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Aims Prior work has demonstrated that magnetic resonance imaging (MRI) strain can separate necrotic/stunned myocardium
from healthy myocardium in the left ventricle (LV). We surmised that high-resolution MRI strain, using navigator-echo-
triggered DENSE, could differentiate radiofrequency ablated tissue around the pulmonary vein (PV) from tissue that had
not been damaged by radiofrequency energy, similarly to navigated 3D myocardial delayed enhancement (3D-MDE).

Methods
and results

A respiratory-navigated 2D-DENSE sequence was developed, providing strain encoding in two spatial directions with
1.2 × 1.0 × 4 mm3 resolution. It was tested in the LV of infarcted sheep. In four swine, incomplete circumferential
lesions were created around the right superior pulmonary vein (RSPV) using ablation catheters, recorded with
electro-anatomic mapping, and imaged 1 h later using atrial-diastolic DENSE and 3D-MDE at the left atrium/RSPV junc-
tion. DENSE detected ablation gaps (regions with .12% strain) in similar positions to 3D-MDE (2D cross-correlation
0.89+ 0.05). Low-strain (,8%) areas were, on average, 33% larger than equivalent MDE regions, so they include
both injured and necrotic regions. Optimal DENSE orientation was perpendicular to the PV trunk, with high shear
strain in adjacent viable tissue appearing as a sensitive marker of ablation lesions.

Conclusions Magnetic resonance imaging strain may be a non-contrast alternative to 3D-MDE in intra-procedural monitoring of atrial
ablation lesions.
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Introduction
In patients with paroxysmal atrial fibrillation (AF), electrical isolation
is typically achieved at the time of the radiofrequency ablation (RFA)
procedure,1,2 but reconnection of the pulmonary vein (PV) to the
atrium is frequently the cause of clinical recurrences.3,4 It is suspected
that reconnection occurs due to gaps in the lesion set as well as at
sites of insufficient ablation, where the targeted tissue has been
damaged, but is not completely necrotic. As a result, although

acute electrical isolation is achieved at the time of the procedure,
conduction resumes across these gaps and at sites of prior ablation
once the local tissue healing is complete.

Three-dimensional high-resolution navigator-echo myocardium
delayed enhancement (3D-MDE) magnetic resonance imaging (MRI)
has detailed the extent of scar from prior ablation in the left atrium
(LA).5–10 There are also reports of its use intra-procedurally10–14 to
improve success rates and minimize complications.5,6 However,
3D-MDE requires gadolinium-Diethylenetriaminepentacetate (DTPA)
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contrast administration, followed by a 20–30 min wait period. In add-
ition, renal clearance forces extended intervals between repeated
administrations. There is also concern that intra-procedural administra-
tion,during thecourseofprogressive tissueablation,maytrapGd-DTPA
innon-perfused tissue for lengthyperiods, possibly freeing toxicGd ions.

It would be useful, therefore, to find a non-contrast alternative to
3D-MDE. T1-weighted imaging couldprovideanon-contrast alterna-
tive to 3D-MDE, but its sensitivity to tissue necrosis has a time delay
and is not as strong.11,15 Proton resonant frequency could potentially
image the thermal dose directly, if its motion stability, susceptibility
sensitivity, and spatial resolution are improved.16,17

Recent publications suggest that left ventricular (LV) scar from
prior infarction can be detected by strain imaging, using MRI techni-
ques such as tagging, HARP, SENC, or DENSE,18– 23 as well as intra-
cardiac echo strain.24– 26 A recent seminal paper on ultrasound strain
imaging of focused ultrasound ablation lesions,27 has shown that ab-
normally high shear strains are created at the non-ablated immediate
surroundings of ablation lesions. Along the same lines, data have sug-
gested that both MRI and computed tomography can detect and
quantify changes in contraction of the PVs in patients before and
after PV isolation,28– 33 suggesting that wall-motion studies could dif-
ferentiate non-elastic (ablated) wall from healthy (viable) wall.

We hypothesized that a high-resolution strain MRI sequence could
detect displacement changes occurring in the PV ostia, and that, as in
the LV, it would be possible to differentiate between rigid displace-
ment, present in necrotic tissue, and elastic deformation, which signi-
fies viable tissue.

This work details a high-resolution navigator-echo DENSE se-
quence that was developed for this purpose. Sequence testing in
healthy animals was published previously.34,35 The on-line supple-
ment shows healthy sheep LV (Figures 1 and 2) and swine LA strain
maps, as well as mean and standard deviations obtained for ventricu-
lar and atrial strain.34,35

After initial testing in an infarcted (LV) sheep, it was applied to LA
imaging. To test atrial ablation gap detection, four swine models with
incomplete circumferential ablation of the right superior pulmonary
veins (RSPVs) were created and then imaged using 3D-MDE and
DENSE.

Methods

The respiratory-navigator-echo
electrocardiogram-gated DENSE sequence
Magnetic resonance imaging sequences can be sensitized to tissue strain,
i.e. to changes in shape and volume. The key objectives are to measure

displacements which occur as result of a force, as well as to remove
those displacement that produce rigid-body motion, in which the
entire tissue moves in unison, but in which there are no differential
changes in volume or shape. The DENSE (Displacement Encoding with
Stimulated Echoes) sequence, which uses displacement encoded stimu-
lated echoes to encode motion in the MRI phase, was previously
described34 –37 (Figure 1C). We utilized a 2D-DENSE sequence to
measure strain in the two (x and y) in-plane directions. The displacement
encoding (DE) preparation sub-sequence formed the first waveform of
the sequence. It consisted of two 908 radiofrequency (RF) pulses with
a magnetic-field gradient along a given direction (i.e. x or y) placed
between them, and resulted in each pixel in the image being prescribed
an initial phase shift, depending on its position along this spatial direction.
The DE preparation strength (in mm/p-phase shift) depended on the gra-
dient area that was used. After the DE waveform, a second sequence
phase (a few hundred milliseconds) was provided, termed the mixing
time (TM), in which the initial phase evolved due to the pixels being dis-
placed along the selected magnetic-field gradient direction as a result of
the physiological motion, which resulted in an additional phase incre-
ment, beyond the initial phase, being added. In the beginning of the
third sequence phase, the initial phase of each pixel was removed, so
that only the incremental phase of each pixel remained. In the last
sequence phase, which is termed the readout phase, a multiple-echo
fast spin echo (FSE) sequence of pulses was applied, which recorded
the incremental phase shifts of each pixel.36 The sequence was repeated
several times to acquire first a reference phase map (a map in which a DE
of zero was applied), and thereafter to encode for x and y displacements.
Artifactual phase shifts resulting fromfree induction decaywere removed
with an inversion pulse during the mixing period,36 and stimulated echo
artefacts were removed by acquiring twice in each DE direction,37 so
that a complete implementation required six complete cycles of the
sequence.

Detecting cardiac strain required that respiratory motion be small.
A low-resolution 2.7 × 2.7 × 8 mm3, 24 echo-train-length (ETL) FSE
readout with two-directional encoding, such as used in the LV, requires
24 heart beats, approaching the maximal patient breath-holding time.
In the thinner atrial wall, higher spatial resolution was required, with
longer scan times needed to obtain the necessary signal-to-noise ratio
(SNR so that a free-breathing acquisition needed to be performed.
Recording the positionof the anatomyat different portionsof the respira-
tory cycle was accomplished by applying respiratory-navigator-echo
pulses (Figure 1A) that tracked diaphragmatic motion. A ‘pencil-beam’
navigator echo34,35 was repeated every 50 ms, exciting a 1 cm diameter
cylindrical column at the right hemi-diaphragm, which detected super-
ior– inferior respiratory motion of the diaphragm. These navigator
echoes were repeated until the system detected that the diaphragm
had returned to the desired (+2 mm) end-expiration respiratory pos-
ition. Once this condition was met, the system waited for the next
cardiac R-wave and then acquired the DENSE pulse sequence
(Figure 1B). Immediately after data acquisition, these navigator echoes
were resumed. The system then compared the navigator echo which
followed data acquisition with that of the navigator echo which immedi-
ately preceded acquisition, which served to indentify whether large
respiratory motion had (.3 mm) occurred during the DENSE acquisi-
tion itself, which meant that respiratory motion, as opposed to cardiac
motion, had been recorded. When above-threshold motion was
exceeded, the data that had just been acquired were rejected and the
data were later re-acquired. Utilizing this dual-navigator respiratory-
triggered DENSE sequence, along with shorter imaging windows redu-
cing motion during acquisition, higher resolution was achieved.
Readout timing was set for the ‘quiet’ cardiac phases, LV end-systole
(250–350 ms post-QRS), or at peak LA diastole (280–300 ms

What’s new?
† This is the first translational work to describe the use of real-

time assessment of circumferential lesions around the pul-
monary veins using DENSE strain imaging.

† These data provide the basis for real-time magnetic resonance
imaging of patients during pulmonary vein isolation to confirm
that lesions are continuous without skipped areas of healthy,
unablated tissue.
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post-QRS), as determined using MRI wall-motion ‘cine’ acquisitions in the
ventricle and atrium.

Sequence parameters (LV, LA): resolution 1.0 × 1.0 × 4.0 (LV) or
1.2 × 1.0 × 4.0 mm3 (LA), bandwidth +64 kHz, ETL 16 (duration
100–140 ms), DE 5 mm/p (LV) or 4 mm/p (LA), TM 250–350 ms,
two averages, and 5–7 min/slice.

Post-processing of DENSE data
Each DENSE acquisition produced three raw data files; containing the
reference phase data (REF), along with the x displacement and the y

displacement maps. Data processing to obtain strain maps were per-
formed using IDL (ITT).34,35 Magnitude and phase images were recon-
structed from each raw data file. On the magnitude images, the internal
and external borders of the desired region-of-interest (ROI) were manu-
ally drawn. The phase images, after being corrected for the reference
phase and unwrapped, produced x and y displacement maps. The strain
matrix, which represents the spatial derivatives of the x and y displace-
ment along both x and y, was computed from the displacement maps
within a 4 × 4 neighbourhood about each pixel, which resulted in a
2 × 2 strain matrix which retained the original spatial resolution. These
matrices were diagonalized, providing two principle strain directions
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Figure1 Respiratory-triggered META-DENSE sequence. (A) Diagram of respiratory cycle (upper), and waveformof cardiac-gated META-DENSE
with surrounding respiratory navigator echoes (lower). Navigators are accepted when they fall in a pre-determined window in the respiratory cycle.
(B) Enlarged view of one cardiac cycle, showing navigators preceding and following the META-DENSE sequence. When the navigator position cri-
teria are met, the sequence waits for an ECG trigger, and then executed the DENSE pulse sequence. Navigators after DENSE are compared with
those preceding the sequence, detecting the magnitude of motion occurring during image acquisition. If motion during acquisition is excessive, the
data are rejected and re-acquired lateron. (C )The META-DENSE pulse sequence, consistingof a DE (D and E) preparation, followed bya mixing time
(TM) (�300 ms) in which displacement is measured. During the TM, an inversion pulse is played to suppress an anti-echo artefact. Finally, a multi-
echo Fast Spin Echo readout (�140 ms) is played (only first echo is shown). META-DENSE is repeated three times; a reference scan without DE
(no gradient between the two 90 s in the DE prep), followed by x encoding (dashed blue gradient) and y encoding (solid black). To further suppress
artefacts, each x and y encode is repeated, with 908 RF phase modulation (from 90+x to 90+y) in the second repetition, which also increases the
signal-to-noise.
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(eigenvectors) and amplitudes (eigenvalues). Match-sticks, denoting
tissue-strain direction, were drawn at each pixel, with the strain mag-
nitudes overlaid in colour. To improve the visualization, the cross-
shaped match-sticks were separated into two groups, based on two
differing criteria. In the LV alone, maps were produced according to
the strain eigenvector direction; longitudinal strain, along the long
axis’s centre-line apex-to-base direction, radial strain, along the
epicardial-to-endocardial direction, and circumferential strain, orien-
tated perpendicular to the radial strain in a short-axis view. In the
LA, they were separated by the eigenvalue polarity; positive (≥0)
eigenvalues produced a myocardial-thickening map, and negative
(,0) eigenvalues produced a myocardial-shortening map. Relative
strain precision was estimated at 2%, based on repeated acquisitions
of the same data in the LV. Processing time per image was ,2 min
on a standard laptop.

On the LA strain maps, regions of ,8% strain were manually traced,
highlighting regions suspected of being necrotic or stunned.

Animals and procedures
Four healthy 20–30 kg swine and two 30 kg sheep were used, under two
animal-committee approved protocols. All animals were intubated in the
animal laboratory, mechanically ventilated, and forcibly breath-held by
shutting the ventilator. Other experimental details were previously
described.14,39 Heart rates ranged from 70–92 b.p.m.

Left-ventricular procedures
In two sheep, LV inferior-wall infarction was created in open surgery by
ligating the second and third circumflex obtuse marginal branches.38 An
elastic patch was surgically placed around the animal’s LV using open-
heart surgery. An elongated oval balloon parallel to the LV long axis
was contained between the patch and the myocardium, and sewn over
the infarct region, so that balloon inflation displaced the myocardium
inward.39 Twelve weeks later, the animals were intubated and brought
to the MRI suite.

Atrial procedures: electro-anatomic mapping
and atrial ablation procedures
Mapping of the LA and RFA were performed in four swine. After pre-
medication and general anaesthesia, introducer sheaths were placed in
the femoral arteries and veins. Under fluoroscopic guidance (GE Health-
care OEC 9800), an 8.5 Fr Mullins sheath and a 0.035 inch guide-wire
were advanced to the intra-atrial septum, followed by needle transseptal
puncture. Once access to the LA was obtained, intravenous heparin
(100 U/kg initial bolus, followed by 30 U/kg/h) was administered. The
animals then underwent standard electro-anatomic (EAM) substrate
mapping, using multispline penta-array mapping catheters and the
CARTO XP system (Biosense-Webster).

With mapping complete, circumferential RFA of each swine’s RSPV
was performed using a 3.5 mm irrigated mapping/ablation catheter
(Biosense Webster), with the ablation points marked on the EAM
map. A gap in the ablation line was intentionally created in the circum-
ferential line. One hour after RFA, the animals were transferred to the
MRI lab. After imaging, the animals were sacrificed and the hearts
stained for scar.

Magnetic resonance imaging procedure
Six MRI sequences were performed on a GE 1.5T scanner. Initially, elec-
trocardiogram (ECG)-gated axial and sagittal fast gradient echo localizers
were performed to localize the ventricular and atrial anatomy.

To obtain the timing of ‘quiet’, relatively motionless, cardiac phases,
12–14 prototype 2D Steady-State Free Precession14,40 short-axis wall-
motion slices were acquired, covering the LV or the LA.

Navigated2D-DENSE imagingwas thenperformed. In LVstudies, eight
slices were acquired, four along the LV short axis, covering the apex to
base, and four radially, at 458 rotations, along the LV long axis. For the
LA/PV studies, five slices were placed at the RSPV ostium, with four con-
tiguous slices oriented perpendicular to the RSPV trunk’s axis, and one
along the trunk axis.

For high-resolution cardiac luminal anatomy visualization, 3D
contrast-enhanced (0.44 cc/kg Gd-DTPA) ECG-gated MR angiography
was performed, covering the entire heart as well as the aorta and inferior
vena cava.10,14

To detect RFA lesions, 3D respiratory-navigated myocardium delayed
enhancement (3D-MDE)14 was performed 30 min after contrast injec-
tion; TR/TE/TI/u ¼ 3.5/0.9/150 ms/258, 1.2 × 1.2 × 1.2 mm3 reso-
lution, +62.5 kHz bandwidth, 4–6 min acquisition, timed to the LV
end-systolic or the LA peak-diastolic ‘quiet’ phase.

Figure 2 High-resolution respiratory-triggered DENSE of an
infarcted sheep, with an inflated-balloon patch on the inferior wall
of the LV to prevent remodelling (white arrow). (A) Two long-axis
3D-MDE images show mid-ventricular non-transmural scar (red
arrow). (B) Colour-coded short-axis DENSE strain, showing strain-
magnitudes ranging from normal (20%, red) to lack of strain
(0%, blue). Circumferential strain (left) and radial strain (right).
Chronic infarct and patch (orange bracket) appear as low-strain
regions. (C) Long-axis DENSE strain, with longitudinal (left) and
radial (right) strains. White dashed line indicates where short-axis
images (B) intersect long-axis slice. Non-transmural infarct
appears as large strain (live tissue) along the endocardial surface
(right image) with low strain (necrosis) fromthe mid-wall to the epi-
cardial surface. Note that the sign of radial strain is positive and cir-
cumferential strain is negative.
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Post-processing of three-dimensional
magnetic resonance angiography and
myocardial delayed enhancement data
The 3D-magnetic resonance angiography (MRA) data were segmented
using the GE Advantage Windows (AW) to render the luminal surfaces
of the LA and PVs.14 The 3D-MDE datawere then thresholded and manu-
ally segmented, leaving only regions bordering the atrial/PV lumen, and
then overlaid on the luminal image using the AW’s compare function,
providing a volumetric display of vessel-wall scar superimposed on
cardiac anatomy.

To compare 2D-DENSE slices with 3D-MDE, the MDE data were
re-sliced into planes at the position, orientation, and slice-width of the
DENSE data.

Statistical comparison of three-dimensional
myocardial delayed enhancement and
2D-DENSE
For each swine, the cumulative total low-strain (,8%) area, on the five
DENSE slices acquired perpendicular to the RPSV ostium, was measured
and compared with the high MDE (.120% SNR) area observed in the re-
formatted MDE slices. An 8% strain was chosen as an indicator of low
strain since it is one standard deviation (9%) below the mean of normal
atrial tissue (18%).34,35

To measure 2D cross-correlation (Matlab 9B) the images were separ-
ately thresholded binarily; (i) MDE: 1, if pixel had signal intensity .150%
of background, and 0 otherwise (ii) DENSE: 1 if pixel had ,8% strain, and
0 otherwise. Two-dimensional normalized cross-correlation between
MDEand DENSE wasthen performed on eachof thefiveslices, and afive-
slice mean computed.

Results

Left ventricular results
Left ventricular results were acquired for comparison with prior
DENSE studies, which were primarily performed in the LV.

Figure 2 details results obtained from an infarcted sheep,39 with an
inflated-balloon patch on the inferior-wall restricting motion.
Figure 2A shows two radial slices, reformatted from 3D-MDE,
showing the infarct and the balloon patch (right image, white
arrow). Figure 2B shows short-axis strain in the mid-ventricular
wall. The inferior-wall patch creates a low strain and directionally dis-
ordered region, and the thin infarcted wall is also seen (red arrow).
The long-axis strain (Figure 2C), clearly shows the non-transmural
infarct (right image, red arrow), as well as the low strain on the infer-
ior wall resulting from the balloon patch.

Left atrial results
Incompletecircumferential ablationaroundtheRSPVwasperformed
in all four animals, with correspondence between the ablation’s
3D-MDE, strain, and histology signatures described.

Figure 3 summarizes findings from one swine. Figure 3A1 and A2
show EAM map projections, overlaid with the ablation points. The in-
tentional ablation gap is marked (green arrow). Figure 3B1 shows an
LA and PV surface rendering, overlaid; Figure 3B2 and B3, with a
3D-MDE scar rendering. Three-dimensional MDE (Figure 3B3)
detected the gap in the ablation line surrounding the RSPV.

Figure 3B2 is overlaid with dotted white lines, denoting the location
of the proximal and distal 2D-DENSE slices placed at the RSPV/LA
ostium, perpendicular to the RSPV’s axis.

Figure 3D1 and D2 show strain results for the distal and proximal
DENSE slices, respectively. White lines trace boundaries of small
(,8%) and directionally disorganized strain, assumed to be ablated
regions. Lackof circumferential RSPVablation is apparent,with differ-
ing lesion sizes and positions in the distal and proximal slices. Large
strains surround the ablated zones in the myocardial-shortening
maps, corresponding to shear strains developed during atrial dilation.
The ablated regions’ area is smaller in the myocardial-shortening
maps.

Figure 3E1 and E2 are reformatted 3D-MDE slices at the DENSE-
slice positions. The RSPV wall was traced on these images, since
viable-wall geometry is hard to resolve on 3D-MDE images. It is
clear that the wall is not circumferentially ablated, with most of the
ablated wall lying in the superior (top) and right side of the images,
with substantial gaps in the inferior and left walls. Comparing
DENSE with MDE (Figure 3D1 with Figure 3E1, and Figure 3D2 with
Figure 3E2), a correspondence appears between the areas of high
strain and un-enhanced ablation gaps, whereas in the ablated
regions, low and directionally disorganized strain is present. The cor-
respondence between MDE and DENSE is strongest in the proximal
slices.

Figure 3F is a stretched-out gross histology photograph of the LA
wall in the region of the RSPV ostium. The stained transmural
lesion regions were traced and the ablation gaps denoted. There is
good correspondence between MDE, strain, and histology.

Figure 3G demonstrates findings in a second pig. Figure 3G1 and G2
show the EAM projections, overlaid with ablation point positions,
with ablation gaps marked. In the luminal surfaces overlaid with the
3D-MDE (Figure 3H2 and H3), it is apparent that the ablation line
has large gaps, best seen in a cutout rendering (Figure 3H3).

Figure 3I1 and I2 show the strain results for distal and proximal
DENSE slices placed perpendicular to the RSPV’s axis. There is low
strain on the top portion of the veins, suggesting tissue necrosis,
with high strains, indicating viable tissues, on the lower side. This is
highly correlated with the MDE appearance (Figure 3H3).

To visualize strain in another orientation, a DENSE slice was
acquired along the RSPV axis, with its position denoted in
Figure 3H4. Since this slice covers two PVs, two ROIs were drawn,
covering the ablated RSPV (Figure 3J1) and the adjacent right inferior
pulmonary vein (RIPV, Figure 3J2), with strain results shown in
Figure 3K1 and K2, respectively. Since the PV walls are quite thin in
this orientation, strain discrimination is more difficult, although the
proximal right RSPV and the left RIPV walls have high strains, while
the distal wall has low strain. A new finding from this image is that a
large portion of the distal wall between the veins was ablated,
which is consistent with the MDE results (Figure 3H2).

Figure3L is a grosshistologyphotoof the RSPVostiumregion,over-
laid with transmurally ablated regions. The ablation gaps are quite
clear, shaped similarly to their strain-image appearance, Figure 3I1
and I2.

The atrial statistical results are summarized in Table 1. The average
low-strain DENSE areas measured 120 + 30 vs. 90 + 18 mm2 for
high 3D-MDE areas. The 2D geometric cross-correlation of
ablated regions between 3D-MDE and 2D-DENSE is also shown,
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Figure 3 Incomplete RF ablation of two swine RSPV. The first swine includes figures A–F, the second swine includes figures G–L. (A) EAM maps
overlaid with RFA points (brown dots); Anterior (A1) and Superior (A2) views, showing gaps (green arrows). Actual size of gaps could not be deter-
mined fromEAM. Activationmaps wereobtained prior to ablation. (B)Atrial luminal renderings (pink), segmented from3D-MRA, areoverlaid with a
3D-MDE scar map (red), showing the gaps in RSPV ablation (B2 and B3). (C) Images detailing the orientation of distal (C1) and proximal (C2) DENSE
slices placed perpendicular to the RSPV ostium. Slice positions are also shown in 5B2. (D) Colour-coded DENSE myocardial shortening (negative
sign) and myocardial-thickening (positive sign) strain magnitude for the distal (D1) and proximal (D2) slices. White lines outline regions with ,8%
strain. (E) Reformatted3D-MDE slices at the position and orientationof D1 (E1) and D2 (E2). Dashedblack line indicates positionof RSPV wall, white
lines outline enhanced ablated regions, and green arrows denote lack of enhancement (ablation gap). (F) Stained gross histology photograph of the
LA wall at the RSPV ostium, overlaid with the areas (dashed red line) where transmural ablation lesions were found, with unstained ablation gaps
denoted (green arrows). Incomplete RF ablation of the RSPV in another swine. (G) EAM maps overlaid with RFA points (brown dots); Anterior
(G1) and Superior (G2) views, showing gaps (green arrows). Activation maps were obtained prior to ablation. (H ) Luminal anatomy overlaid
(H1–H4), with 3D-MDE scar, showing regions of incomplete ablation. Dashed white lines (H2 and H4) designate positions of 2D-DENSE slices
placed perpendicular and parallel to RSPV ostium. Colour-coded DENSE strain for the distal (I1) and proximal (I2) perpendicular slices. White
lines outline, 8% strain regions. (J ) Position of ROIs placed on DENSE slice oriented along the RSPV to RIPV plane (see H4); (J1) ROI (red) encom-
passing the RSPV, and (J2) ROI encompassing the RIPV. (K ) Strain results for ROIs covering RSPV (K1) and RIPV (K2). (L) Gross histology photograph
of the LA wall at the RSPV ostium region, overlaid with ablation lesion regions (dashed red line).
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with a four-swine average of 0.89 + 0.05. These 2D correlations are
statistically significant (P , 0.05), using a two-sided t-test.

Discussion
Millimeter in-plane-resolution strain images using navigator-echo-
triggered 2D-DENSE were acquired in the LV and LA. By using navi-
gator echoes, the DENSE acquisition time was extended beyond a
single breath-hold, allowing for a shorter imaging window, and con-
tributing to reduced respiratory contamination. By comparing navi-
gator positions prior-to and after the imaging segment, motion

during strain readout was further restricted, so that motional blurring
was estimated at 0.3 × 0.3 mm2. Signal averaging enabled the acqui-
sition of higher spatial-resolution images at an acceptable image
quality.

The LV results reproduced, at higher-resolution, DENSE
results18,19 obtained with breath-held DENSE, with strain accurately
detailed infarcted as well as viable myocardium.

This high-resolution MRI LA strain study had 2–5 pixels spanning
the PV wall. Imaging was performed at atrial diastole, where there is
an extended ‘quiet’ phase, allowing maximal dilatation in the atria, so
that small strain regions, combined with large adjacent shear stresses

Figure 3 (continued).
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could confirm boundaries of ablated zones.27 In LA DENSE, smaller
DE gradients were utilized, relative to those used in the LV, reducing
intra-voxel dephasing, and allowing for higher spatial resolution, but
potentially reducing sensitivity to tissue necrosis.

Low-strain regions in the LA of the ablated swine were seen, which
were highly correlated with ablated regions, as confirmed with
both histology and 3D-MDE, suggesting that DENSE may be used
as a non-contrast technique for detecting ablation lesions. The
DENSE size of the ablated regions was somewhat larger than with
3D-MDE. This could be due to strain abnormalities extending
beyond the ablated-tissue border, as seen in the LV.23 This discrep-
ancy could be reduced by using lower thresholds to characterize
necrosis, or use of adjacent-tissue shear-strain amplification27 to
detect necrotic tissue.

While this work has shown that DENSE can detect gaps in the
lesion set around the PV, it is important to highlight that it cannot
yet acutely differentiate ablated tissue that is necrotic as compared
with injured, oedematous tissue, which is a potential source of elec-
trical reconnection. While it is likely that ablated tissue that is injured,
but not yetnecrotic, canbecharacterizedbya surrounding spatial dis-
tribution of strain which appears different,27 since such oedematous
tissue ismorecompliant thannecrotic tissue, furtherwork is required
to prove this hypothesis. While electrical isolation is achieved at the
time of the index procedure, clinical recurrences occur due to con-
duction across healed tissue, whose most likely sources are recon-
nection in ablated areas that were injured, and not fully necrotic, as
well as in gaps in the lesion set.

The data from this work have shown that DENSE is able to acutely
detect tissueat the PV–LA junction that is still contractile, thus repre-
senting gaps in the lesion set. During the procedure, it is not uncom-
mon for the vein to be electrically isolated before the circumferential
lesion set is completed. Nevertheless, it is important to complete the
lesion set to assure that isolation is permanent rather than transient,
which is where DENSE can play a role.

Another important limitation of DENSE is that it can only be used
when the heart is in sinus rhythm. While the hope is that imaging
would be used at the end of PV isolation to look for gaps in the
lesion set, it could only be performed in patients who are in sinus
rhythm at the time of imaging. Patients who were cardioverted
from longstanding AF during the procedure could not be reliably
imaged due to the concern for atrial stunning, which would preclude

the ability to detect contraction at the PV–LA junction. We did not
include data examining the muscle sleeve spanning the LA and PV.
Such data could have helped elucidate whether the gaps in the
lesion sets included these sleeves, which could account for the find-
ings from DENSE imaging.

Although human atria are �50–100% larger in volume relative to
swine, relaxing the spatial-resolution requirements, imaging of non-
intubated humans, especially those with irregular cardiac rhythm,
may require longer scan times, since navigator-echo-gated DENSE
requires robust ECG-triggering, regular RR-intervals and fairly re-
peatable respiratory motion.

Two-dimensional DENSE currently utilizes only 20–30% of the
RR-cycle for imaging. Replacing the physiological-cardiac motion
with an externally driven atrial mechanical motion, potentially pos-
sible using ultrasonic or mechanical force41,42 may increase strain’s
temporal efficiency and precision.

In conclusion, this study shows a high correlation between
2D-DENSE strain, 3D-MDE, and the histological signature of ablation
lesions following RF ablation of PV ostia. DENSE may allow robust
and repeated intra-procedural RF-ablation monitoring.
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