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Abstract
Objective To evaluate the diagnostic accuracy of contrast-
enhanced MR angiography (CE-MRA) and the added
benefit of unenhanced proton MR angiography compared
with CT pulmonary angiography (CTPA) in patients with
chronic thromboembolic disease (CTE).
Methods A 2 year retrospective study of 53 patients with
chronic thromboembolic pulmonary hypertension who under-
went CTPA and MRI for suspected pulmonary hypertension
and a control group of 36 patients with no CT evidence of
pulmonary embolism. The MRI was evaluated for CTE and

the combined diagnostic accuracy of ce-MRA and unen-
hanced proton MRA was determined. CE-MRA generated
lung perfusion maps were also assessed.
Results The overall sensitivity and specificity of CE-MRA in
diagnosing proximal and distal CTE were 98% and 94%,
respectively. The sensitivity improved from 50% to 88% for
central vessel disease when CE-MRA images were analysed
with unenhanced protonMRA. The CE-MRA identified more
stenoses (29/18), post-stenosis dilatation (23/7) and occlu-
sions (37/29) compared with CTPA. The CE-MRA perfusion
images showed a sensitivity of 92% for diagnosing CTE.
Conclusion CE-MRA has high sensitivity and specificity for
diagnosing CTE. The sensitivity of CE-MRA for visualisation
of adherent central and lobar thrombus significantly improves
with the addition of unenhanced proton MRA which
delineates the vessel wall.

Keywords Chronic thromboembolic pulmonary
hypertension . Pulmonary embolism . Contrast-enhanced
MR angiography . Non-contrast-enhanced proton MR
angiography . Pulmonary hypertension

Introduction

Chronic thromboembolic pulmonary hypertension (CTEPH)
is a serious complication of thromboembolic disease. It is one
of the leading causes of severe pulmonary hypertension (PH)
and is associated with considerable morbidity and mortality
[1]. The natural history of CTEPH is not fully understood,
but it is related to intraluminal thrombus organisation leading
to remodelling of the pulmonary arteries [2]. This subse-
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quently increases pulmonary vascular resistance (PVR)
resulting in pulmonary hypertension and progressive right
heart failure. It is estimated that 3.8% of patients suffering a
symptomatic acute pulmonary embolism (PE) will develop
CTEPH at 2 years [3]. Even among those who receive
appropriate treatment during their acute episode, the
thrombus may not resolve completely, resulting in CTEPH
[4–6].

The diagnosis of chronic thromboembolic disease (CTE)
is made principally through imaging. Traditionally, invasive
pulmonary angiography is considered to be the definitive
investigation for the diagnosis of CTE, especially to
evaluate the disease extent before surgical planning [7, 8].
With the advent of multidetector-row CT, CT pulmonary
angiography (CTPA) has replaced pulmonary angiography
[9–11]. In the last decade, MRI techniques such as
pulmonary MR angiography (MRA), lung perfusion imaging,
assessment of right ventricular haemodynamics and hyper-
polarised noble-gas imaging have proved to be promising for
the evaluation of patients with CTEPH [12, 13, 26].

The aim of our studywas to evaluate the diagnostic accuracy
of contrast-enhanced MR angiography (CE-MRA) and also to
assess the added benefit of unenhanced proton MRA using a
2D balanced Steady State Free Precession (bSSFP) sequence
compared with the gold standard, CTPA, in patients with
suspected proximal and distal chronic thromboembolic disease.

To our knowledge, there have been no published studies
analysing the added utility of this unenhanced proton MRA in
demonstrating chronic thromboembolism.

Methods

All patients referred to our institute for the evaluation of
CTEPH in the period from January 2008 to March 2010 were
considered for this study. The study patients belonged to the
following two groups: 53 patients with CTEPH and 36
patients with normal pulmonary artery pressure (mPAP<25)
on right heart catheterisation and no CT evidence of embolic
disease. All patients included in this study underwent CT and
MRI within a time interval of 48 h. The study had local
research ethics committee approval.

Magnetic resonance imaging was performed at 1.5 Tesla
(HDx system, GE Healthcare, Milwaukee, WI, USA).

Contrast-enhanced perfusion images were acquired using
a time-resolved 3D spoiled gradient echo sequence with
view sharing (TRICKS sequence) [Korosec, 1996 #339].
The sequence parameters were: coronal orientation, TE
1.1 ms, TR 2.5 ms, flip angle of 30°, FOV=48 cm2, 2x
Asset, 125 kHz bandwidth, slice thickness of 5 mm,
average of 32 slices and frame rate was two 3D volumes
per second. Acquisition times for the complete perfusion
angiogram sequence were on average 30 s. This sequence
was acquired during breathhold after intravenous adminis-
tration of 0.05 mL/kg of Gadovist (Schering, Berlin) at
5 mL/s, which was followed by a 20-mL saline flush. MR
perfusion images were created by subtracting one contrast-
enhanced image from its corresponding unenhanced image
on a MR workstation.

The high-resolution CE-MRA was preceded by a bolus of
contrast agent which was used for timing purpose. Approxi-
mately 15 mL of contrast agent was used for CE-MRA
ensuring the total dose of contrast does not exceed 0.3 mL/kg.
High-resolution CE-MRA was performed with following

Table 1 Overall sensitivity and specificity for CE-MRA compared
with CTPA in diagnosing chronic thromboembolic disease (CE-MRA:
contrast enhanced MR angiography)

CTE CTPA present CTPA absent Total

CE-MRA present 52 2 54

CE-MRA absent 1 34 35

Total 53 36 89

Sensitivity 98% (95% CI: 89–99), specificity 94% (81–99), positive
predictive value 96% (87–99), negative predictive value 97% (85–99)

Table 2 Sensitivity of CE-MRA and the added benefit of unenhanced MRA in the diagnosis of CTEPH as a function of site of disease (CE-
MRA: contrast-enhanced MR angiography)

CE-MRA/CTPA Sensitivity [%] Kappa CE-MRA +
unenhanced-MRA/CTPA

Sensitivity [%] Kappa

Central 4/8 50 0.95 7/8 87.9 0.86

Lobar 20/27 74.07 0.90 23/27 85.2 0.79

Segmental 34/42 80.95 0.81 34/42 80.95 –

Sub-segmental 3/29 10.34 0.74 3/29 10.34 –

*Inter-observer agreement (Kappa) between the two readers for CE-MRA and CE-MRA + unenhanced-MRA
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parameters: 3D Coronal Spoiled Gradient Echo, TE 1.0 ms,
TR 2.8 ms, flip angle of 30°, FOV=48 cm2, 2 × Asset, 300×
200 Matrix, 125 kHz bandwidth, slice thickness of 3 mm and
average of 60 slices. Both these breath-hold sequences were
acquired during inspiration.

Unenhanced proton MRA was performed as a stack of
coronal 2D SSFP images, with the following parameters:
TR 2.8 ms, TE 1.0 ms, flip angle of 50°, FOV=48 cm×
43.2 cm, 256×256 matrix, 125 kHz bandwidth and slice
thickness of 10 mm. This sequence was performed at full
inspiration before the CE-MRA with a total breath-hold
time of 12 s.

The CTPA was acquired on 64-slice MDCT (Light-
Speed General Electric Medical Systems) during a single
breath-hold and standard acquisition parameters were used:
100 mA with automated dose reduction, 120 kV, 1 pitch,
rotation time 0.5 s and 0.625-mm collimation. The field of
view was 400×400 mm with an acquisition matrix of 512×
512. 100 mL of intravenous contrast agent (Ultravist 300;
Bayer Schering, Berlin, Germany) was administered at a
rate of 5 mL/s.

The CTPAwas interpreted by two radiologists (C.H. and
C.D.) and was evaluated for evidence of thromboembolic

disease. The volumetric MRA dataset and maximum
intensity projection (MIP) images were reviewed on a
standard GE workstation by two independent radiologists
(S.R. and A.S.) blinded to the CT findings. In cases of
discrepancy between observers, a consensus read was
performed jointly by the two observers and this was used
in all further analysis. The image quality was assessed
subjectively and graded for artefacts as “none”, “mild”,
“moderate” or “non-diagnostic”.

The CE-MRA images were examined for the presence of
thromboembolic disease at central, lobar, segmental and
sub-segmental vessels. The presence or absence of signs of
chronic thromboembolism in the pulmonary artery such as
complete or partial obstruction, adherent thrombus, bands,
webs and post-stenotic dilatation was also studied. The
unenhanced proton MRA was similarly evaluated for
features of chronic thromboembolism and the combined
diagnostic accuracy of CE-MRA and unenhanced proton
MRA was assessed.

Finally, the CE-MR perfusion images were qualitatively
evaluated for the presence or absence of segmental
perfusion defects. Statistical analyses were performed with
SPSS software (Chicago, IL, USA) and a p value≤0.05 was

Fig. 1 CTPA (a), unenhanced MRI (b) and CE-MRA (c) show a thromboembolic material adherent to the right main pulmonary arterial wall

Fig. 2 A wall-adherent chronic
thromboembolism that was
visualised better on CTPA
(a) and unenhanced bSSFP
sequence (b) compared
with CE-MRA
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considered to indicate a statistically significant difference.
Direct comparison was made between MR and CTPA,
using CTPA as the reference method. A Chi-squared test
was used to establish sensitivity, specificity, positive and
negative predictive values for detecting the presence and
absence of PE. The Kappa statistic was used to determine
the level of agreement between the independent observers. In
cases of discrepancy between observers regarding abnormal-
ity detection, a final interpretation was obtained by consensus
during a second session.

Results

One hundred and six patients underwent MRI and CT for
suspected CTEPH. There were 63 patients with CTEPH
and 43 patients with no evidence of pulmonary hyperten-
sion or pulmonary embolism and for the purposes of this
study were considered ‘normals’. The mean age of the
patients was 61 years and the female to male ratio was 1.2.
In nine patients the renal function was impaired hence a
CE-MRA was not performed. Based on qualitative visual
assessment of image resolution, clarity and breathing
artefact, 33 MRI examinations were deemed to have mild
artefacts, 17 moderate artefacts and eight were considered

to be non-diagnostic. Eighty-nine MRI were of diagnostic
quality (53 patients with CTEPH and 36 ‘normal’ patients).

Of the 53 patients with CTEPH, 31 patients had
proximal disease (involving central and lobar vessels) and
22 had distal disease (distal to lobar vessels). The overall
sensitivity and specificity of CE-MRA in diagnosing CTE
were 98% and 94% respectively with a positive predictive
value of 96% and negative predictive value of 97%
(Table 1). One patient with isolated distal CTEPH was
missed on CE-MRA and two patients were misdiagnosed to
have CTEPH on CE-MRA.

The pulmonary vasculature was analysed for CTE at the
central, lobar, segmental and sub-segmental levels and the
ability of CE-MRA to identify disease at each of these
levels is summarised in Table 2 (Fig. 1). Our results showed
that the sensitivity for recognising lobar and segmental
disease was 74% and 81%, respectively. The sensitivity of
CE-MRA for appreciating central disease was compara-
tively low at 50%, the reason being the poor contrast of
smooth thromboembolic material adherent to the pulmo-
nary vessel wall on CE-MRA images. With the addition of
the unenhanced MRA sequence, which depicts the vessel
wall better, the sensitivity improved significantly from 50%
to 88% (Fig. 2). However we also found that using
unenhanced proton MRA in isolation resulted in poor
sensitivity (45%) and high false-positive rates for identifying
proximal disease as shown in Table 3. 12 of the unenhanced
MRA were non-diagnostic.

On assessing the various patterns of CTE disease
appreciated on CE-MRA and CTPA, CE-MRA helps to
recognise more stenosis (29 vs. 18), post-stenosis dilatation
(23 vs. 7) and complete vessel obstruction (37 vs. 29)
compared with CTPA (Fig. 3). CTPA was superior to CE-
MRA in identifying patients who had pulmonary wall
adherent thromboembolic material and intra-luminal webs
and bands (Table 4). An example is shown in Fig. 4.

Visual evaluation of CE-MRA-generated perfusion
images showed a high sensitivity (92%) but a lower

Table 3 Overall sensitivity and specificity for unenhanced MRA
compared with CTPA for diagnosing proximal chronic thromboem-
bolic disease

Proximal CTE CTPA present CTPA absent Total

Non-contrast MRA present 14 11 25

Non-contrast MRA absent 17 35 52

Total 31 46 77

Sensitivity 45% (95% CI: 27–64), specificity 76% (61–87), positive
predictive value 56% (35–76), negative predictive value 67% (53–80),
12 unenhanced MRA were non-diagnostic

Fig. 3 A central thrombotic
web demonstrated clearly
on CE-MRA (a) and
CTPA (b)
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specificity (75%) for the detection of CTEPH based on the
presence of segmental perfusion defects (Fig. 5). The
positive predictive value was 84% and the negative
predictive value was 87%. Table 5 shows the overall
accuracy of each MR sequence in the diagnosis of CTE.

Discussion

We have demonstrated that CE-MRA has very high
sensitivity and specificity in diagnosing the presence or
absence of chronic thromboembolic disease in a population
of patients with and without CTEPH undergoing evaluation

for suspected PH. We have also shown that the addition of
unenhanced proton MR improves the sensitivity of MR for
the detection of proximal clot and that CE-MRA is superior
in representing stenosis and post-stenotic dilatations com-
pared with CTPA. This is consistent with an increasing role
for MRI in the assessment of patients with suspected
thromboembolic disease.

Thromboembolic occlusion of the pulmonary arteries
due to unresolved pulmonary embolism is increasingly
recognised as a common cause of PH [1, 3] for which
surgery in selected cases can provide a cure.

Traditionally imaging techniques such as nuclear medi-
cine ventilation-perfusion (V/Q) scintigraphy, pulmonary
angiography and more recently CTPA have been used in
the diagnostic work-up of patients with suspected CTEPH
who are considered to be potential surgical candidates. V/Q
scintigraphy has a very high negative predictive value and a
normal V/Q scintigram practically rules out the presence of
CTEPH [14]. However it is known to grossly underestimate
the degree of large vessel obstruction and plays a very
limited role in the assessment of the extent of disease [15].
Pulmonary angiography is still considered by many to be
the definitive investigation for assessment of surgically
treatable CTEPH. The main disadvantage of this technique
is that the acquisition of high-quality images and the
interpretation of angiograms can be challenging. In addi-

Table 4 Pattern of morphological changes found in CE-MRA and
CTPA (ce-MRA: contrast-enhanced MR angiography)

Pattern of CTE CE-MRA CTPA Kappaa

Webs and bands 12 54 0.86

Stenosis 29 18 0.82

Post-stenotic dilatation 23 7 0.79

Occlusion 37 29 0.80

Adherent emboli 19 36 0.74

a Inter-observer agreement (Kappa) between the two readers for
CE-MRA

Fig. 4 An example of a
maximum intensity projection
(MIP) image (a) and CE-
MRA-generated lung perfusion
map (b) showing perfusion
defects in a patient with
CTEPH (above) and in a
normal patient (below)
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tion, with the advent of CTPA for the evaluation of acute
PTE the number of experienced operators able to provide a
high-quality diagnostic service is rapidly diminishing and
becoming increasingly confined to specialist pulmonary
vascular centres. The invasive nature of this investigation
must also be considered as it can cause discomfort and
comes with a mortality risk, albeit small [16]. Patients with
CTEPH will often require repeated studies to confirm the
diagnosis, to assess the course of the disease and to monitor
outcome and hence an alternative radiation-free imaging
technique would be ideal.

Contrast-enhanced MRA is increasingly recognised as a
valuable technique for imaging the pulmonary vasculature
in patients with suspected CTEPH [19, 26]. With the appli-
cation of faster gradients and parallel imaging techniques,
the duration of the breath-holding for the MRA sequences
are significantly reduced and can rapidly characterise the
pulmonary vasculature even in a symptomatic patient
(breath-hold <20 s). MRI perfusion imaging can provide
information about the presence of perfusion defects at
higher spatial resolution than perfusion scintigraphy. These
functional haemodynamic-sensitive MR techniques have
the potential to quantify the pulmonary blood flow and
regional pulmonary vascular resistance and predict the
surgical outcome [20, 21]. The presence of dilated
bronchial arteries has been shown to correlate with a lower

mortality rate after pulmonary thrombo-endarterectomy and
CE-MRA has been shown to accurately estimate the flow in
the bronchial arteries in patients with CTEPH [22]. An MR
technique that can demonstrate pulmonary vasculature
without the use of contrast agent would be very useful
and bSSFP is particularly suitable as it offers good contrast
from the blood pool because of its inherent long T2
compared with tissue. Studies using this sequence in the
imaging of coronary arteries have shown promising results
[23, 24]. One of the main difficulties of 3D SSFP coverage is
the prolonged breath-hold time which can potentially be
overcome by using a free-breathing navigator-gated technique
[25].

In our study, CE-MRA had overall high sensitivity and
specificity in identifying the presence or absence of
proximal and distal chronic thromboembolic disease com-
pared with CTPA and importantly images of a quality
sufficient to make a confident diagnosis were made in 92%
of cases. The various patterns of thromboembolic diseases
were also well depicted on CE-MRA. The main problem
arose in viewing adherent thrombotic material that was
flushed with the vessel wall. One of the reasons for the
insensitivity of CE-MRA in identifying central disease was
that the vessel wall is not visualised in axial image data or
the MIP images. This makes it difficult to appreciate the
wall-adherent changes on CE-MRA in some patients.

Fig. 5 a An example of an MIP
generated from CE-MRA
sequence showing complete
occlusion of the right lower
lobar branch and b showing
stenosis with post stenotic
dilatation in a patient
diagnosed with CTEPH

Table 5 Overall accuracy for each MR sequence in the diagnosis of chronic thromboembolic disease (CE-MRA: contrast-enhanced MR
angiography, PPV: positive predictive value, NPV: negative predictive value)

Diagnosis of CTE Sensitivity [%] Specificity [%] PPV [%] NPV [%]

CE-MRA 98 94 96 97

Non-contrast MRA (proximal disease) 45 76 56 67

MR lung perfusion 92 75 84 87
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However, with the addition of a simple unenhanced MRA
sequence the vessel wall is clearly delineated, which
significantly improved the identification of the central and
lobar adherent thrombotic disease in our study. In a 2D-
bSSFP image, the thrombus is demonstrated as an area of
very low signal intensity compared with hyperintensity
surrounding flowing blood. As the vessel wall is clearly
visualised with this sequence, any wall-adherent thrombo-
embolic material is readily recognised.

Our study showed that there were false-positive results
when unenhanced MRA images were used in isolation. The
high false-positive rate was due to the relatively low spatial
resolution of the bSSFP sequence (Fig. 6), but this could be
improved easily by increasing the data acquisition time or
performing repeat imaging at higher resolution on selected
slices of interest (Fig. 7). Hence our recommendation is to
use unenhanced MRA images as a routine adjunct to CE-
MRA especially when assessing for proximal disease.
Previous studies in patients with CTEPH have shown
misdiagnosis of central wall-adherent thromboembolic
material with both pulmonary angiography and CT and this

was thought to be due to multiple factors [17, 18]. In
chronic CTE, the residual thrombus is incorporated into the
vessel wall and is covered by a new epithelial layer
smoothing the intimal surface [17]. In CE-MRA, as in
DSA and CTPA, the vessel lumen is filled with contrast
medium and, in the absence of a wall irregularity, adherent
thrombus may easily be missed.

In conclusion, CE-MRA has very high sensitivity and
specificity in identifying patients with proximal and distal
CTEPH. One of the limitations of CE-MRA, as with DSA, is
the inability to accurately identify wall-adherent thromboem-
bolic material. This can be overcome to an extent with the use
of an unenhanced bSSFP sequence. With the added benefit of
the functional and quantitative information, MRI can provide
a holistic picture of the extent and severity of the disease and
provides valuable information that complements CTPA in the
assessment of patients with suspected surgically accessible
CTEPH. In addition the non-ionising nature of this investiga-
tion makes it attractive in the initial evaluation of patients with
persisting breathlessness following acute PTE and in the
follow-up of patients with CTEPH.

Fig. 6 An example of an MIP
generated from CE-MRA
sequence (a) and from the
2D unenhanced bSSFP (b)
with slice thickness of 10 mm
in a patient with CTEPH

Fig. 7 An example of a MIP
generated from CE-MRA
(a) and from a stack of 2D-
bSSFP images using a slice
thickness of 4 mm (b)
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