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The Evolution of Tissue Stiffness at Radiofrequency Ablation
Sites During Lesion Formation and in the Peri-Ablation Period
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Peri-Ablation Monitoring of RFA Lesion Stiffness. Introduction: Elastography imaging can
provide radiofrequency ablation (RFA) lesion assessment due to tissue stiffening at the ablation site. An
important aspect of assessment is the spatial and temporal stability of the region of stiffness increase in
the peri-ablation period. The aim of this study was to use 2 ultrasound-based elastography techniques,
shear wave elasticity imaging (SWEI) and acoustic radiation force impulse (ARFI) imaging, to monitor the
evolution of tissue stiffness at ablation sites in the 30 minutes following lesion creation.

Methods and Results: In 6 canine subjects, SWEI measurements and 2-D ARFI images were acquired at 6
ventricular endocardial RFA sites before, during, and for 30 minutes postablation. An immediate increase
in tissue stiffness was detected during RFA, and the area of the postablation region of stiffness increase
(RoSI) as well as the relative stiffness at the RoSI center was stable approximately 2 minutes after ablation.
Of note is the observation that relative stiffness in the region adjacent to the RoSI increased slightly during
the first 15 minutes, consistent with local fluid displacement or edema. The magnitude of this increase,
~(.5-fold from baseline, was significantly less than the magnitude of the stiffness increase directly inside
the RoSI, which was greater than 3-fold from baseline.

Conclusions: Ultrasound-based SWEI and ARFI imaging detected an immediate increase in tissue
stiffness during RFA, and the stability and magnitude of the stiffness change suggest that consistent
elasticity-based lesion assessment is possible 2 minutes after and for at least 30 minutes following ablation.
(J Cardiovasc Electrophysiol, Vol. 26, pp. 1009-1018, September 2015)

acoustic radiation force impulse imaging, elastography, intraprocedure radiofrequency ablation lesion assess-

ment, shear wave elasticity imaging

Introduction

An imaging technique that provides visual feedback of
radiofrequency ablation (RFA) completeness could poten-
tially increase the efficacy of transcatheter cardiac ablation
(TCA) procedures for the treatment of cardiac arrhythmias. !
At lethal RFA temperatures, structural proteins (collagen,
elastin), and myofilaments (myosin, actin) immediately and
irreversibly coagulate;> this thermocoagulation is believed
to be an endpoint for permanent cell injury®* and causes
the ablated region to become stiffer than the surrounding
myocardium.’ Elastography imaging can visualize thermo-
coagulated lesions due to the increase in tissue stiffness.
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Ultrasound-based techniques (acoustic radiation force or
ARF-based imaging,””!! strain imaging'?) and magnetic
resonance elastography (MRE)'? are both currently being
investigated as possible tools for intra-procedure lesion
assessment.

Two-dimensional (2-D) acoustic radiation-force impulse
(ARFI) imaging is an ARF-based ultrasound imaging
method.'* ARFI images are constructed by applying a se-
quence of short-duration acoustic impulses to tissue over
a lateral field of view and measuring the resulting tissue
displacement with conventional ultrasound. The measured
ARFI-induced displacement magnitude is inversely propor-
tional to tissue stiffness and presents a representation of the
relative stiffness.'*!> We have previously shown in vitro that
ARFI imaging can visualize RFA lesions,'®!” and that in vivo
intracardiac echocardiography (ICE) based diastolic ARFI
imaging can provide high-contrast visualization of stiff atrial
lesions consistent with electrical block at the imaging site.”'8
Initial results from a clinical feasibility study demonstrated
that ARFI imaging could identify stiffness changes consis-
tent with RF ablation in human patients.’

Shear wave elasticity imaging (SWEI) is another ARF-
based elastography technique that uses acoustic impulses to
displace tissue, but monitors the off-axis propagation of the
radiation-force induced transverse shear wave.'® The velocity
of propagation, or shear wave speed (SWS), is a function
of the tissue material properties and is proportional to the
tissue stiffness.2®2! Pernot et al.,’ Hollender ef al.,'' and
Kwiecinski et al.' have previously demonstrated the use
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of shear-wave elastography methods to quantify RFA lesion
stiffness in vitro and in vivo.

It is important to the clinical translation of any lesion eval-
uation technique that relies on elastography to determine if
the visualized region of stiffness increase (RoSI) is spatially
and temporally stable in the presence of transient physio-
logical responses in the peri-ablation period. This study used
high-spatial resolution (sub-millimeter) epicardial 2-D ARFI
image monitoring (1 image every 30-60 seconds) of 6 right
ventricular (RV) endocardial RFA sites in an open-chest ca-
nine model to characterize the spatial and temporal stability
of the RoSI in the peri-ablation period. It is important to note
that while a relatively stiff lesion can be differentiated from
untreated myocardium in qualitative elastography images,
variability between patients and imaging conditions could
make it difficult to establish a universal parametric threshold
to delineate lesion from healthy tissue based on the relative
stiffness; this work does not aim to determine the threshold
to define RF-treated myocardium. Rather, in this experiment
a constant 2-D imaging plane is used to monitor tissue stiff-
ening during RFA and to characterize the evolution of the
RoSI in the 30 minutes following the ablation.

Methods

Animal Experimental Procedure

This protocol was approved by the Duke University An-
imal Care and Use Committee and conformed to the Guide
for the Care and Use of Laboratory animals.?

Six canine subjects were anesthetized (preanesthesia: in-
tramuscular acepromazine 0.02-0.05 mg/kg followed by in-
travenous propofol 4—6 mg/kg; general anesthesia: isoflurane
gas 1-5% via inhalation), intubated, and ventilated. A me-
dian sternotomy was performed and the pericardium was
opened and sutured to form a cradle. A linear ultrasound
transducer was mounted into a vacuum-coupling device and
rigidly mounted against the RV epicardium. The vacuum-
coupling device was lightly suctioned to the epicardium to
maintain the imaging plane; it held the transducer 1 cm from
the heart and imaged through an ultrasonically transparent
standoff. This located the imaging focus at the center of the
myocardial wall (Fig. 1, panel A).

A single imaging acquisition collected a 2-D B-mode im-
age, a 2-D ARFlimage, and 6 equally spaced SWEI measure-
ments (1 acquisition per heart beat). All ARFI images and
SWEI measurements were ECG-gated to diastole to max-
imize the stiffness contrast between the ablated tissue and
surrounding myocardium and to minimize the effects of car-
diac motion on the displacement estimation.”->* Respiration
was suspended during the imaging acquisition to minimize
the effects of gross motion. Overall, a full imaging acquisi-
tion took approximately 150 milliseconds.

The RFA catheter was positioned into the field of view
and acquisitions were taken before RFA, and every 30-45
seconds during and for 30 minutes after a 60-second endo-
cardial ablation. Ablations were performed with a nonirri-
gated catheter (Celsius®, Biosense Webster, Diamond Bar,
CA, USA) with tip temperature limited at 65 °C and a max-
imum allowable power of 30 W. All images, including the
baseline images, were acquired with the ablation catheter in
place. This ensured any tissue stiffness or position changes

due to the catheter contact-force were consistent over the
monitoring period.

At the end of the study, the animal was euthanized and the
heart removed. Each lesion (14 attempts per canine) was
sectioned parallel to the approximate imaging plane. The
tissue samples were stained with triphenyltetrazolium (TTC)
to confirm the presence of a lesion.

Imaging Methods and Image Processing

Imaging was performed with a VF10-5 linear transducer
and modified Antares scanner (Siemens Medical, Issaquah,
WA, USA). All images were formed with an imaging center
frequency of 8.0 MHz, an ARFI excitation frequency of 5.7
MHz, and an imaging focus of 1.6 cm or 2.0 cm. ARF-
induced tissue displacement during the tracking time was cal-
culated using the Loupas algorithm;?*?> pixel locations with
a low (<0.90) median magnitude complex cross-correlation
coefficient, indicating a poor displacement estimate, were
removed from the ARFI image.'* Bulk axial motion of the
cardiac wall during the acquisition was removed by applying
a quadratic extrapolation motion filter.!#23:26

The maximum ARFI-induced displacement at each pixel
location was plotted in 2-D using color to represent the dis-
placement magnitude (Fig. 1, panel B). Each pixel was then
normalized using the baseline displacement measured in the
preablation image. This normalization reduced the effects of
the focal depth of field and energy attenuation on the dis-
placement magnitude.'® Each pixel’s normalized displace-
ment value was converted to relative stiffness by calculat-
ing the inverse.'> In other words, relative stiffness equaled
1/normalized ARFI-induced displacement, and represented
the relative increase in stiffness from the preablation image
(Fig. 1, panel B). The final image was median filtered spa-
tially with a 0.1 axial by 0.5 mm lateral kernel.

SWS was calculated for each SWEI measurement region
(1x5 mm) using the Radon sum transformation algorithm
described by Rouze et al.’>?’?® The SWEI measurement-
regions were centered in the myocardium at the axial depth
of the RoSI centroid to ensure tracking of propagating shear
waves and not transverse surface (Rayleigh-Lamb) waves.?

The cyclic motion of the heart and lungs inevitably caused
small translations of the imaging plane between image acqui-
sitions. These were corrected by shifting the images acquired
over time by a few pixels in the axial and lateral directions.
The lateral and axial offset corrections were calculated by
maximizing the 2-D normalized cross-correlation of sequen-
tial B-mode images using only the image region containing
the myocardial wall. The corresponding ARFI and SWEI
images were adjusted using these offsets.

Temporal Stability of the Region of Stiffness Increase

A relative stiffness threshold was applied (mean relative
stiffness in the myocardium minus one-half of the standard
deviation) to the images, and the region of stiffness increase
(RoSI) was identified as the pixel locations with a stiffness
increase greater than the threshold in at least 75% of the
postablation images. The mathematical centroid of the RoSI
(see Fig. 1, panel B-II) was defined as the center of this
region.

Each SWS measurement region (see Fig. 1, panel B-
I) was classified as inside (I) the RoSI if more than 90%
of the measurement-region pixels were inside the RoSI, or
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Figure 1. Panel A: Experimental setup. The VF10-5 ultrasound transducer (UT) and gel standoff (SO) were held by a vacuum (V) apparatus and positioned
directly onto the right ventricular free wall (RVFW) using an adjustable stabilization arm (SA). The ablation catheter (AC) was introduced to the right
ventricle (RV) through the inferior vena cava (IVC) and right atrium (RA) and brought in contact with the endocardium directly under the UT. The RF-
ablation (RFA) lesion formed in the ARFI imaging plane. Panel B: Top row: Peak ARFI-induced displacement images (units pum; red = high displacement,
compliant tissue; blue = low displacement, stiffer tissue) in the B-mode detected myocardium before (i) and after (ii) RFA. Bottom row: Relative stiffness
ARFI images (unit-less, red = large stiffness increase, blue = little, no stiffness increase relative to preablation image) with the automatically detected-RoSI
boundary (white trace). (B-1) Shear wave speed (SWS) measurement-regions (white boxes) inside the RoSI (1) and outside the RoSI (O); white arrows indicate
ARFI-excitation locations and black dotted line indicates furthest tracking distance right of the excitation location. Note: the tracking measurement-regions
overlap. (B-1I) ROI (white boxes) for (1) the RoSI centroid, (2) 0.25 mm inside the edge of the RoSI, (3) directly outside the RoSI, and (4) 3 mm outside the
edge of the RoSI in unablated myocardium at the depth of the detected-lesion centroid (horizontal white line).
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outside (O) the RoSI if less than 5% of the measurement-
region pixels were inside the RoSI. The SWS for each mea-
surement region was plotted over the 30 minute time course,
and stabilization time constants were calculated. Individual
measurement regions where the standard deviation of the
SWS through the time course was more than 2 m/s, likely
due to motion or an unstable heart rhythm, were excluded
from the analysis (2 of 36 total SWEI measurement-regions,
both in the same lesion).

For the ARFI images, 4 1x1 mm ROIs at the axial depth
of the RoSI centroid were defined for each lesion group at
the following lateral positions (Fig. 1, panel B-II): (1) the
RoSI centroid, (2) 0.25 mm inside the edge of the RoSI, (3)
directly outside the RoSI, and (4) 3 mm outside the edge
of the RoSI in unablated myocardium. The mean relative
stiffness of the 4 ROIs at each ablation site was plotted versus
time to examine the temporal stability. A Tukey’s honest
significant difference multiple comparison test was used to
determine if the mean relative stiffness for ROIs 1-3 were
significantly different than in the unablated ROI; stabilization
time constants were calculated if the mean stiffness in the
regions were significantly different.*

An exponential curve fit (eq. (1)) was used to find the
stabilization time constants, where t (units, s) is time, Xgiya/,
and Xy, Were the fitted steady-state and initial values, and
T (units, s) is the fitted stabilization time constant. The time
to stabilization was calculated as 3 times the time constant,
or when 95% of the steady-state value was reached.

x(t) = XFinal + (xlm'tial - xFinal) e—r/r (1)

To characterize any change in the relative stiffness of the
myocardium adjacent to the RoSI, the average relative stiff-
ness for several regions around the RoSI border was plotted
to visualize stiffness changes. For each ablation site, the im-
ages taken 5, 10, 15, and 30 minutes after RFA were used to
calculate the mean relative stiffness for 5 laterally neighbor-
ing 1x1 mm regions axially centered at the RoSI centroid
and located 0, 1, 2, 3 mm from the RoSI edge and the 5th
region just inside the RoSI. These results for all lesions were
averaged to visualize any overall stiffening trends. Any pix-
els that were contained in the RoSI were excluded from the
means for the adjacent myocardial regions, and any non-RoSI
pixels were excluded from the mean of the region inside the
RoSI. These analyses were repeated for additional axial lo-
cations 1 mm above (closer to epicardium) and below (closer
to endocardium) the RoSI centroid.

Spatial Stability of the Region of Stiffness Increase

For each RoSI, the relative stiffness across the lateral field
of view at the axial depth of the lesion centroid was compiled
into a single image of the 30 minute time course to visually
examine the stability of the RoSI width.

As previously mentioned, selecting a universal relative
stiffness threshold to differentiate RFA lesion from healthy
myocardium is problematic due to variability between sub-
jects and the slight differences in imaging conditions such as
myocardial depth and instant in the cardiac cycle;’ although
for this study, which aims solely to observe any change in the
lesion stiffness between consecutive images, a single relative
stiffness threshold was used to determine the evolution of the
RoSI area. Kwiecinski et al. found the estimated increase in
SWS after RFA to be approximately 2-fold in vivo.'? Grondin

et al. showed the average value of strain after ablation was
2.6 times lower than before ablation in human patients.'? For
this study a threshold of 2, equivalent to 2 times the stiff-
ness prior to the ablation, defined the RoSI area. For RoSI
areas bounded by the field of view, the area calculation was
bounded by the edge of the image. The RoSI area was plotted
as a function of time, and the stability time constant and sta-
bilization time were calculated (eq. (1)). The RoSI area was
confirmed to be stable after the defined stabilization time, as
the mean slopes of the linear regression time trends for each
lesion after this point were all found to be small.

Results

A total of 12 ablations were attempted in 6 canine subjects,
but full analysis was completed for only 6 lesions. All 6 of
the unreported lesions had significant shifts of the transducer
imaging plane during the 30 minutes of recording. Pathology
confirmed the presence of a necrotic lesion at all imaging
sites.

Figure 2 shows relative stiffness ARFI images for 2 ab-
lation sites before, during, and after RFA. During RFA, the
relative stiffness increased radially outward from the abla-
tion catheter contact point, forming a stiff semicircular le-
sion. The relative stiffness ROI (white boxes) are displayed
on the ARFI images. The full sets of relative stiffness ARFI
images for these 2 lesions are included in the Supporting
Information (Videos S1 and S2). To convey the difficulty of
maintaining the imaging plane position during the 30 minute
monitoring period, a video example of the B-mode images
for an unanalyzed lesion showing a significant shift in the
imaging plane during the monitoring period is also included
with the online Supporting Information (Video S3).

Temporal Stability of the Region of Stiffness Increase

The Tukey multiple comparison test determined the
postablation mean relative stiffness for both of the ROl inside
the RoSI were significantly different than the stiffness of the
unablated ROI for all 6 lesions. The mean relative stiffness of
the ROI directly outside the boundary was not significantly
different than the unablated ROI stiffness for any lesion.

Figure 3 shows temporal plots and the respective curve
fits of the SWS inside and outside the RoSI (panel A) and
the mean relative stiffness in the ARFI image ROI (panel B).
Postablation, the average (n = 6) SWS inside all RoSI was
4.20 + 0.62 m/s and 1.36 % 0.37 m/s outside the RoSI. The
average (n = 0) relative stiffness postablation was 5.65 £
1.83 at the RoSI centroid, 3.50 £ 0.82 at the inside edge,
1.29 £ 0.17 directly outside the lesion, and 1.14 + 0.22
3 millimeters from the RoSI edge. Table 1 summarizes the
stabilization time results.

Figure 4 shows a histogram plot of the average increase
in relative stiffness in the area surrounding the RoSI. While
there was no significant difference between the relative stiff-
ness of the unablated ROI and ROI just outside the RoSI
boundary for each individual lesion as seen in Figure 3,
Figure 4 reveals on average there is a slight increase in stiff-
ness in the tissue directly outside the RoSI (light blue bar).
This increase is small and appears to stabilize after 15 min-
utes, and the region inside the RoSI remains significantly
stiffer. This trend is similar at all 3 axial depths shown.
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Figure 2. 2-D relative stiffness images of RFA ablation sites A and C (white boxes, relative stiffness ROI) before ablation, during RFA delivery, within 3

minutes of the ablation, and more than 25 minutes after ablation.
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Figure 3. Time course plots for all RoSI: (A) SWEI measurement-regions inside (red) and outside (blue) the RoSI and (B) mean relative stiffness in ARFI
image ROI at the RoSI centroid (red), 0.25 mm inside the edge of the RoSI (magenta), directly outside the RoSI (cyan), and 3 mm outside the edge of the RoSI
in unablated myocardium (blue). RF-energy delivery commenced at Os and terminated at 60 s. Exponential stabilization curve fits are shown as solid lines.

TABLE 1

Stabilization Times for SWS and Relative Stiffness Inside the RoSI.”
Includes 60s Ablation Time

Stabilization Time, 3/t s

Relative Stiffness

Site SWS fInside Centroid Inside Edge Area

A 348 128 617 172

B 118 94 616 117

C 156 292 327 158

D 128 125 172 79

E 169 279 378 258

F 72 212 315 105
Mean 165 £99 189 £ 85 404 £ 178 148 + 64

“SWS = shear wave speed; RoSI = region of stiffness increase; v =
stabilization time constant.
11f more than 1 SWEI measurement-region per lesion, reports mean.

Spatial Stability of the Region of Stiffness Increase

The relative stiffness of tissue located at a constant axial
depth through the time course is shown in Figure 5. The
figure shows the relative stiffness (color) as a function of
time (x-axis) and lateral coordinate (y-axis). Visualization
of the relative stiffness data in this way demonstrates how
the RoSI border and the stiffness within the RoSI remain
spatially stable throughout the monitoring period.

Figure 6 shows a plot of the RoSI area and the stabilization
curve fit over the time course for the 6 ablation sites. In all,
the RoSI area grows rapidly during RFA and stabilizes within
2 minutes of the start of RF-delivery.

Discussion

This investigation used 2-D ultrasound elastography
imaging to monitor the evolution of myocardial stiffness
changes caused by thermal ablation. To our knowledge, this
is the first study to capture elastography generated images
of RF-induced tissue stiffening during ablation in vivo and

to monitor changes in the stiffened region during the peri-
ablation period.

The stiffness data were used to calculate stabilization time
constants that characterize the temporal and spatial stability
of the change in tissue stiffness around the ablation site.
These time constants showed that the detected RoSI sites
were stable within 3 minutes of the ablation.

A recent study in human patients (n = 3) by Grondin
et al. observed an average increase in lesion stiffness in the
peri-ablation period when lesion strain was measured at spe-
cific times after ablation, and then reevaluated between 5 and
20 minutes later. Because of the limited time and spatial
(2-3 mm axial kernel) resolution, they were unable to char-
acterize the time course of this stiffening or report changes
in detected lesion size.'”> Our data showed that the stiffness
at the RoSI center increased immediately during RFA and
was stable 2 minutes after ablation. This finding is consistent
with studies that have shown thermocoagulation continues
through the first minute post-RF-heating until the treated
tissue temperature cools below the critical ablation range
(~48 °C).’132 We also found that the stiffness at the inside
edge of the RoSI took as long as 10 minutes (mean: 6.5 min-
utes) to equilibrate. It is important to note that the increases
in stiffness (13 & 9%) associated with these longer time con-
stants were not significant and did not cause a measurable
increase in lesion area as defined by a threshold of 2 times the
relative stiffness increase. The longer stabilization time could
be attributed to the resolution of hyperthermic contraction-
band necrosis*® or equilibration of the hydrostatic pressure
at the ablation site.>*?> Based on these results, the rela-
tive stiffness and RoSI area appear stable and consistent
approximately 2 minutes after completing an ablation, and
intra-procedure elastography assessment of lesions should
provide reproducible lesion size results within minutes of
treatment.

While we did not quantify the extent of acute interstitial
edema, histological analysis has shown the zone around le-
sions can contain immune fluid infiltrate.>>=37 An MRI study
by Lardo et al. observed the delayed onset and stabilization of
local interstitial edema 10~12 minutes after RFA ablation.**
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Figure 4. Histogram plots showing the
average relative stiffness at all ablation
sites for 6 1x1 mm regions. Histogram
bars represent from left to right the re-
gions laterally positioned 3, 2, and 1 mm
from the RoSI edge (blue), outside the
RoSI edge (cyan), and directly inside the
RoSI (magenta). Plots are for axial posi-
tions of (A) 1 mm above the RoSI centroid,
closer to epicardium, (B) centered at the
lesion centroid, and (C) 1 mm below the
lesion centroid, closer to endocardium.
Error bar line represents standard error
between ablation sites (n = 6).
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In our study, while a slight increase in stiffness was observed
in the 1 mm of myocardium adjacent to the RoSI within
15 minutes of the ablation, consistent with interstitial edema
or fluid displacement from the thermocoagulated lesion core,
the relative stiffness in this region remained significantly
less than inside the RoSI and was not significantly differ-
ent than untreated myocardium. There is evidence to support
that ARFI imaging can detect hydrostatic pressure-induced
increases in tissue stiffness from a limited feasibility study
that found that ARFI imaging could visualize cryoablation
lesions in vivo.® The primary cause of the relative stiffness
increase in cryo-lesions is severe edema and hemorrhage at
the freeze site.*®*° We have also shown previously that ARFI
imaging visualizes the thermocoagulation-induced increase
in tissue stiffness in vitro, where there is no inflammatory
response.'®!7 Therefore, it is likely that, if present in this
study, edema either occurred during the ablation concurrent
with the increase in stiffness due to thermo-coagulation, or
the hydrostatic pressure increase caused by late occurring
edema caused a nonsignificant change in tissue stiffness com-
pared to thermo-coagulation.

We have previously shown that ARFI imaging can be im-
plemented from an ICE catheter transducer.”'®* While the
use of ICE-based ARFI has been shown during clinical TCA
procedures, the experimental setup described in this study is

Figure 6. Time course plot of RoSI area
as detected by an ARFI relative stiffness
threshold of 2. RF energy delivery com-
menced at 0 s and was terminated after
60 s (red vertical line). Exponential sta-
bilization curve fits are plotted as solid
lines.

not possible in the clinic. The use of a large linear transducer
placed directly on the epicardial surface (1) maximized imag-
ing plane stability over the time course, (2) minimized inter-
ference from the RF-energy application sometimes present
when using ICE, (3) maximized the ARFI imaging field of
view, and, most importantly, allowed us to characterize the
changes that actually occurred and not the ability of currently
available clinical technology to measure the changes.

Results from both SWEI and ARFI imaging were reported
in this study as they have complementary advantages: ARFI
imaging provides high temporal and spatial resolution of rela-
tive tissue stiffness at higher signal to noise ratio, while SWEI
measures absolute tissue stiffness with somewhat limited res-
olution. The higher spatial resolution of ARFI imaging may
be better suited for clinical assessment of RFA lesions, but in
this study SWEI was valuable because it verified the absolute
increase in tissue stiffness.

Study Limitations

A direct comparison between the ARFI imaging deter-
mined RoSI area and the stained necrotic lesion pathology
was not possible in this study due the likelihood of large
registration errors between the histological cross-section
and the actual imaging plane. Despite the lack of a direct



Eyerly et al.

comparison, gross pathological examination confirmed the
presence and the general shape of the RFA lesions at all
imaging sites (see Supporting Information).

Movement of the imaging plane was the primary cause
of loss of data in this study. The registration process was
able to adjust for small axial and lateral shifts of the imaging
plane, but was unable to correct for elevational or angular
spatial translations; slight changes in the imaging plane in
these directions could have resulted in the imaging of a dif-
ferent cross-section of the lesion, leading to artificial changes
the RoSI. We chose to use only data sets with enough tem-
poral stability of the imaging plane to allow a meaningful
analysis.

All measurements of stiffness were gated to occur during
diastole. The QRS of the previous beat was used as the trigger.
The delay between the QRS and the start of imaging was held
constant over the 30 minute time course; changes in the heart
rate during this period would have caused some images to
be acquired during a slightly different time in the cardiac
cycle. This change could have accounted for some of the
registration problems that contributed to the loss of some
data sets.

An exponential fit for the time course data was chosen
because it visually provided a reasonable fit for the data and
allowed for the calculation of a time constant. We did not
attempt to prove mathematically that this is the appropriate
function; regardless, all data measurement points used for the
model fits are included in the plots and appear observation-
ally to be consistent with the findings of the time constant
calculations.

Conclusion

This investigation was the first of its kind to monitor the
evolution of RFA-induced tissue stiffening at transcatheter
cardiac ablation sites. SWS and ARFI measured stiffness in-
creased within the RFA-treated myocardium during tissue
heating and stabilized within the first 2 minutes after abla-
tion. There was no significant change in the stiffness of the
adjacent myocardium, and the lesion area, measured using a
stiffness threshold, stabilized within 2 minutes of completing
ablation. The findings strongly suggest that edema does not
significantly alter tissue stiffness surrounding the lesion in
the peri-procedural period in a way that would compromise
the utility of elastography based lesion evaluation. Over-
all, elastography imaging remains a promising technique for
intra-procedure thermal lesion evaluation.
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Supporting Information

Additional supporting information may be found in the
online version of this article at the publisher’s website:

Video S1. 2-D relative stiffness images of RFA site A
throughout the full monitoring time course, including before
ablation, during RFA delivery, and during the 30 minutes
after ablation. The lesion presents as a uniformly stiff region
with a discrete boundary, and the shape and stiffness remain
stable throughout the time course.

Video S2. 2-D relative stiffness images of RFA site C
throughout the full monitoring time course, including before
ablation, during RFA delivery, and during the 25 minutes
after ablation. The lesion has a discrete border, and appears
as astiff region with stiffer core. This appearance is consistent
with a thermocoagulated lesion with a collagen charred core

Video S3. B-mode images from a full monitoring time
course where there was a significant shift in the 2-D imaging
plane. The data for this ablation site were excluded from the
analysis.

Figure S1. B-mode (left), relative stiffness ARFI images
(center), and approximate pathology cross-sections (right)
for lesion A-F. TTC staining of pathology specimens con-
firms thermo-coagulated lesions (white, charred brown core)
surrounded by viable myocardium (dark red).



