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resonance angiography with 2D cine MRI for characterizing

anatomy and size
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Pulmonary vein imaging is integral for planning atrial fibrillation ablation procedures. We tested the feasibility of quantifying pulmonary
vein ostial diameter using two-dimensional cine cardiac magnetic resonance (2D cine CMR) and three-dimensional magnetic resonance
angiography (3D MRA). Nine patients with a history of atrial fibrillation and 20 normal volunteers underwent 2D cine CMR and contrast-
enhanced 3D MRA of pulmonary veins on a 1.5 T scanner. Pulmonary vein ostial diameters were measured and pulmonary vein vessel
border sharpness was graded qualitatively. Both techniques provided excellent pulmonary vein imaging; however, 3D MRA was faster to
perform. The average difference between the systolic and diastolic pulmonary vein diameter was 2.5 mm (23.2%, p < 0.0001) in normal
volunteers and 2.2 mm (16.9%, p < 0.0001) in atrial fibrillation patients. The ostial diameter measurements by 3D MRAwere significantly
larger than on 2D cine CMR. Additionally, the pulmonary vein borders appeared sharper with 2D cine CMR compared to 3D MRA. In
conclusion, the 2D images can resolve differences in diameter across the cardiac cycle, while the 3D images provide high quality anatomical
depiction but blur borders due to pulsatile motion. We suggest a protocol combining 2D cine CMR and 3D MRA for comprehensive
evaluation of pulmonary veins.

Key Words: Pulmonary vein; Magnetic resonance imaging; Magnetic resonance angiography; Atrial fibrillation

1. Introduction

In some patients with atrial fibrillation, the arrhythmia
originates in ectopic foci located near the pulmonary veins
(1, 2). Most of these ectopic foci (94%) tend to be within 2–4
cm of the junction of the atrium and pulmonary veins, making
electrophysiological ablation of these foci possible (1).
Pulmonary vein imaging is considered an integral part of
this procedure and is currently accomplished by invasive
angiography (3), intra-cardiac echocardiography (4, 5), or by
computed tomography using iodinated contrast agents (6, 7).

Three-dimensional contrast-enhanced magnetic resonance
angiography (3D MRA) is rapidly becoming an important
method for the anatomical delineation and sizing of
pulmonary veins for pre-ablation planning, and assessment

of the patency of pulmonary veins after the ablation procedure
(8–12). 3D MRA has the advantage of being noninvasive,
does not involve radiation exposure or require iodinated
contrast agents, and provides a three-dimensional tomo-
graphic evaluation of proximal pulmonary veins with high
spatial resolution and excellent contrast. Two-dimensional
cine cardiac magnetic resonance (2D cine CMR) imaging of
the heart using a segmented ECG-gated steady-state free
precession (SSFP) sequence and breath holding is generally
considered a reference standard for cardiac and vascular
dimensions. This may be important in pulmonary vein im-
aging since the pulmonary veins, by virtue of their attach-
ment with the heart and the blood pulsatility, move during
the cardiac cycle (13, 14).

This study tested the feasibility of using pulmonary vein
imaging with ECG-gated 2D cine CMR and contrast-enhanced
3D MRA techniques to delineate anatomy and measure
the ostial diameters. We hypothesized that pulsatile motion of
the pulmonary veins would blur the vessel borders on the
non-ECG gated 3D MRA and would lead to overestimation of
the ostial diameters. Therefore, we quantified changes in
diameter of the pulmonary veins during systole and diastole
using an ECG-gated 2D SSFP technique and compared these
measurements with diameters determined from 3D MRA.
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2. Methods

2.1. Subjects

Pulmonary vein MRI imaging was performed on nine patients
with atrial fibrillation (AFib), five males, four females, mean
age 56.9 ± 6.8 years. Out of these patients, five were in atrial
fibrillation at the time of the MRI scan. We also imaged 20
normal volunteers (NV), 10 males, 10 females, mean age
41.7 ± 10.7 years. All patients gave informed consent prior to
the study.

2.2. Pulmonary vein imaging

All imaging was performed on a 1.5 T MR scanner (Signa
CV/i, G.E. Medical Systems, WI) using a four-element
cardiac phased array coil.

After obtaining scout images, the pulmonary vein imaging
protocol began with the 2D cine CMR imaging performed
with the following scan parameters: axial and oblique im-
aging planes, ECG-gating, 12 views per segment, 192 � 160
matrix, typical field of view 28 � 28 cm, 5-mm slice

thickness, no gaps, 12–15 second breath-hold, ± 125 kHz
receiver bandwidth, TR/TE/flip = 3.5 ms/1.3 ms/45�. Multi-
ple contiguous slices (roughly six to seven slices) were
acquired to cover all the pulmonary veins. With experience
we found that an oblique imaging plane parallel to the left
ventricular short-axis plane was better for displaying the
superior pulmonary veins, whereas the axial plane was better
for displaying the inferior pulmonary veins (Fig. 1).

The contrast-enhanced MRA exam was performed using
0.2 mmol/kg of gadolinium-DTPA (Magnevist, Berlex)
injected intravenously at 1 cc/s, followed by 20 cc of saline
flush at 1 cc/s. Timing the start of the 3D scan was based on a
dose-timing scan [2 cc of contrast injected at 1 cc/s, followed
by a saline flush (15)]. The start of the scan was timed to
begin 4 seconds after first arrival of contrast in the pulmonary
veins. Scan parameters were: 3D spoiled gradient echo
acquisition, coronal plane, 256 � 192 matrix with three-
fourths phase field of view, 2–3-mm thick slices (zero-filled
to 1–1.5-mm thickness), 24–16 partitions, ± 32 kHz receiver
bandwidth, TR/TE/flip = 5 ms/1.5 ms/45�, fractional echo,
and a sequential acquisition order.

Figure 1. Imaging planes for 2-D cine CMR acquisition. a) axial plane for inferior pulmonary veins. b) oblique plane for superior
pulmonary veins.

Figure 2. 2D cine CMR images of the pulmonary veins in a normal volunteer. Abbreviations: PA = pulmonary artery, Ao = aorta,
LA = left atrium, LSPV = left superior pulmonary vein, RSPV = right superior pulmonary vein, LIPV = left inferior pulmonary vein,
RIPV = right inferior pulmonary vein.
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2.3. Pulmonary vein measurements

On 2D cine CMR images, the largest (i.e., in systole) and
smallest (i.e., in diastole) pulmonary vein cross-sectional
diameters across the cardiac cycle were identified and the
measurements were made at the ostium (veno-atrial junction).
The 3D data sets were reformatted on the scanner console
(General Electric Medical Systems) to view the pulmonary
veins in cross-section for ostial measurements.

2.4. Pulmonary vein border sharpness
(sharpness score)

To qualitatively assess the pulmonary vein border sharpness,
we devised a Sharpness Score as follows: 1 = poor, 2 = fair,
3 = good, and 4 = excellent border sharpness. Each pulmo-
nary vein was then assigned a Sharpness Score on 2D cine
CMR and 3D MRA images.

2.5. Statistical analysis

All measures are reported as mean ± standard deviation. The
2D SSFP and 3D MRA measurements were compared using
the Student’s t-test. The cut-off for statistical significance was
p < 0.05.

3. Results

Pulmonary vein imaging by 2D cine CMR was successful-
ly completed in all 29 subjects, while one normal volunteer
had an unsuccessful 3D MRA due to a contrast injec-
tion error.

3.1. Pulmonary vein anatomy

Anatomical classification was based on the description by
Kato et al. (10). Pulmonary vein anatomy by 2D cine CMR
and 3D MRA imaging is shown in Figs. 2–5. Most of the
subjects (66%) had the typical anatomy with four pulmonary
vein ostia (Fig. 2: 13 normal volunteers and six atrial fi-
brillation patients). The next common pattern was an
accessory right pulmonary vein from the middle lobe (28%,
Figs. 3 and 4: five normal volunteers, three atrial fibrillation
patients), followed by a short common left trunk (14%,
Fig. 5a: four normal volunteers), combined right accessory
vein and short common left trunk (10%, three normal
volunteers), and a long common left trunk (3%, Fig. 5b:
one normal volunteer). Atrial fibrillation did not adversely
affect pulmonary vein image quality for either 2D or
3D acquisitions.

Figure 4. 3D MRA of pulmonary veins. Right accessory pulmonary vein is shown (arrow). Abbreviations as in prior figures.

Figure 3. 2D cine CMR images of pulmonary veins in a patient with atrial fibrillation. The arrow points to the right accessory pulmonary vein.
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3.2. Pulmonary vein size

Pulmonary vein diameter measurements by 2D cine CMR are
summarized in Table 1. In normal volunteers, the left inferior
pulmonary vein had the smallest diameter compared to other
pulmonary veins. For all pulmonary veins there was a sig-
nificant difference between the largest and the smallest pul-
monary vein diameter across the cardiac cycle, with an
average difference of 2.5 mm (p < 0.0001).

In patients with atrial fibrillation, the inferior pulmonary
vein also had the smallest diameter. The average difference

between the largest and smallest diameter across the cardiac
cycle was 2.2 mm (p < 0.0001). Overall, the mean diameter
change was less in patients with atrial fibrillation compared to
normal volunteers (p = 0.03).

Figure 6 displays the pulmonary vein diameter comparison
between patients with atrial fibrillation and normal volun-
teers. When all pulmonary veins were grouped together, the
pulmonary vein diameters were larger in patients with atrial
fibrillation compared with normal volunteers (p < 0.0001).
For individual veins, the right superior and inferior pul-
monary veins were significantly larger in patients with atrial
fibrillation, while the left superior and inferior veins were not
significantly different between the two groups.

Table 2 compares the 3D MRA measurements with the 2D
cine CMR in normal volunteers and patients with atrial
fibrillation. Overall, the ostial diameters by 3D MRA were
significantly larger than 2D cine CMR measurements, both in
normal volunteers (p < 0.0001) and in patients with atrial
fibrillation (p = 0.005).

Table 1. Pulmonary vein ostial measurements by 2-D cine CMR

Measured site LSPV (mm) RSPV (mm) LIPV (mm) RIPV (mm) Grouped (mm)

NV
Largest 13.2 ± 1.9 14.0 ± 1.8 10.9 ± 1.6 13.0 ± 2.3 12.8 ± 2.2
Smallest 10.4 ± 2.2 11.1 ± 1.9 8.8 ± 1.7 10.9 ± 2.0 10.9 ± 2.1
Difference 2.9 ± 1.4 2.9 ± 1.9 2.2 ± 1.1 2.2 ± 1.6 2.5 ± 1.6
p-value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001

AFib
Largest 13.5 ± 2.6 16.5 ± 3.3 11.9 ± 2.3 16.1 ± 3.6 14.5 ± 3.5
Smallest 12.4 ± 2.8 13.6 ± 2.7 10.0 ± 2.6 13.2 ± 2.7 12.3 ± 2.9
Difference 1.1 ± 1.3 2.8 ± 1.6 1.9 ± 1.8 3.0 ± 1.7 2.2 ± 1.7
p-value 0.03 0.001 0.01 0.001 < 0.0001

Figure 5. Pulmonary vein anatomical variants. a) Short left
common trunk (arrow). b) Long left common trunk (arrow).

Figure 6. Pulmonary vein ostial diameter in normal volunteers
compared to patients with atrial fibrillation.

Syed et al.358



3.3. Sharpness score and pulmonary vein motion

Table 3 displays the sharpness score for all pulmonary veins
in normal volunteers and in atrial fibrillation patients. In both
groups, the pulmonary vein borders appeared more blurred
with the 3D MRA technique as characterized by significantly
lower sharpness scores compared to 2D cine CMR technique.

4. Discussion

We compared pulmonary vein imaging by ECG-gated 2D
cine CMR technique with a non-ECG-gated 3D MRA
method. The size of pulmonary veins was overestimated by
3D MRA measurements compared to 2D cine CMR. Pulmo-
nary vein size changes significantly in systole and diastole as
measured by 2D cine CMR. The pulmonary vein borders
were significantly more blurred on the 3D MRA acquisition
than 2D cine CMR. We believe this blurring is due to the
pulmonary vein pulsatile motion and displacement across the
cardiac cycle leading to overestimation of pulmonary vein
size with a non-ECG-gated MRA.

Interestingly, in patients with atrial fibrillation, the
significant difference between 3D and 2D measurements
was not seen in all pulmonary veins, which may be due to
decreased pulmonary vein pulsatility in atrial fibrillation. We
also found that the right-sided pulmonary veins were larger in
patients with atrial fibrillation than in normal volunteers.

The most common anatomical variant in our study was the
presence of a right accessory pulmonary vein. This was
followed by the presence of common trunk, mostly on the left
side. Anatomical definition of the pulmonary veins and their
variants was roughly equivalent using 2D cine CMR and
3D MRA.

Because of the emergence of atrial fibrillation ablation
therapy, there is great interest in characterizing the anatomy
and size of pulmonary veins to provide a ‘‘road map’’ for the
procedure and to monitor for post-procedure pulmonary vein
stenosis. Increasingly, electroanatomical mapping systems al-
low incorporation of CMR data to construct cardiac anatomy
during the electrophysiological procedure. There are several
reports in the literature, all of which have exclusively used 3D
MRA techniques for this purpose. In patients with atrial
fibrillation, Wittkampf et al. (9) found that the pulmonary
vein ostial diameter varied significantly depending upon the
projection used for measurement. This difference was more
pronounced in left-sided pulmonary veins based on their oval
shaped ostia compared to more round shaped ostia of the right
sided pulmonary veins. Kato et al. (10) also found the
pulmonary vein ostia to be oblong with the superior-inferior
diameter significantly greater than the anterior-posterior
diameter, but did not find significant differences in pulmonary
vein diameters within a given patient. However, both studies
used non-ECG-gated 3D MRA techniques for image
acquisition and did not compare this with ECG-gated 2D
cine CMR. Our study demonstrates that because of
pulmonary vein motion across the cardiac cycle and non-
gated acquisition, the 3D MRA overestimates the pulmonary
vein diameter.

4.1. Limitations

The study has several limitations that must be considered. The
3D data sets were collected with 1.5-mm-thick slices (zero
filled), which was lower than the in-plane resolution, thereby
perhaps contributing to spatial blur. However, this slice-
thickness (2–3 mm) is typical of that used in pulmonary
vein assessment with contrast MRA (16–18). Since the
pulmonary veins are attached to the cardiac chamber, the 3D
data may also be blurred by translational motion during the
cardiac cycle, which we did not measure. The pulmonary vein

Table 2. 2-D cine CMR vs. 3-D MRA pulmonary vein measurements

Imaging technique LSPV (mm) RSPV (mm) LIPV (mm) RIPV (mm) Grouped (mm)

NV
2D mean 11.6 ± 2.0 12.6 ± 1.6 9.9 ± 1.6 11.9 ± 2.0 11.5 ± 2.0
3D 13.7 ± 1.5 13.3 ± 2.5 12.9 ± 2.4 13.8 ± 2.1 13.4 ± 2.2
p-value 0.005 0.16 < 0.0001 0.006 < 0.0001

AFib
2D mean 12.9 ± 2.6 15.1 ± 2.9 11.0 ± 2.3 14.6 ± 3.1 13.4 ± 3.1
3D 14.2 ± 1.6 16.1 ± 2.5 14.1 ± 4.1 14.5 ± 2.0 14.7 ± 2.7
p-value 0.07 0.13 0.02 0.83 0.005

Table 3. Sharpness score

Imaging

technique LSPV RSPV LIPV RIPV

NV
2D 3.2 ± 0.6 3.5 ± 0.7 3.7 ± 0.6 3.5 ± 0.9
3D 2.2 ± 0.8 2.0 ± 0.7 2.2 ± 0.7 2.7 ± 0.5
p-value 0.0003 < 0.0001 < 0.0001 0.001

AFib
2D 3.4 ± 0.7 3.6 ± 0.5 3.7 ± 0.5 3.4 ± 0.7
3D 2.3 ± 0.5 2.3 ± 0.7 2.1 ± 0.6 2.2 ± 0.4
p-value 0.01 0.005 0.001 0.002

Note: Sharpness score: 1 = poor, 2 = fair, 3 = good, 4 = excellent.

359Pulmonary Vein MRI: 2D vs. 3D



measurements were made in the anterior-posterior plane,
which may provide slightly smaller diameter than the su-
perior-inferior plane measurements; however, as both 2D cine
CMR and 3D MRA measurements were done in the same
plane, this is unlikely to affect the results of this study.
Although 2D cine CMR provided excellent pulmonary vein
imaging for measurements, it required a breath hold for
acquiring each slice (usually six to eight slices to cover all
pulmonary veins). On the other hand, 3D MRA required only
two breath holds (20–25 seconds each), was faster to
perform, and provided excellent anatomical information.

5. Conclusion

Pulmonary vein imaging with the 2D cine CMR using ECG-
gated steady-state free precession technique provides easily
measurable largest and smallest ostial diameters across the
cardiac cycle. This technique is useful for pulmonary vein
imaging in patients with atrial fibrillation as well as sinus
rhythm. Pulmonary veins ostial diameter change significantly
between systole and diastole, around 2–2.5 mm (17%–24%)
in atrial fibrillation patients and normal volunteers, which
contributes to blurring of pulmonary vein borders. These
findings may be useful when imaging pulmonary veins and
sizing vein ostia for ablation procedures. We suggest a
protocol combining 2D cine CMR and 3D MRA for com-
prehensive evaluation of pulmonary veins in clinical practice.
The 2D images are sharper and can resolve differences in
diameter across the cardiac cycle, while the 3D images
provide high quality anatomical depiction but blur borders
due to pulsatile motion.

Abbreviations

SSFP steady-state free precession
2D two-dimensional
3D MRA three-dimensional magnetic resonance angiogra-

phy
NV normal volunteer
AFib atrial fibrillation
LSPV left superior pulmonary vein
LIPV left inferior pulmonary vein
RSPV right superior pulmonary vein
RIPV right inferior pulmonary vein
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