23% and level 4 in
3%. A majority of males presented with level 1 (55%) and level 2 (57%), and a majority of females (83%)
with level 3 (p=0.01). Levels 3 and 4 were associated with longer duration of circulatory arrest (p=0.03)
and higher frequency of Jamieson type III disease at surgery (p<0.0001). Requirement for targeted
pulmonary hypertension therapy after PEA was 28% at 3 years in level 2b/3/4 compared with 6% in level
2a and 13% in level 1 (p=0.002). Level 2b/3/4 was an independent predictor for targeted pulmonary
hypertension therapy after PEA (hazard ratio 4.23, 95% CI 1.24–14.39; p=0.02).
Conclusions: High-quality CTPA provides accurate evaluation of CTEPH patients. The level of disease on
CTPA can help guide peri-operative planning and post-operative monitoring.
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Introduction
Chronic thromboembolic pulmonary hypertension (CTEPH) is an underdiagnosed disease that occurs in
∼4% of subjects at 2 years following acute pulmonary embolism [1]. Subjects present with insidious
symptoms and there is frequently a delay in diagnosis [2]. A diagnosis of CTEPH is associated with
significant morbidity and mortality [3]. The prognosis for patients with CTEPH is poor in the absence of
treatment. Targeted medical therapy can be very effective, but is not curative [4]. Pulmonary
endarterectomy (PEA) is the only curative therapy for CTEPH and survival as well as quality of life in
operated patients is excellent compared with conservative management [3, 5]. Therefore, identification of
surgical candidates is important in maximising patient outcomes [6]. More recently, balloon pulmonary
angioplasty (BPA) has also become an integral part of the care of patients with CTEPH who are not
candidates for PEA, further emphasising the importance of high-quality imaging for diagnosis and
therapeutic decision making in CTEPH.

An international prospective registry, which collected patients between 2007 and 2009, observed that
subjects undergoing PEA had excellent post-operative outcomes, but that a large proportion of patients
with segmental disease were excluded from surgery [3]. However, with improving imaging and surgical
techniques, patients with segmental disease have been increasingly treated with PEA in expert centres with
excellent results [7, 8]. Hence, optimal radiological evaluation of CTEPH patients is critical to determine
surgical candidacy, particularly at a segmental level.

The computed tomography (CT) imaging features of CTEPH have been previously described [9].
However, the value of CT pulmonary angiography (CTPA) in predicting surgical findings and
post-operative outcome has not been analysed systematically. This point is of importance considering that
patients with segmental disease are increasingly treated surgically and that CTPA is progressively replacing
pulmonary angiography to assess surgical candidacy. Hence, determining the reliability of CT is important
because of the central role it plays in the selection of subjects eligible for surgery.

Materials and methods
Subject selection
The study included all adults with a clinical diagnosis of CTEPH who underwent PEA at Toronto General
Hospital (Toronto, ON, Canada) between April 30, 2015 and December 31, 2017. Confirmation of
diagnosis and eligibility for surgery was assessed in multidisciplinary rounds including a thoracic
radiologist, thoracic surgeons and respirologists with expertise in pulmonary hypertension. The
Institutional Review Board approved this retrospective study.

CT imaging
Our standard protocol for evaluation of CTEPH is performed during suspended respiration. We inject 70 cm3

of iodinated contrast (Ultravist 370; Bayer Healthcare, Berlin, Germany) at 5 cm3·s−1 via an 18G antecubital
intravenous catheter. The acquisition is triggered at 200–250 HU using bolus tracking software with a region
of interest placed over the main pulmonary artery. A standard voltage is set at 120 kV in most patients and
automated exposure control determines the current. CT images are reconstructed in 0.5-mm thick axial slices
using a mediastinal kernel. Coronal and sagittal reformats are performed with 1-mm thick slices using a
mediastinal kernel. Coronal maximum intensity projections with 8-mm thick slices are performed.

Not all subjects had a CTPA performed at our institution because many were referred from other
institutions. One reader (M.M.) reviewed all internal and external CTPA exams for technical adequacy. At
a minimum, a CTPA included in this study had to demonstrate adequate opacification of the pulmonary
arteries (⩾300 HU measured over the main pulmonary artery). The study must have included axial slices
in a mediastinal reconstruction kernel with ⩽1.5 mm thickness and multiplanar reformats. Studies with
significant artefacts (e.g. respiratory motion, contrast mixing artefacts or artefacts from hardware) limiting
diagnostic quality were excluded.

Image analysis
The CTPA closest to the date of surgery was chosen for review. A fellowship trained thoracic radiologist
(M.M.) and a diagnostic radiology trainee (D.W.) blinded to the patient’s outcome independently reviewed
each case individually for the presence of chronic pulmonary embolism. The two readers then reviewed
cases with disagreement to come to a consensus read used for analysis. CT images were viewed on a
picture archiving and communication system (Coral, Toronto, ON, Canada). Images were reviewed on the
thinnest available axial slice. Multiplanar reformats were available for review when needed. The following
findings were considered indicative of chronic pulmonary embolism: occlusions or pouch defects, slits and
webs, or eccentric thrombus (with or without calcification). Occlusions describe the complete occlusion of
a pulmonary artery at its origin, usually associated with a distal diminutive vessel. Pouch defects are
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occlusions but with a small contrast-opacified pouch at the vessel origin. A slit is a single fibrous band
extending across the lumen of a vessel, often at the vessel origin. A web is a network of slits. Eccentric
thrombus corresponds to an eccentric filling defect along the margin of a vessel, occasionally calcified [9].

The radiological level of disease was assigned based on the most proximal disease present. Level 1 disease
was defined as any disease in the main, left or right main pulmonary artery. Level 2 disease was defined as
any disease in the interlobar or lobar pulmonary vessels down to the origin of the segmental vessels. Level 2
was then subdivided into levels 2a and 2b for increased precision. Level 2b disease was defined as disease in
the basal trunk distal to the superior segmental pulmonary artery, most often around the origin of the basal
segmental vessels. Level 2a was disease in any lobar vessel, including the superior segment in the lower lobes.
We did this subdivision considering that the take-off of the segmental arteries in the lower lobes is an
important landmark in assessing surgical disease, that this is a common location of chronic pulmonary
embolism, and that the basal trunk is anatomically distinct from a lobar vessel and a segmental vessel. Level 3
disease was defined as disease starting in the segmental pulmonary arteries within 1 cm of its origin, including
disease in the basal lower lobes segmental arteries that does not extend proximally into the basal trunk.
Level 4 disease was defined as disease starting more than 1 cm from the origin of the segmental vessel and
predominantly located in the subsegmental vessels. In cases where one pulmonary segment was supplied by
two independent vessels, these vessels were each classified as subsegmental.

Surgical findings
PEA was performed using the standardised technique previously described with periods of deep
hypothermic circulatory arrest at 20°C [7]. The surgical specimens were routinely classified into types I–IV
based on the Jamieson classification at the time of surgery [10]. Briefly, type I was defined by the presence
of fresh or subacute thromboembolic material in the main and lobar pulmonary artery. Type II was
defined by the presence of organised thromboembolic and fibrotic material in the lobar arteries without
any fresh clot. Type III was defined by the presence of organised thromboembolic and fibrotic material in
the segmental and subsegmental branches only. Type IV was defined by the absence of organised
thromboembolic material.

Follow-up after PEA
All patients followed-up in our institution were included in the long-term analysis. Follow-up was
performed at 3, 6 and 12 months, and then on a yearly basis. Patients were started on targeted pulmonary
hypertension therapy in the presence of pre-capillary pulmonary hypertension on right heart
catheterisation combined with persistent New York Heart Association functional class III or IV after PEA
or worsening of at least one functional class compared with the best class achieved after PEA.

Statistical analysis
A two-tailed p-value of <0.05 was considered statistically significant. Continuous variables were described
using median (range) or mean with standard deviation, and categorical variables were described using
number (percentage). Comparisons between groups were made by the independent samples t-test or
one-way ANOVA for continuous variables and Fisher’s exact test or Chi-squared test for categorical
variables. Cumulative survival was calculated from the date of surgery. Cumulative proportion of patients
requiring targeted pulmonary hypertension therapy after PEA was calculated using life table analysis.
Groups were compared using the log-rank test. Multivariate Cox regression analysis was used to determine
pre-operative factors associated with the need for targeted pulmonary hypertension therapy during
follow-up after PEA.

Results
Subject population
We identified 113 consecutive subjects who underwent PEA between April 30, 2015 and December 31,
2017, all of whom had a pre-operative CTPA. 13 subjects were excluded due to mixing artefacts in the
pulmonary arteries (n=4), axial CTPA slice thickness >1.5 mm (n=3), inadequate pulmonary artery
opacification <300 HU (n=3), significant respiratory motion (n=2) and respiratory motion with mixing
artefacts (n=1). The remaining 100 subjects all had complete data and were included in the final analysis.
There was no significant difference in terms of clinical characteristics between included and excluded
patients with the exception of higher brain natriuretic peptide (BNP), right atrial pressures and diastolic
pulmonary arterial pressures in the excluded group (table 1).

Among the 100 patients included in the study, the median (range) time between CTPA and PEA was 18
(1–615) days (96% within 6 months). In 91% of subjects, the CTPA closest to the date of surgery was
performed at our institution. Axial slice thickness of <1 mm in a mediastinal kernel was available for
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review in 92% of all subjects. A slice thickness of 1 mm was available in 7% and 1% had a slice thickness
of 1.3 mm.

CTPA and clinical characteristics
Of the 100 patients with adequate pre-operative CTPA, 20 were classified with level 1, 54 with level 2, 23
with level 3 and three with level 4. Overall, 74% of the CTPA levels were agreed upon by both radiologists
(weighted κ=0.64), with 70% of disagreements related to a failure to recognise more proximal disease.
Patient characteristics differed based on the level of disease (table 2). The proportion of females was
significantly higher in level 3 (83%), while the proportion of males was higher in level 2 (57%) and level 1
(55%). Patients with level 1 had lower 6-min walk distance (6MWD), and higher BNP and pulmonary
vascular resistance (PVR) compared with patients with level 2 and level 3. Patients with level 4 walked
further on their 6MWD, and had the lowest BNP and PVR values. Patients with level 3 had significantly
lower 6MWD compared with patients with level 2 (p=0.01), but there was no significant difference in BNP
and PVR between these two groups. Patients with level 3 and level 4 were more frequently treated with
targeted pulmonary hypertension therapy pre-operatively compared with patients with level 1 and level 2.

Surgical findings and outcome
At the time of surgery, 26 patients were classified with Jamieson type I disease, 30 with Jamieson type II
disease and 44 with Jamieson type III disease. The mean±SD time of circulatory arrest progressively increased
with the level of disease determined on CTPA from 41±10 min for level 1 to 47±13 min for level 2,
51±12 min for level 3 and 57±17 min for level 4 (table 3). Significant improvement in total pulmonary
resistance between the pre-operative value and the first post-operative day after PEA was observed for each
level of disease besides level 4 (figure 1). The duration of intubation, length of intensive care unit stay and
length of hospital stay was similar for each level of disease (table 3).

Radiological–pathological correlation
There was a significant association between the level of disease on CTPA and the Jamieson classification
found at surgery (figure 2). 70% of patients with level 1 on CTPA had Jamieson type I disease at surgery,
43% of those with level 2 had Jamieson type II disease, 87% of those with level 3 had Jamieson type III
disease and all three of those with level 4 had Jamieson type III disease at surgery (p<0.0001). Level 2 on

TABLE 1 Characteristics of included and excluded patients

Included patients Excluded patients p-value

Patients 100 13
Sex 0.6
Male 48 5
Female 52 8

Age years 58±15 61±13 0.5
Functional class 2.8±0.7 3.2±0.8 0.06
6MWD m 380±153 352±179 0.5
BNP pg·mL−1 253±378 623±835 0.006
Mean PAP mmHg 43±13 48±12 0.2
Systolic PAP mmHg 71±21 77±19 0.3
Diastolic PAP mmHg 26±9 31±4 0.05
RAP mmHg 10±5 13±4 0.04
PCWP mmHg 11±4 11±6 0.1
Cardiac index L·min·m−2 2.1±0.5 2.2±0.8 0.5
PVR dyn·s·cm−5 714±422 832±497 0.4
Pre-operative PH therapy 23 3 1.0
Type of disease ( Jamieson) 0.4
Type I 26 5
Type II 30 3
Type III 44 5

Hospital mortality after PEA 1 0 1.0

Data are presented as n or mean±SD, unless otherwise stated. 6MWD: 6-min walk distance; BNP: brain
natriuretic peptide; PAP: pulmonary arterial pressure; RAP: right atrial pressure; PCWP: pulmonary
capillary wedge pressure; PVR: pulmonary vascular resistance; PH: pulmonary hypertension; PEA:
pulmonary endarterectomy.
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CTPA was the least predictive of the type of disease found at surgery, with 20% Jamieson type I disease,
43% Jamieson type II disease and 37% Jamieson type III. Dividing level 2 on CTPA into level 2a and 2b
provided better correlation with the surgical finding. Jamieson type II disease was found in 46% of patients
with level 2a on CTPA and 27% of those with level 2b, while Jamieson type III disease was identified in

TABLE 3 Surgical outcome

Level 1 Level 2 Level 3 Level 4 p-value

Cardiopulmonary bypass time min 245±35 247±24 252±34 281±34 0.2
Cross-clamp time min 131±22 140±23 141±26 151±22 0.3
Total circulatory arrest min 41±10 47±13 51±12 57±17 0.03
Combined cardiac procedure 0.9
Coronary artery bypass graft 1 2 1 0
Resection of intracardiac mass 1 1 0 0
Closure venus sinosus 0 1 0 0

Duration of intubation days
Mean±SD 3.7±3.8 2.6±2.5 4.0±4.2 1.7±1.2 0.2
Median 2 2 3 1

Duration of ICU stay days
Mean±SD 5.8±4.0 4.8±4.1 6.3±4.1 5.0±3.0 0.8
Median 5 3 5 5

Duration of hospital stay days
Mean±SD 15±7 14±13 19±12 15±8 0.4
Median 13 10 15 15

Data are presented mean±SD or n, unless otherwise stated. ICU: intensive care unit.

TABLE 2 Patient characteristics according to the level of disease on computed tomography
pulmonary angiography

Level 1 Level 2 Level 3 Level 4 p-value

Patients 20 54 23 3
Female 9 (45) 23 (43) 19 (83) 1 (33) 0.01
Age years 60±16 57±13 59±17 42±16 0.2
Functional class 2.8±0.8 2.7±0.7 3.0±0.5 3.0±0.0 0.3
6MWD m 319±147 420±161 327±114 475±99 0.01
BNP pg·mL−1 460±508 190±299 243±383 49±66 0.04
Mean PAP mmHg 48±15 41±12 45±12 33±13 0.08
Systolic PAP mmHg 79±21 68±20 74±23 55±22 0.1
Diastolic PAP mmHg 30±12 25±8 26±8 20±9 0.1
RAP mmHg 11±6 10±4 11±5 5±2 0.2
PCWP mmHg 12±3 12±4 10±4 7±2 0.03
Cardiac index L·min·m−2 1.8±0.5 2.1±0.5 2.4±0.7 2.5±0.3 0.001
PVR dyn·s·cm−5 1029±556 611±335 731±387 458±241 0.001
Pre-operative echo RV size 0.9
Normal 2 11 5 1
Mild 2 10 4 1
Moderate 5 14 5 0
Severe 9 15 8 1

Pre-operative echo RV function 0.7
Normal 4 18 5 1
Mild 3 9 2 0
Moderate 6 15 11 2
Severe 4 7 4 0

Pre-operative PH therapy 3 (15) 9 (17) 9 (39) 2 (67) 0.04

Data are presented as n, n (%) or mean±SD, unless otherwise stated. 6MWD: 6-min walk distance; BNP:
brain natriuretic peptide; PAP: pulmonary arterial pressure; RAP: right atrial pressure; PCWP: pulmonary
capillary wedge pressure; CI: cardiac index; PVR: pulmonary vascular resistance; echo: echocardiogram;
RV: right ventricular; PH: pulmonary hypertension.
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28% of patients with level 2a and 73% of those with level 2b. Overall, CTPA was most accurate in
predicting segmental disease, with the likelihood of finding Jamieson type III disease at surgery reaching
73% for level 2b, 87% for level 3 and 100% for level 4.

Long-term outcome
After a median (range) follow-up of 34 (1–54) months, six patients died for an overall survival of 93% at
3 years. Survival was similar based on the level of disease on CTPA (figure 3). A total of 14 patients were
started on targeted pulmonary hypertension therapy for persistent or worsening symptoms and residual
pre-capillary pulmonary hypertension after PEA. The use of targeted pulmonary hypertension therapy was
significantly higher in patients with segmental disease on CTPA, reaching 28% at 3 years in level 2b/3/4
compared with 6% in level 2a and 13% in patients with level 1 (figure 3). In multivariate analysis, the level
of disease on CTPA was an independent predictor for targeted pulmonary hypertension therapy after PEA
(table 4).

Discussion
This study demonstrates the importance of CTPA in the evaluation of CTEPH patients for PEA. We also
showed that excellent quality CTPA is particularly beneficial in patients with segmental disease. Evidence
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of chronic thromboembolic disease at the ostium of the basal segmental branches of the pulmonary artery
on CTPA (level 2b) was associated with Jamieson type III disease at surgery in 73% of the patients and
evidence of chronic thromboembolic disease within the segmental artery only was associated with the
presence of Jamieson type III disease at surgery in 87% of the patients. Although very few patients with
chronic thromboembolic disease located in the distal segmental or subsegmental arteries (level 4) were
included, all these patients had Jamieson type III disease at surgery. The importance of CTPA in the
evaluation of patients with CTEPH is also demonstrated by the impact of the level of disease on the
duration of circulatory arrest and the need for targeted pulmonary hypertension therapy in the long term
after surgery.

Hence, accurate pre-operative classification of the level of disease on high-quality CTPA is important and
reliable, particularly in patients with segmental disease. PEA for segmental disease can be technically more
challenging and correct classification of disease allows optimal pre-operative planning. Pre-operative
imaging is critical to obtain the correct diagnosis and to predict surgical findings. This is particularly true
at a segmental level where a misdiagnosis can lead to very difficult post-operative management due to the
presence of residual pulmonary hypertension in the context of right ventricular dysfunction. As shown in
this study and others, the early and long-term outcomes of patients undergoing PEA can be excellent even
in patients with segmental disease [8, 11]. Despite this, there are physiological differences in segmental
disease and these patients are more likely to require targeted pulmonary hypertension therapy in the long
term compared with patients with more proximal disease. Hence, a correct classification of segmental
disease on CTPA remains important even in the long term, emphasising the value of classifying these
patients adequately upfront [12].

CTPA has an important role in the evaluation of CTEPH in the setting of acute and chronic pulmonary
emboli. Although a ventilation/perfusion scan remains the recommended imaging modality for screening
for CTEPH, CTPA is routinely used to confirm the presence of chronic pulmonary emboli in patients with
an abnormal ventilation/perfusion scan [2]. In addition, although its role is underreported, CTPA may
also identify patients with CTEPH at the time of acute pulmonary embolism where CTEPH was
unsuspected [13, 14]. Compared with conventional angiography, CTPA is noninvasive, faster to perform,
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TABLE 4 Independent predictors for pulmonary hypertension therapy after pulmonary
endarterectomy in multivariate analysis

Hazard ratio (95% CI) p-value

Level 2b/3/4 on CTPA 4.23 (1.24–14.39) 0.02
Male 0.49 (1.24–1.94) 0.3
PVR >1000 dyn·s·cm−5 1.59 (0.47–5.31) 0.5
Age ⩾60 years 1.93 (0.49–7.49) 0.4

CTPA: computed tomography pulmonary angiography; PVR: pulmonary vascular resistance.
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generates lower radiation and is less operator dependent. Hence, CTPA has become the standard of care
for suspected acute pulmonary embolism. In our practice, CTPA has also become our standard of care for
evaluation of patients with suspected CTEPH. A ventilation/perfusion scan continues to be done routinely,
but we reserve conventional pulmonary angiography for cases where additional imaging confirmation is
required, e.g. in the presence of a discrepancy between the ventilation/perfusion and CT scans.

The only case that was significantly misdiagnosed by imaging in this study was a patient with apparent
level 1 disease on CTPA determined to be a mixing artefact when surgery revealed Jamieson type III.
Although we ultimately excluded five subjects based on mixing artefacts, this case was included in the
analysis because the presence of the mixing artefact was not accurately identified. This reinforces the need
for optimal CT imaging in the pre-operative assessment of CTEPH. In cases where a mixing artefact is
suspected, we routinely repeat the CTPA with a modified technique including increased contrast
administration and delayed timing for optimal pulmonary artery opacification.

To the best of our knowledge, this is the first study that systematically correlates the surgical findings in
CTEPH with the CTPA level of disease. We found that CTPA was particularly helpful to predict surgical
findings in patients with segmental disease, which is important since these patients are potentially more
challenging to treat surgically. Excellent outcomes can be achieved for segmental level disease at centres
with high volumes and with experienced surgeons, hence emphasising the importance of high-quality
imaging to identify these patients and appropriately treat them. The CTPA classification was also helpful
to predict an increased risk of requiring targeted pulmonary hypertension therapy in the presence of
segmental disease, which could have implications on follow-up after PEA.

This CTPA classification scheme is based on the most proximal part of the chronic thromboembolic
disease and does not account for the extent of disease. In our experience, the value in defining the extent
of disease based on the correlation between the pulmonary angiogram and the PVR provides limited
additional information, and we pay much more attention to the location of the disease rather than its
extent. Although rare, the presence of unilateral lateral disease does represent a different group of patients
that should potentially be analysed separately.

Limitations in our study include the retrospective study design. However, despite this limitation, the
CTPAs were reviewed by two independent radiologists blinded to the outcome of the patients. The next
step would be to perform a study prospectively classifying the level of disease on CTPA using uniform
criteria across multiple centres, which would potentially yield a stronger correlation with surgical findings.
The CTPA findings correlated with clinical outcome and the need for targeted pulmonary hypertension
therapy after PEA, suggesting that the level of disease could also have implications for the management of
nonsurgical patients or for patients undergoing BPA.

In conclusion, this study demonstrates that there is strong correlation between imaging and surgical
findings, particularly at a segmental level. A recognised and internationally approved radiological
classification would be an important step forward in the evaluation of patients with CTEPH to recognise
the disease and refine the therapeutic approaches, particularly with the advent of BPA.
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