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ABSTRACT

Background and Purpose: Elastography may prove useful for monitoring radiofrequency ablative (RFA) ther-
apy because heat-ablated tissues are more elastic than untreated tissues. Herein, we report our initial evalu-
ations of the reliability of elastography for delineating thermal-lesion boundaries at the time of RFA of porcine
kidneys.

Materials and Methods: In-vivo RFA was performed on 20 kidneys from 10 40-kg female pigs. Elastogra-
phy was performed at the time of surgery and after 48 hours. The imaging plane was perpendicular to the
axis of the RF electrode so that the ablated region was around the center of the plane. Measurements of the
sections representing the same image plane used for elastography were taken at pathologic examination and
compared with the measurements obtained from the elastograms.

Results: We found a statistically significant correlation between elastography and pathology measurements
with respect to the area and volume estimates (r � 0.9302 and r � 0.953, respectively). Overall, elastography
slightly underestimated the lesion size, as judged by the digitalized pathologic images, a finding consistent
with previous reports.

Conclusion: We found a correlation between the area and volume estimates of thermal lesions that were
based on elastographic images and the measurements from gross pathologic dimensions. A a significant lim-
itation of renal RFA is the inaccuracy of current imaging modalities to provide real-time monitoring, and
elastography may prove to be reliable for delineating the resulting thermal lesions.

INTRODUCTION

APPROXIMATELY 35,000 CASES of renal-cell carcinoma
(RCC) were diagnosed in 2004, representing a 30% in-

crease in the incidence of RCC over the last decade.1 The in-
creased incidence, characterized by smaller, localized lesions
on initial presentation, has been attributed to the widespread
use of ultrasongraphy and CT. The stage migration to smaller
tumors has also led to a paradigm shift in the management of
RCC, evidenced by the increase in the number of patients of-
fered nephron-sparing surgery for cancer control.2

Recently, radiofrequency ablation (RFA) has been used by
many centers to treat selected patients with small renal
masses.3,4 This technique is favored because it is minimally in-
vasive while being hemostatic and of relatively low cost.3,4 The
RF energy heats tissue by applying alternating current, result-
ing in ionic agitation. Clinical studies are ongoing, but early
evidence suggests that RFA is generally safe, and the oncologic
results are encouraging.3–10 A significant limitation of RFA re-
mains the difficulty of real-time monitoring during therapy.
Both CT and MRI have been used to guide treatment, with MRI
providing the best tissue-to-tumor contrast and the ability to use

Departments of 1Surgery/Division of Urology, 2Medical Physics, 3Pathology, and 4Radiology, University of Wisconsin Medical School, Madi-
son, Wisconsin.



PAREEK ET AL.960

multiplanar guidance.8 However, MRI guidance for ablation is
expensive, requires dedicated interventional MRI equipment,
and is the least available technology for real-time monitoring.
Currently, ultrasonography is the most widely used modality
world-wide to monitor RFA, but it is unable to delineate lesion
margins because of the production of water vapor during treat-
ment. Thus, real-time monitoring during RFA is difficult, lead-
ing to uncertainty about the precise zone of ablation at the time
of treatment. Also, complications such as adjacent-organ injury
from treating peripheral lesions and collecting-system injury
from treating central lesions have been reported.11

Recently, there has been enthusiasm about imaging tissue
elasticity.12,13 One of these techniques, elastography, has been
useful in monitoring the impact of ablative therapy. Elasticity
changes have been demonstrated after RFA and are attributed
to protein denaturation from the elevated temperatures during
treatment.10 In the liver, RF lesions exhibit extremely high con-
trast on elastographic ultrasound images compared with nor-
mal, untreated, liver tissue.14 The experiences from these stud-
ies and preliminary data from our institution suggest that
sonographic elastography may be substantially superior to con-
ventional sonography for monitoring RFA lesions.

The purpose of our study was to investigate the feasibility
of elastography during ablative therapy, performed by moni-
toring phase changes in the echo signals caused by speed of
sound variations and thermal expansion with temperature. We
hypothesized that sonographic elastography may provide real-
time monitoring and significantly improve the efficacy of RFA
in treating renal lesions.

MATERIALS AND METHODS

Animals, anesthesia, and procedures

Twenty female domestic pigs (mean weight 40 kg) were used
after approval was obtained from the Research Animal Care
and Use Committee of our institution. All husbandry and ex-
perimental studies were compliant with the National Institutes
of Health Guide for Care and Use of Laboratory Animals
(http://oacu.od.nih.gov/regs/guide/guidex.htm). Anesthesia was
induced with intramuscular tiletamine hydrochloride and zo-
lazepam hydrochloride (Telazol; Fort Dodge, IA), atropine
(Phoenix Pharmaceutical, St. Joseph, MO), and xylazine hy-
drochloride (Xyla-Ject; Phoenix Pharmaceutical). Animals
were intubated, and anesthesia was maintained with inhaled
isoflurane (Halocarbon Laboratories, River Edge, NJ) to effect.
The pigs were placed in the supine position and prepared in the
midline and draped. Serum creatinine measurements were ob-
tained prior to beginning the procedure. Through a midline in-
cision, one kidney was dissected free and the lower pole ex-
posed. Following the protocol described below, the identical
procedure was performed on the contralateral side.

RFA technique

All 20 RF procedures were performed with the Cool-tip™
system (Valleylab, Boulder, CO). The system includes a 480-
kHz monopolar RF generator that operates at a maximum of
200 W (2.0 A at 50 �). The generator uses an impedance feed-
back loop to maximize energy delivery by minimizing charring.

Tissue charring is limited by circulation of chilled sterile wa-
ter (approximately 18–20°C at the electrode tips) through the
electrodes during the ablations by way of a peristaltic pump.
The single RF electrodes are 17 gauge (1.5 mm) in diameter
with a 3.0-cm exposed tip. Single ablation zones were created
by applying power for 12 minutes per ablation according to the
manufacturer’s recommendations.

Ultrasound monitoring

The ultrasound machine utilized to guide the RF probe place-
ment was an Ultrasonix 500RP real-time scanner (Ultrasonix
Medical Corporation, Bothell, WA, and Vancouver, BC,
Canada) equipped with a 5-MHz center frequency linear-array
transducer with an approximately 60% bandwidth. After treat-
ment, the kidney was allowed to cool to body temperature, the
visible lesion was measured, and the kidney was replaced in
situ.

The pigs were allowed to survive for 48 hours to better eval-
uate cell death and then sacrificed. Forty-eight hours allows co-
agulative necrosis to be identified by light microscopy.15,16 The
kidneys were harvested and fixed in 10% Formalin solution af-
ter computation of elastographic measurements.

Elastographic measurements

Elastographic imaging was performed using a set-up in-
cluding a stepper motor, ultrasound probe, and a kidney en-
cased in a gelatin phantom, which was used to provide a regu-
lar surface for external quasistatic compression (Figs. 1 and 2).
As previously described, the phantoms were prepared using
200-bloom calfskin.14 Data acquisition to obtain the precom-
pression and postcompression RF signals for elastography was
performed using an SSD 2000 real-time scanner (Aloka, Tokyo,
Japan) with a 40-mm 7.5-MHz linear-array transducer with a
70% bandwidth. The ultrasound RF signals were then digitized
utilizing a 12-bit data-acquisition board (Gage Applied Inc.,
Montréal, Québec, Canada) at a sampling rate of 100 MHz. The
apparatus includes a stepper-motor-controlled motion-com-
pression system and a compression plate that also supports the
transducer. Both the transducer and the compression plate are
placed in direct contact with the gelatin block. After compres-
sion of the gelatin block containing the excised kidney to en-
sure proper contact, the RF frame is acquired, and the stepper
motor is activated to compress the sample, with the postcom-
pression frame acquired immediately and in synchrony with the
compression. A personal computer was used to control the op-
eration of the system.

Local tissue-displacement information was estimated from
the gated precompression and postcompression RF signals from
the location of the normalized cross-correlation function peak.
Subsample peak locations were calculated using parabolic in-
terpolation. A window length of 3 mm with a 75% overlap was
used to obtain the tissue displacements. Strain estimates were
obtained using a five-point linear least-squares fit on the esti-
mates of tissue displacement. A 5 � 5 median filter was used
to reduce strain outliers in the strain image or elastogram.

The ablation zone size was analyzed using the freeware Im-
ageJ (National Institute of Mental Health, Bethesda MD). The
lesion areas and volumes were estimated by drawing contours
of the lesion shape and then computing the area and volume of
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the bounding ellipse using the formula for the area of an ellip-
soid, � ab/4, where a and b are the length and width axis ra-
dius. Ablation-zone volumes were calculated using the formula
for the volume of an ellipsoid, 4/3� abc, where a, b, and c are
the length, width, and height axis radii, respectively. Maximum
ablation zone length, height, and depth were used for these val-
ues.

Pathology measurements

The kidneys were cut into 2.4-mm slices on a commercial
meat slicer. Slices were optically scanned (Perfection 2450
Photo Model G860A; Epson, Long Beach, CA) and saved as
electronic images. The ablation-zone size was analyzed us-
ing ImageJ. Ablation-zone measurements were taken using
the central, white zone of complete necrosis, not the sur-
rounding red zone that has been shown to contain viable
cells. Ablation-zone areas were calculated using the formula
for the area of an ellipsoid, and ablation-zone volumes were
calculated using the formula for the volume of an ellipsoid.
Grossly, the estimated depth of the lesion was calculated by
multiplying the number of slices demonstrating a lesion by
0.24 (the thickness of each slice) and summing these values
for each kidney.

Histologic analysis

Samples of lesions were embedded in paraffin, stained with hema-
toxylin and eosin (H&E), and reviewed by a pathologist blinded to
the treatment (TFW) for determination of cell death, inflammatory
changes, and vascular thrombosis. Examination of the specimen for
viable cells and skip lesions was included in the analysis.

Statistical methods

To determine whether the pathology and elastography ex-
aminations were giving us the same estimates of lesion area and
lesion volume, we tested for differences between the estimates
using a Wilcoxon signed-ranks test and determined the strength
of the correlation between the estimates using a Spearman cor-
relation coefficient. All analyses were performed using SAS
statistical software (SAS Institute Inc., Cary, NC).

RESULTS

A representative elastogram, sonographic B-mode image,
and digitalized pathology photograph of a typical RF lesion are
illustrated in Figure 3. A three-dimensional (3D) depiction of
a thermal lesion was generated from parallel multislice elas-

FIG. 1. System utilized to formulate elastograms.

FIG. 2. Methodology utilized in formulating elastograms.
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tograms acquired at 1-mm increments (Fig. 4). The 3D repre-
sentation allows computation of lesion volume.

Thermal-lesion areas and volumes for the 20 ablations were
compared to analyze correspondence between elastographic and
digitized photographic depictions. All comparisons were made
at the corresponding elastographic and pathologic planes for a
single representative slice.

Area and volume measurements

A strong correlation of the estimates of areas obtained from
elastography and those obtained from gross pathology speci-
mens was observed (r � 0.9302) (Fig. 5A). The correlation ob-

served between the elastographic and pathologic volume esti-
mates was 0.953 (Fig. 5B).

Radiofrequency data

An average temperature of 79°C was obtained at the end of
the 20-minute ablation procedures. There was no significant dif-
ference between the pretreatment and post-treatment creatinine
concentrations (P � 0.33).

Histologic analysis

The necrotic zones of the 20 lesions were surrounded by a
mean of 1 mm of congestion and intertubular hemorrhage.
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FIG. 3. Images of RFA lesion in section of kidney tissue, as seen by (A) B-mode ultrasonography, (B) elastogram, and (C)
digitalized photograph of pathologic lesion.

FIG. 4. Three-dimensional elastogram of RFA thermal lesion in porcine kidney.
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Tubular and glomerular outlines were intact in the necrotic zone
with the exception that cell borders were ablated, and this zone
was devoid of erythrocytes. Closer to the zone of hemorrhage,
necrosis was more extensive, and tubular outlines and nuclei
were faint. These advanced changes were present on either side
of an infiltrate of polymorphonuclear leukocytes, which in-
cluded a zone of hemorrhage. Focal calcification of necrotic
cells was present in tubules at the interface with intact unin-
volved renal parenchyma. Generally, the tissue around the probe
consisted of concentric laminated and elongated tubules. Irreg-
ular spaces in this area represented gas bubbles (Fig. 6).

DISCUSSION

Radiofrequency ablation is currently presented as an optional
treatment to some patients with renal pathology. The procedure
creates thermal lesions by achieving temperatures �60°C, result-
ing in uniform tissue necrosis.15,16 A serious limitation of this pro-
cedure is the inability to delineate the boundary of an ablated le-
sion in real time. Radiologic–pathologic correlations in both
experimental and clinical studies have demonstrated that CT and

MRI may aid clinicians in predicting the region of coagulation
within 2 to 3 mm following RFA.17,18 Cha and associates19 com-
pared the usefulness of CT and sonography as modalities for mon-
itoring RFA and concluded that on CT, RF lesions consistently
showed lower attenuation than surrounding tissue. On sonography,
the echogenicity of lesions varied, with approximately 59% of the
lesions being hypoechoic, 25% hyperechoic, and 16% isoechoic.
Thus, a major limitation of this technique is the inability to see the
zone of necrosis during treatment because of the intrinsically low
contrast between treated and untreated tissue. Further compound-
ing the problem are imaging artifacts seen on ultrasonography as
a result of water-vapor formation during the ablation. 

Techniques for real-time imaging during RFA have become
an important area of research. Recently, a major focus by in-
vestigators has been on imaging the change in the elastic prop-
erties of tissue that result at the time of RFA.12–14 Thermal in-
jury resulting from RFA increases the strain or stiffness of tissue
because of the elevated temperatures and protein denaturation.
These local strain changes may be measured by ultrasonogra-
phy and displayed as images called “elastograms.” Although
elastograms generally are obtained using off-line processing,
researchers have demonstrated real-time applications using
faster algorithms. Recently, Varghese and colleagues14 dem-
onstrated the feasibility of elastography in monitoring RFA of
porcine liver. Those investigators found an excellent correla-
tion between the measurements of the dimensions, areas, and
volumes of thermal lesions that were based on elastographic
images and measurements based on digital pathologic images.
When comparing the digitized pathologic measurements, elas-
tographic measurements showed a tendency to slightly under-
estimate both the areas and the volumes of lesions. Those in-
vestigators concluded that elastography was a reliable technique
for delineating thermal lesions resulting from RFA.

We studied the feasibility of elastography as an imaging tech-
nique to monitor RFA of renal lesions. We generated elas-
tograms at 48 hours after RFA and compared them with the
gross pathologic lesions resulting from the treatment. The sur-
vival time allowed coagulative necrosis to become apparent at
the light-microscopic level, permitting more accurate depiction
of the lesion created by the ablation. Our hypothesis was that
tissue that had been ablated could be discriminated from nor-
mal tissue by elastography, providing the potential for real-time
monitoring during RFA of renal lesions

FIG. 5. Scatterplots of (A) lesion areas and (B) lesion volumes between pathology and elastography and their linear fits.

FIG. 6. Ablated kidney excised at 48 hours showing necrotic
zone, zone of polymorphonucleocyte (pmn) infiltration, and
area of calcium deposition abutting intact kidney tissue. (Hema-
toxylin & eosin; original magnification �20).
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The elastograms generated in our study displayed with ex-
tremely high contrast on ultrasonography compared with nor-
mal kidney, allowing clear delineation of the treatment zone.
Similar findings have been observed in liver studies.14 Addi-
tionally, we found elastographic measurements of the RF-ab-
lated regions of the kidney correlated well with measurements
of the gross pathologic lesions. In our statistical results, the cor-
relation coefficient between the elastographic and pathologic
lesion areas was approximately 0.93. The comparison with elas-
tographic and pathologic volumes provided an even stronger
correlation: a correlation coefficient of 0.95. Generally, elas-
tography slightly underestimated the lesion size observed on
gross pathology, a finding previously reported in liver studies.14

A possible explanation for the elastographic underestimation
could be an accurate reflection of the stiffness of the resulting
lesion. Specifically, because elastograms reflect a map of the
tissue strain after RFA, the lesion edges may not be as stiff as
the core of the lesion. Thus, these strain differences, from the
core to the edge of the lesion, may represent a true reflection
of the stiffness changes that occur from RFA. Further investi-
gations are needed to substantiate these conclusions.

The accuracy of elastographic measurements demonstrated
in our study may alleviate some of the limitations of current
modalities utilized to guide RFA, including steam-bubble for-
mation on standard B-mode sonography, as well as the post-
treatment artifact seen on standard CT. We postulate that real-
time elastography during RFA may increase treatment efficacy,
possibly permitting eradication of viable tissue in the treatment
zone and preventing the undertreatment of the targeted lesion.

We concede that a limitation of the study is the use of elas-
tographic measurements calculated from directly placing the 
ultrasound transducer on the kidney, rather than from a per-
cutaneous approach. We believe these measurements were ap-
propriate for initial analysis in our feasibility study, and future
in-vivo investigations will be performed percutaneously.

Our study demonstrates that elastography is a reliable nonin-
vasive technique that may allow clinicians to assess treatment ef-
ficacy at the time of the procedure rather than from the traditional
post-treatment imaging. We believe that the strong correlation be-
tween elastographic and pathologic thermal lesions in this study
warrants further investigation of the in-vivo utility of elastography
during RFA. Investigations are continuing, and preliminary results
are encouraging for real-time monitoring during RFA.

CONCLUSION

Our feasibility study suggests that elastography may be a reli-
able technique for monitoring the zone of RFA of renal lesions.
Our data indicate a significant correlation between elastographic
and gross pathologic measurements 48 hours after ablation. We
believe our findings demonstrate a significant advancement in the
movement toward improving the efficacy of RFA. In-vivo stud-
ies will be needed to provide data on the utility of elastography
for providing real-time monitoring during RFA.
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ABBREVIATIONS USED

CT � computed tomography; MRI � magnetic resonance
imaging; RFA � radiofrequency ablation.
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