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Abstract
Purpose—This study compares pulmonary vein and left atrial anatomy using 3D free-breathing
whole-heart magnetic resonance imaging (MR) at 3T and multi-detector computed tomography
(MDCT).

Materials and Methods—Thirty three subjects (19 male, age 49±12 years) underwent free-
breathing 3T MR and contrast-enhanced MDCT during inspiratory breath hold. Pulmonary vein
parameters (ostial areas, diameters, angles) were measured.

Results—All pulmonary veins and anomalies were identified by 3T MR and by MDCT. The
right-sided pulmonary veins were directed more posteriorly, the right superior pulmonary vein
more inferiorly, and the right inferior pulmonary vein more superiorly by 3T MR when compared
with MDCT. The cross-sectional area, perimeters and minimum diameters of right-sided
pulmonary vein ostia were significantly larger by MR, as were the maximum diameters of right
and left inferior pulmonary veins. There were no significant differences between techniques in
distance to first pulmonary vein branch.

Conclusion—Pulmonary vein measurements demonstrated significant differences in angulations
and dimensions when 3T MR is compared with MDCT. These differences likely represent
hemodynamic and respiratory variation during free-breathing with MR versus breath-holding with
MDCT. MR imaging at 3T during free-breathing offers an alternate method to define pulmonary
vein and left atrial anatomy without exposure to radiation.
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INTRODUCTION
When atrial fibrillation is refractory to drug treatment, one possible therapy is catheter
ablation to isolate an arrhythmogenic focus in a pulmonary vein (PV) from the left atrium
(LA) (1). Accurate measurement of PV ostial parameters is important to determine optimal
size of a perimetric mapping or ablation catheter (2). It is also essential to obtain a detailed
knowledge of anatomic relations, presence of accessory veins, and common ostia at the LA-
PV junction to reduce post-procedural problems such as remodeling of LA and PV, and PV
thrombosis or stenosis (3–9). State-of-the-art assessment techniques involve integration of
3D reformatted pre-procedural images of LA and PV with an electro-anatomic map obtained
during ablation to reduce radiation exposure and to improve procedural safety and efficacy
(3,10). Multi-detector computed tomography (MDCT) or magnetic resonance imaging (MR)
is used for PV angiography (4,6,8,11). MDCT provides high resolution 3-dimensional
images to construct volume renderings of delicate structures and to facilitate accurate
catheter orientation. However, breath-holding required during MDCT and most 1.5T MR
sequences can alter the usual anatomic layout of the LA-PV junction observed during
normal respiration (12–14).

Compared to 1.5T, 3T offers higher signal-to-noise ratio that may be traded for better spatial
resolution and reduced acquisition times by using parallel imaging techniques (15).
Additionally, the slower change in TI relaxation at 3T allows for a more consistent
determination of the nulling time and longer acquisitions using T1 inversion recovery
techniques at 3T to achieve the desired myocardial nulling. This, in combination, with a
smaller voxel size thereby improves image quality and patient comfort using free breathing
techniques (16). Image acquisition during free breathing may also be useful as it resembles
more closely anatomical and physiological conditions present during catheter intervention
that is performed during normal breathing.

This pilot study investigates the feasibility of free-breathing whole-heart inversion recovery-
prepared contrast-enhanced imaging optimized at 3T for adequate anatomical assessment of
PVs and LA. Parameters measured from 3D whole heart acquisition obtained during free-
breathing 3T MR imaging were compared with those measured using contrast-enhanced
MDCT angiography during an inspiratory breath hold.

MATERIALS AND METHODS
Study Population

Thirty three healthy subjects with cardiovascular risk factors (19 males, mean age 49 ± 12
years, range 19–73) gave written informed consent for cardiac MDCT and 3T MR imaging
as part of a research protocol approved by the local Institutional Review Board and
compliant with patient privacy rules. No subject had a known congenital cardiac anomaly or
any thoracic process that would distort the anatomy of the PVs.

Multi-detector Computed Tomography (MDCT)
MDCT angiography was performed on all subjects using a 16-detector CT scanner
(Brilliance 16, Philips Healthcare). The MDCT protocol was similar to previously described
techniques (17). Briefly, 50–100 mg of metoprolol was administered orally 30–60 minutes
before MDCT to lower the heart rate below 65 beats per minute. Nitroglycerin was not used.
Single breath hold MDCT was performed using a tube voltage of 120 kV, a current of 400–
500 mAs, 220-mm field of view, and retrospective ECG gating. Nonionic vascular contrast
enhancement material (120–130 ml of iopamidol, Isovue, Bracco Diagnostics) followed by
50 ml normal saline was injected through an 18- to 20-gauge peripheral venous access at a
rate of 4–5 ml/s. Post processing analysis and interpretation of the axial and the multiplanar
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reformatted images were performed by consensus of two readers using a 3D software tool
(Virtual Place, AZE, Japan).

Magnetic Resonance Imaging
All participants underwent MR imaging performed using a 3T Intera system (Philips
Medical Systems, Best, The Netherlands), a six-element cardiac phased-array receiver coil,
and vector electrocardiographic gating. After preparatory scans, a free-breathing 3D
inversion recovery (IR) imaging technique, that has been described for coronary MR at 3T,
was used for all subjects (18,19). Intravenous contrast (0.2 mmol/kg of 500 mM Gd-
BOPTA) followed by the same volume of normal saline was injected using a power-injector
(Spectris, Medrad, Warrendale, PA) at a rate of 0.2cc/sec. A whole-heart acquisition using
inversion-recovery preparation (IRprep) pulse was performed starting 5 minutes after the
start of contrast injection. The whole -heart scan utilized respiratory navigator for respiratory
gating (acceptance window=5mm). A 3D volume acquisition covering the whole heart
segmented gradient echo sequence (TR/TE=4.4/1.4msec, turbo factor=27, 20° flip angle, 60
2-mm-thick partitions interpolated to 120-mm-thick partitions during reformatting) was
performed in the transaxial plane, with an acquired voxel size of 1 × 1 × 2 mm3. The
inversion time for IRprep was set at 220ms to allow nulling of the myocardium with an
acquisition window of 119ms set for diastolic rest period. Parallel imaging was utilized
(SENSE factor of 2). Images were acquired on the same day as the MDCT. The prescribed
acquisition time was 4.55 minutes, and completed in 10–12 minutes with a navigator
efficiency of 50%–60%. Maximum intensity projections and multiplanar reformatted images
of left atrium and pulmonary veins were obtained to be reviewed by two readers in
consensus on a 3D software tool (Virtual Place, AZE, Japan). Studies were ordered
randomly and data were analyzed in the diastolic rest period by two blinded readers.

Assessment of Pulmonary Veins and Left Atrium
The LA was inspected for location of PVs, including right superior (RSPV), right inferior
(RIPV), left superior (LSPV), and left inferior (LIPV), as well as any anomalous veins. The
true ostial plane of the PVs and parameters were determined from MDCT and MR images
applying a previously established method using orthogonal planes (transverse, sagittal, and
coronal) and multiplanar reformatting (2,20). Briefly, the central axis of each PV was
identified by drawing a line along the center of the PV on the transverse images. Images
were reformatted along the line. Then, a line perpendicular to the central axis of the PV was
placed at the ostium of each PV (Figure 1), defined as the most proximal image in which the
PV was distinct from the LA. A coronal-oblique image perpendicular to the pre-defined
central axis was reformatted. Antero-posterior (AP) and superior-inferior (SI) angles were
measured between the central axis of each PV (solid lines) and the subject’s coronal (A, D)
and axial (B, E) planes respectively (dotted lines; Figure 1).

The reformatted oblique-sagittal plane perpendicular to the central axis of the PV and the
junction of the PV wall and LA wall was defined as the ostial plane. A common ostium was
present if the PVs united before merging with the outer LA contour in the orthogonal planes.
If a common ostium was present, the ostial plane for each PV was identified and measured
separately.

Using reformatted oblique sagittal images, the perimeter (P) and cross sectional area (CSA)
of PV ostia were outlined and measured (Figure 1). The maximum and minimum diameters
of PV ostia (Dmax, Dmin) were measured with calipers placed across the ostial plane. The
ratio Dmax/Dmin estimated roundness. The distance to the first PV branch was measured
from the registered oblique-sagittal ostial plane to the parallel plane where separation of first
branch was visible. All measurements were repeated three times and mean values generated.
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Variability in Measurements
PV measurements were determined by consensus of two blinded readers. These
measurements were compared with results generated by semi-automated electrophysiologic
planning 3D software (Extended Brilliance Workspace, Phillips, Netherlands).

Intraobserver variability was estimated by comparison of repeated measurements by the
same observer.

Statistical Analysis
This pilot study used Bland Altman plots to assess relative bias (mean difference) and limits
of agreement (mean difference ± 2 standard deviations of difference) between MDCT and
MR measures of PV angulation, ostial parameters and distance to first PV branch (21). If
differences were observed, further comparison was made between the groups using
Student’s t test (22). Correlation coefficients were calculated. To determine any differences
in size between the PVs, ostial parameter measures were compared by one-way ANOVA
and then by Student Newman-Keul test. All data were expressed as mean ± standard
deviation (SD) or as mean bias ± 1.96SD for Bland Altman plots. A p value < 0.05 was
considered statistically significant. Data were analyzed using Medcalc (MedCalc Software
Bvba, Belgium).

RESULTS
A common left PV ostium was present in 7 (21%) patients and a common right PV ostium in
2 (6%) patients. There was one anomaly, a right intermedius PV. There was 100%
concordance in detection of veins between the two techniques (3T MR and MDCT).

Variability in Observations
Bland Altman plots were generated to compare the consensus measure from two observers
with the measures generated by the semi-automated software. The mean differences were
not statistically significant by paired t-test. (RSPV: CSA,1.2±10.3% ; Dmax, −1.1±8.7%;
Dmin, −3.6±14.5%; RIPV: CSA, −2.4±20.2%; Dmax, −6.6±20.9%; Dmin, −4.4±14.8%;
LSPV: CSA, −0.6±10%; Dmax, −1.6±9.4%; Dmin, −3.9±10.1%; LIPV: CSA, 2.5±9.6%;
Dmax, −2.5±12.8%; Dmin, −5.3±20.2%).

Bland Altman plots were generated to assess intraobserver variability. The mean differences
were not statistically significant by paired t-test. (RSPV: CSA, −0.80±8.4% ; P 0.30±8.4% ;
Dmax, −0.90±6.6%; Dmin, 0.20±10.05%; RIPV: CSA, 0.80±9.4%; P 0.40±6.75% ; Dmax,
−0.10±7.05%; Dmin, 0.30±9.1%; LSPV: CSA, −1.20±8.2%; P −0.20±6.3% ; Dmax,
0.30±7.1%; Dmin, −0.80±8.7%; LIPV: CSA, =1.20±8.2%; P −0.40±6.5% ; Dmax,
−0.50±6.9%; Dmin, −1.60±11.6%).

Angulation of PV Ostia
The PV angles for MDCT and MR studies are displayed in Figure 2. Bland Altman plots
demonstrated that 97% of the comparisons between MDCT and MR were bounded by ±1.96
SD in both AP and SI angles (Figure 3). There was a statistically significant bias between
MDCT and MR angulation for the right sided PVs in AP and SI angles but no significant
difference for the left sided veins (Figure 2 and Table 1). The limits of agreement for bias
spread varied between ±13.4° (1.96 SD; RSPV in SI angle) and ±26.7° (LIPV in SI angle).

There was a significant correlation coefficient between MDCT and MR angles for each PV
(Table 1, p < 0.01 for all values).
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Measurement of PV Ostium Parameters
The PV ostium parameters are compared in Table 2. There was good agreement without
significant bias between all LSPV parameters measured by MDCT and MR (Table 2). For
the other PVs, CSA and P were significantly smaller by MDCT compared with MR. The
percentage systematic bias in CSA for MDCT varied from −13.8±29.5% (±1.96 SD; RIPV),
−13.7±32.8% (RSPV), to −7.6±40.8% (LIPV). The percentage systematic bias in perimeter
(P) for MDCT varied from −6.1±18.8% (±1.96SD, RSPV); −7.3±13.9% (RIPV) to
−3.9±21.3% (LIPV). PV diameters showed minor differences, and where these were
statistically significant, diameters were typically smaller by MDCT than MR (Table 2).
Comparing MDCT and MR, Dmax was significantly smaller by MDCT in the inferior veins
(RIPV −8.1±18.4%; LIPV −6.5±23.7%) and Dmin was significantly smaller by MDCT for
the right sided veins, but these latter differences were < 5%.

Roundness of the PVs (Dmax/Dmin) was similar by MDCT and MR except for the RSPV in
which the MR measure was significantly more round (Table 2). The remaining PVs
demonstrated insignificant variability in roundness with mean difference ranging from a
minimum of −2.6% (RIPV) to −5.7% (LIPV) and limits of agreement ranging from ±23.8%
(1.96 SD, RIPV) to ±35.7% (LIPV).

There were significant correlations (p<0.01) between all of the PV ostial parameters (Table
2). Using analysis of variance (ANOVA), PV ostia measures were compared separately for
MDCT and MR. CSA and P measures for the right sided veins were significantly larger than
the left sided veins (p<0.001, ANOVA) and the RSPV was the largest of all (p<0.05,
Student Newman Keul). Dmax and Dmin for right sided veins were significantly larger than
those on the left with RSPV being the largest (p<0.05). When Dmax/Dmin ratio was
compared, the right sided PVs were significantly more rounded than the left sided PVs
(p<0.05). The RIPV was the most rounded and the LIPV the least rounded on both MR and
MDCT images.

Distance to First Branch from Pulmonary Vein Ostia
There were no significant differences in distance from PV ostia to first branch comparing
MDCT and MR respectively (LSPV, 21±7 mm vs. 21±8 mm; LIPV, 16±7 mm vs. 16±6
mm; RSPV, 12±6 mm vs. 11±6 mm; RIPV, 8±4 mm vs. 8±4 mm). There was insignificant
bias in Bland Altman plots (not shown), and the limits of agreement for bias varied between
±1.8 mm (1.96 SD, RSPV) to ±4.5 mm (LIPV). The correlation between MDCT and MR
values was ≥ 0.97 for each of the four veins.

There were significant differences in distance to first branch when the four veins were
compared (p<0.0001, ANOVA, p<0.05 Student Newman Keul) with the distance to left
sided branches being longer.

DISCUSSION
With the growing availability of 3T MR units in clinical practice, optimization of pulse
sequences dedicated to higher field strengths has permitted faster speed, higher resolution,
and improved image quality (23). Pulse sequences are adapted to 3T due to Specific
Absorption Rate (SAR) limits, susceptibility and motion artifacts and relaxometries of tissue
and thus contrast at 3T. Compared with 1.5T MR, the use of higher magnetic field strength
with a lower T1 relaxation curve allows more accurate determination of inversion time and
shortens the delay time from 20 minutes with 1.5T to 5 minutes before starting the IR
prepared 3D whole heart scan (16,24). Moreover, the higher signal-to-noise ratio (SNR)
inherent at 3T can be used to offset the relative SNR loss that results from reduction in voxel
size and the use of parallel imaging to shorten scan times. This allows higher resolution
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scans with voxel size of 1×1×2mm3 at 3T, compared to voxel size of 1.5×1.5×5mm3 at 1.5T
as reported previously (24). Use of parallel imaging facilitates scanning within a practical
time of 10–12 minutes. By incorporating these advances in MR, the current study
demonstrates the feasibility of performing free-breathing 3D whole-heart IR prepared
technique at 3T MR for the assessment of LA and PV.

The findings in this study support the conclusion that detailed assessment of PV anatomy is
possible using free-breathing 3T MR technique, and is comparable with inspiratory breath-
hold MDCT. In our data, significant biases in PV angulation of about 10 degrees were
present on the right side when MDCT and MR were compared. These observations might be
explained by differences in respiratory patterns during image acquisition and differences in
cardiac rotation during inspiration (Figure 1). It is also possible that there was greater
variability in measurements on the left side because of oblique entry of left PVs into the LA,
or that the difference in left and right sided results is the result of a statistical anomaly. This
latter seems less likely because the same measurements were performed on each subject in
both modalities (CT vs MR), so that these differences could be real. In an MR study,
angulation of the PVs was more splayed during inspiratory breath-hold compared with
expiratory breath-hold (3) but this is not really comparable with the current study that
evaluates free-breathing MR with inspiratory breath-hold MDCT. The cu5rrent study
focuses on differences between this new and potentially useful MR technique at 3T in
comparison with MDCT as a reference rather than a study of PV anatomical variations with
respiration.

The effect of breath-holding on PV parameters is not well understood. Previous studies have
reported the effects of respiratory cycle on arterial and central venous pressures during
different maneuvers, but not on PV hemodynamics (25). An inspiratory breath-hold may
become a Valsalva maneuver with resultant increase in intrathoracic pressure, decrease in
venous return and alteration in size and shape of the PVs (3,25,26). Smaller PV diameters
have also been described during inspiration in an animal study (27). These results cannot be
compared directly with our data because of differences in data acquisition during inspiration
and expiration, not with free breathing. In our study, cross sectional area and perimeter of
the right sided PVs and the LIPV were significantly larger by MR during free breathing.
Differences in diameter measures between MR and MDCT were significant only for the
RIPV (Dmax and Dmin) and for the RSPV (Dmin).

The magnitude of biases for PV angulation could lead to discrepancies when 3D reformatted
images are integrated with electroanatomic mapping (3). During mapping, pulmonary
parameters measured during free breathing were larger than those measured during
expiratory breath-hold with either MR or MDCT (14). A 1–2 mm change in PV diameter,
attributed to respiration, has been reported (3) and this small change could lead to
navigational inaccuracy during intervention. Further evaluation could clarify the importance
of the biases presented. Roundness is an important parameter in the choice of ablation
catheter and also to monitor development of remodeling PV stenosis (7,9,28,29). The ratio
Dmax/Dmin confirms previous reports that the PV ostia, especially on the left side, are not
round (2,5,30). The LIPV was the least round PV and despite non-significant biases, it
showed wide limits of agreement and a weak correlation between the two methods. This
might be due to the difficulty of proper identification of the LIPV ostium because of its
anatomic location (31). Differences in resolution between MDCT and 3T MR could also
have affected PV measurements.

Our data also demonstrate that the distance to the first branch of the pulmonary veins is
similar when measured by MDCT and MR. The relative distances to the first branch for the
four PVs are very similar to those reported in subjects with atrial fibrillation (32).
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The generalizability of the data is limited by the small number of subjects, none of whom
had atrial fibrillation or was under consideration for ablation therapy. It is not possible to
determine the effect of image resolution on the measured dimensions because there is no
comparison of MR and MDCT to assess clinical outcome after therapy.

In conclusion, this preliminary comparison is the first technical study to analyze PV imaging
during free breathing using a 3T MR platform as a potential alternative to MDCT with
breath-hold. Comparing 3T MR and MDCT, the results demonstrate similar PV morphology
and concordance of angulation on the left side, but not on the right side. Similarly, there was
good concordance in measures of left-sided ostial parameters including cross-sectional area,
perimeter, and maximum and minimum diameters. On the right side, the ostial measures by
3T MR were significantly larger when compared with MDCT. The techniques are equivalent
for evaluation of the distance to the first bifurcation from the PV ostial plane. Images
obtained during 3T MR with free breathing may better approximate conditions present
during an ablation procedure. Use of free breathing 3T MR technique would avoid exposure
to ionizing radiation and CT contrast that has a higher incidence of nephrotoxicity than
gadolinium (33). Additionally, assessment of the angulation, size, and shape of PVs with 3T
MR may improve integration with 3D electroanatomic maps, shorten procedure times, and
improve procedural efficacy. Further studies evaluating these potential advantages are
warranted.
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Figure 1.
Illustration of pulmonary vein (PV) measurements in coronal, axial and sagittal planes of the
heart (solid lines) in relation to the subject planes (dotted lines) using MDCT (A, B, C) and
3T MR (D, E, F) images. The central axis of the proximal part of the PV and the PV-left
atrial junction are defined on the axial (A, D) and coronal (B, E) images. The PV ostial
plane (red line) was identified by constructing lines perpendicular to the PV central axis at
the level of the PV ostium. Antero-posterior (AP) and superior-inferior (SI) angles were
measured between the central axis of each PV (solid lines) and the subject’s coronal (A, D)
and axial (B, E) planes respectively (dotted lines). On the reformatted cardiac sagittal plane
(panels C and F), the PV ostium is seen in cross-section. The perimeter (P) and maximum
(Dmax) and minimum (Dmin) diameters were measured.
(Key: Dotted lines = patient planes: coronal (blue), axial (green), and sagittal (red). Solid
lines = cardiac planes: coronal (blue), axial (green), and sagittal (red). AoA, ascending aorta;
AoD, descending aorta; LA, left atrium; LAA, left atrial appendage; PA, pulmonary artery;
RA, right atrium)
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Figure 2.
Projection of anteroposterior (AP; panel a) and superoinferior (SI; panel b) angles (measured
by MDCT and 3T MR) of the pulmonary ostial plane in the transverse (A) and coronal (B)
planes. (Key: CT, multidetector computed tomography; LA, left atrium; LI, left inferior PV;
LS, left superior PV; MR, magnetic resonance imaging; PV, pulmonary vein; RI, right
inferior PV; RS, right superior PV)
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Figure 3.
Bland Altman plots for the anteroposterior (AP) and superoinferior (SI) angles of the
pulmonary vein ostial plane measured by MDCT and 3T MR.(AP, anteroposterior; CT,
multidetector computed tomography; LI, left inferior; LS, left superior; MR, magnetic
resonance imaging; PV, pulmonary vein; RI, right inferior; RS, right superior; SI,
superoinferior)
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