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Techniques to image elasticity parameters~i.e., elastography! have recently become of great interest
to researchers. In this paper we use conventional ultrasound elastography and x-ray CT to image
radio frequency~RF! ablation sites of excised canine liver enclosed in gelatin. Thermal coagula-
tions of different sizes were produced by applying the RF procedure for various times and end point
temperatures. Dimensions, areas and volumes computed from CT and elastography were compared
with those on whole mount pathology specimens. Ultrasound elastography exhibited high contrast
for the thermal coagulations and performed better than CT. The correlation between pathology and
elastography for this sample set of 40 thermal coagulations (r 50.94 for volume estimation,r
50.87 for area estimation! is better than the correlation between pathology and CT (r 50.89 for
volume estimation,r 50.82 for area estimation!. © 2004 American Association of Physicists in
Medicine. @DOI: 10.1118/1.1738963#

Key words: CT, elastography, elasticity, image analysis, image-guided therapy, radiofrequency, RF
ablation, thermal ablation, strain, ultrasound
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I. INTRODUCTION

Although surgical resection is the gold standard for the tre
ment of most malignant tumors, minimally invasive trea
ment options are currently available for patients who
technically not eligible for surgical resection or anesthes
or who refuse surgical intervention. Image-guided tumor
lation has provided an effective and safe means to tre
large variety of benign and malignant conditions and ho
promise as a treatment on an outpatient basis.1–3 The goal for
tumor ablation is complete destruction of tumor targets eit
chemically or thermally using radiofrequency, laser, mic
wave, high-intensity ultrasound, or cryoablation, without e
cessive damage to surrounding normal tissue.

Radio frequency~RF! ablation is emerging as a viabl
modality for many treatment sites. RF ablation is an inter
tial focal ablative therapy in which an electrode is plac
into a tumor to cause heating and cauterization of the tu
from ionic agitation. The rapid vibration of ions creates fri
tion, and therefore, heating in the region of interest. Insert
of multi-tined, expandable electrodes is a common met
for increasing energy deposition and creating a zone of
1322 Med. Phys. 31 „6…, June 2004 0094-2405 Õ2004Õ31„6
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agulation necrosis of predictable volume.2,4 RF ablation has
the advantages of tissue coagulation at the electrode inse
site ~resulting in a low rate of intra- and postprocedur
bleeding!, percutaneous application via a relatively sm
electrode,5,6 and usually a single session of ablation.

The extent of thermal damage depends on the tempera
achieved, the duration of application, and the size of
electrode. Mild elevation of the temperature to 40 °C do
not destroy the cellular homeostasis, while temperatu
greater than 42 °C are considered potentially lethal.7 Irre-
versible protein coagulation and cell membrane fusion
curs at a temperature of 46 °C when held for 60 min,8 while
a 4–6 min duration is enough to cause damage at a temp
ture of 50– 52 °C, and cell death happens nearly insta
neously for temperatures over 60 °C.9 When the temperature
reaches 100– 105 °C, tissue vaporization, cavitation, and
bonization occur~where the resultant decrease in ener
transmission retards ablation10!. Gas bubbles formed from
water vaporization may also destroy cells explosively11

Goldberget al.2 reported that maintaining a 50– 100 °C tem
perature range over the entire target volume is a key
successful ablation.
1322…Õ1322Õ11Õ$22.00 © 2004 Am. Assoc. Phys. Med.
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1323 Liu et al. : Elastographic versus x-ray CT imaging radio frequency ablation coagulations 1323
Imaging modalities that dynamically monitor the irrever
ible cellular damage evolution during and after treatment
important to the success of rf ablation therapy.2,3 Ultrasound
~US! is a commonly used modality for guidance of rf abl
tion procedures for hepatic tumors.2,12 It provides real-time
visualization of electrode placement, is portable and cost
fective, and can target and guide ablation therapy for m
intracavitary and endoluminal applications. Although go
correlation between the sizes of sonographically depicted
agulations and pathologic results was reported in ea
literature,13,14 later reports showed insufficient correlatio
between pathology and standard B-mode images becau
low intrinsic contrast between normal and ablated liver a
artifacts from gas bubble formation.15–17 Dissolved gases
~primarily nitrogen! released from cells during heating for
gas-bubbles within the tissue, which appear hyperechoic
US images. However, this hyperechoic region does not a
rately represent the region of damaged tissue,15 underesti-
mating the extent of coagulation. In addition, this hyp
echoic region fades with time due to the resorption of the
bubbles.2,18 US microbubble contrast agents, which help d
ferentiate between perfused and nonperfused tissue, may
be useful in the detection of residual or viable nonabla
tumor regions after ablation,19 but these are still in their in-
fancy.

Magnetic resonance~MR! imaging generally provides ex
cellent tumor-to-tissue contrast for tumor targeting.2,20 For
assessment of the treatment response, the regions of co
lation can be visualized on IV gadolinium contrast enhan
T1- and T2-weighted images because they are devoid of
dolinium enhancement.21 Another potential advantage o
MR-guidance is real-time temperature monitoring during
procedure.22 Widespread use of MR-guidance for RF ab
tion is limited because it is expensive, and it requires s
cialized ablation equipment compatible with high magne
fields, and precludes patients with metal debris or devi
sensitive to these fields. Only one manufacturer curre
produces MR compatible RF ablation equipment, with
procedure requiring open MRI.

Recently, combinations of US and computed tomograp
~CT! or CT alone have been used to optimize RF electr
positioning and coagulated tissue monitoring.23,24 Ablation
procedures were performed under CT guidance, mainly
lesions that are suboptimally visualized using US. Un
hanced CT may be used for targeting and monitoring dur
the procedure, and contrast enhanced CT may be perfor
immediately after ablation for treatment assessment. In
unenhanced CT scans show hypoattenuating RF induced
sue coagulations with variable increased density region
the center and occasionally a surrounding higher attenua
rim.2,24–26 The pathological coagulation size closely corr
lated with the nonenhancing, low-attenuation C
lesion,13,25–28e.g., Chaet al.25 showed unenhanced CT an
contrast-enhanced CT had better correlation to patholo
size (r 50.74 and 0.72, respectively! than US (r 50.56).
Successful ablation is indicated by low enhancement of
treated area@e.g., less than 10 Hounsfield units~HU!# on the
portovenous phase of contrast enhanced CT scans, th
Medical Physics, Vol. 31, No. 6, June 2004
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lack of perfusion in the coagulation.29 Real-time CT-
guidance also has some drawbacks, including repeated e
sure to ionizing radiation for both the patient and interve
tionalist, allergic reactions to iodinated contrast agents,
the amount of contrast agent that can be used~to avoid renal
failure! limits the number of scans that can be performed.
addition these procedures typically take up to 3 h, there
increasing the cost associated with the procedure.30

RF ablation is known to cause increases in the stiffnes
tissue at the treated site. It is hypothesized that heat-indu
protein denaturation by thermal ablative therapy increa
randomness of tissue organization, thus the entropy, he
elevation of the elastic modulus of soft tissue.31 The above
results suggest the use of techniques that image tissue
ness or elasticity variations to monitor and evaluate abla
tissue necrosis.

Several investigators are developing ultrasound te
niques for elasticity imaging. Tissue elasticity imaging me
ods based on US fall into three main groups:~1! methods,
that include elastography,32,33 where a quasi-static compres
sion is applied and the resulting components of the str
tensor estimated,32–34 ~2! methods where a low frequenc
vibration is applied, with US Doppler detection of velocitie
of perturbed reflectors,35–37and~3! methods that use acoust
radiation force.38,39

Elastography32,33 detects and images the local strain co
responding to small, externally applied quasi-static compr
sion. Local tissue displacements are estimated using a
malized time-domain cross-correlation between gated p
and postcompression US radio frequency echo signals.
gradient of the tissue displacement in the axial direction p
vides an estimate of local tissue strain. Although elastic
data are generally obtained using offline processing, sev
groups have shown real-time application of elastography
ing faster algorithms40 or by implementing the algorithms o
clinical scanners.41

Elastography is sensitive to small changes in ela
modulus,42 and, thus, it has the potential to image and diffe
entiate the thermal coagulation necrosis from normal s
rounding tissues.In vitro and preliminaryin vivo studies
have demonstrated the feasibility of elastography for mo
toring the impact of tumor ablation using laser43 and high-
intensity focused US~HIFU!.44–46 Our preliminary in vivo
animal results47 illustrate that boundaries between R
induced coagulations and normal liver on elastographic
ages are shown much better than those on sonography.
tography may therefore provide substantial improveme
over sonography in the ability to monitor RF ablation coag
lations in clinical use. 3D visualization of thermal coagul
tions by elastography48 revealed high coagulation-to-tissu
contrast and good correlation with pathology.

The purpose of this study was to compare thein vitro
performance of elastography with x-ray CT, the current p
ferred imaging modality for RF ablation monitoring an
evaluation. The appearance of the coagulated necrotic re
on elastography and CT images and the correlation am
elastographic, CT, and pathological measurements of co
lation area and volume are evaluated and compared. Elas
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1324 Liu et al. : Elastographic versus x-ray CT imaging radio frequency ablation coagulations 1324
raphy may replace the relatively high cost and contrast
quired modality in the future if the elastograph
performance is comparable with that of x-ray CT in clinic
situations. In this paper, we compare thein vitro thermal
coagulation delineation performance of CT without contr
with elastography on the same coagulations. These com
sons were performed since previous literature results h
reported good depiction of the coagulated boundaries w
unenhanced CT.25 For in vivo evaluation of the elastographi
depiction of coagulations, comparison with x-ray CT will b
important both with and without contrast, and will be pe
formed as part of future studies.

II. MATERIAL AND METHODS

RF ablation in vitro was performed on specimens
freshly excised canine liver tissue having approximate
mensions of 40 mm by 30 mm, and 25–40 mm thickness
RITA model 1500 RF generator~RITA Medical System,
Mountain View, CA! with nine StarBurst XL multitined ex-
pandable electrodes was used for the ablation procedu
This generator delivers 460 kHz electromagnetic waves.
electrode consists of a 15 cm long 14 gauge stainless
shaft insulated to within 1 cm of the tip by a thin plast
layer, through which nine sharp tines~0.53 mm in diameter!
can be deployed or retracted manually. The last 1 cm of
tip and each tine constitute the electrically active surfa
The electrode was inserted into a liver specimen, and
tines were carefully deployed to provide 2–3 cm act
lengths in addition to the 1 cm active tip of the shaft. T
tines are deployed in an ‘‘umbrella’’ configuration at 45 d
gree intervals, along with the central tine. A foil ground p
was attached to the bottom surface of the liver specimen.
ablation of the target tissue was performed at a 150 W po
level for 1, 2, 5, or 10 min durations after the target tempe
ture (90 °C) was reached to create coagulations with dif
ent sized volumes. The electrode has five independent
mocouples incorporated into the tines, providing real-ti
temperature feedback to maintain an average of the five t
peratures at 90 °C, thereby preventing both insufficient
excessive heating. In our experiments, the temperature
individual tines were in the range of 80– 105 °C. The syst
also measures tissue impedances, which were on the ord
80 to 40 ohms, with decreasing values during ablation.
chose regions located in liver parenchyma away from
porta hepatis, large vessels, and visualized fissures to c
thermal coagulations. Although we attempted to create
agulations away from the liver surface, several large coa
lations created by 5 or 10 min ablations extended to
surface, resulting in a bell-shaped lesion instead of the
sired ellipsoid cross section. Forty RF coagulations were
ated, scanned, and measured to obtain the thermal coa
tion area and volume.

Gelatin phantoms

After the ablated liver specimen had cooled to room te
perature, it~along with the RF electrode, for inscribing fidu
cial markers! was encased in a gelatin block, 110 mm by
Medical Physics, Vol. 31, No. 6, June 2004
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mm and 70 mm thick, for subsequent imaging. Gelatin ph
toms were prepared using 200-bloom calfskin gel at a c
centration of 15.4 g per liter of distilled water. The gelat
powder was mixed with distilled water and cooked in
double-heated water bath to a temperature of 80 °C. A
the gelatin solution clarified, glass beads with a mean dia
eter of 18mm were added at a concentration of 1 g of beads/
liter of molten gelatin. The beads are a source of scatte
echo signals during sonographic imaging. The glass be
were mixed with warm distilled water and stirred carefu
into the molten gelatin. Molten gelatin was then poured in
plexiglass molds. First a layer of molten gelatin about 2.5
thick was poured at a temperature of 29 °C. After this lay
congealed, a lobe of liver with its RF ablation coagulati
was placed on this gelatin layer. The mold was then fil
with molten gel at 29 °C, and the entire phantom was
lowed to congeal for an hour. The molds containing the ge
tin blocks were then refrigerated at 10 °C to solidify ove
night.

Elastographic imaging

On the second day after the procedure, the gelatin bl
containing liver specimen was removed from the mold a
placed in an apparatus for elastographic imaging~Fig. 1! at
room temperature. An Aloka SSD 2000~Aloka, Tokyo, Ja-
pan! real-time ultrasound scanner with a 42 mm 5-MHz li
ear array transducer with a 70% bandwidth was used.
use of a transducer with a large bandwidth and high ce
frequency improves the signal-to-noise ratio
elastograms.49 The apparatus includes a compression pla
controlled by a stepper motor to achieve precise comp
sions of the gelatin block. The plate is larger than the surf
of the phantom to maintain a uniform applied axial stre
distribution. The plate is in direct contact with the gelat
block during data acquisition. The transducer was moun
into the compression plate and acoustically coupled to
gelatin phantom through a slot. The compression and d
acquisition operation are controlled by a personal compu

FIG. 1. Experimental setup used for radiofrequency ablation elastograp



an

a
a

e
rs
rd

le
r
to

s
m
y
n

ig
p

ap
.
e

ra

li-
Th
w
an
a

th
t
s

th

. A
e
in

nd

t
re
e
n

t
r

ge
ta
n

m
T

-

light
tion

lane
to

i-
on a

s
ved
ral
s.
en

in-
film

ogy
ese
rea

de-
lly
des-
d-
on
r of
he
an
d.
a-

for
on-
of

by
as

ng a

CT,

s
ali-
The

s.

1325 Liu et al. : Elastographic versus x-ray CT imaging radio frequency ablation coagulations 1325
A total of five compression steps for each scanning pl
were acquired using compressive increments of 0.5%~0.35
mm displacement!, for a total of six US RF frames and
2.5% maximum compression. The raw US RF echo sign
from each B-mode frame~4096 points—63 mm along th
longitudinal axis, 220 A-lines—40 mm along the transve
axis! were digitized using a 12-bit data acquisition boa
~Gage Applied Inc, Lachine, QC, Canada! at a sampling rate
of 50 MHz for offline processing. Beam lines were paral
to the ablative electrode track after the electrode was
moved. By manually translating the gelatin block parallel
the scan plane and repeating the data acquisition step
each plane, 3D elastographic data were acquired. A 2
distance between planes~the elevational resolution is slightl
larger than 2 mm! was precisely controlled using a precisio
linear stage.

Elastographic processing

Time-domain cross-correlation analysis of RF echo s
nals from the pre- and postcompression data sets was
formed using a window length of 3 mm with a 75% overl
between data segments to compute tissue displacements
choice of window length and overlap was a tradeoff betwe
the contrast-to-noise ratio (CNRe) and the axial resolution.33

Axial strain was estimated using a least squares st
estimator50 with a kernel size of 2.25 mm. A 531
(3.75 mm30.2 mm) median filter was used to remove out
ers in the displacement data before strain estimation.
length of this filter is only slightly larger than the windo
size, hence the probable resolution loss is not signific
Five 0.5% compression elastograms were obtained for e
parallel plane from the five 0.5% compressions. In
B-mode images, the sonographic signal-to-noise ra
(SNRs) was low in regions distal to the coagulation becau
of shadowing and occasionally from artifacts around
electrode track. These low SNRs regions in turn result in a
low SNRe in the corresponding parts of the elastogram
333 (2.25 mm30.6 mm) median filter was applied on th
strain elastograms to reject noise artifacts. The remain
low SNRe points were arbitrarily set to a 0.5% strain, a
multi-compression averaging51 was performed on the five
0.5% elastograms. The applied compression reduces
thickness of the gelatin block and liver specimen. Therefo
before averaging, the five elastograms were resized by lin
interpolation to correspond to the original dimension. A
alpha-trimmed mean filter52 ~trim size5d/251, maximum
and minimum values excluded! was used for point-by-poin
averages among the five images, where this filter further
duces noise artifacts. A 333 (0.6 mm30.6 mm) median fil-
ter was applied again on the multi-compression avera
elastogram to acquire a smoother image. All the resul
elastograms were displayed on a fixed strain dynamic ra
scale of 0%–2%.

X-ray CT scans

CT imaging was performed on the same gelatin phanto
within a few days of the elastographic scans using a C
Medical Physics, Vol. 31, No. 6, June 2004
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helical scanner~General Electric Medical Systems, Milwau
kee, WI! using 120 kVp, 250 mA, 3 mm collimation. A pitch
of 1.4:1 was used to blur the image in thez-dimension to
reduce the gap artifacts. Besides 3D scans, a laser
aligned, one-slice scan was performed at the cross-sec
where the ablative electrode was inserted. The image p
was marked on the gelatin phantom, and it will be referred
in this paper as the ‘‘central plane.’’

Pathology

After CT imaging, the gelatin blocks with the liver spec
men inside were sliced along the central planes, placed
transparent film, and photographically scanned~digitized at
300 dpi resolution! to obtain fresh liver/coagulation image
for area estimates. The liver specimens were then remo
from the gelatin molds, immersed in 10% buffered neut
formalin solution, and allowed to fix for at least 2 week
After the tissue was completely fixed, each liver specim
was sliced~by a mechanical tissue slicer! in the axial plane
approximating the elastographic imaging planes in 2 mm
tervals. The tissue slices were placed on a transparent
and photographically scanned similar to the fresh pathol
to obtain fixed pathology images of the same lesion. Th
fixed gross-pathology images were used to obtain both a
and volume estimations of the thermal coagulation.

Area and volume measurements

Coagulation boundaries of each slice were manually
lineated on the elastogram, x-ray CT image, and digita
scanned pathology image. Binary images were created,
ignated by ‘‘1’’ inside or on the thermal coagulation boun
ary and ‘‘0’’ outside the coagulated region. The coagulati
area for each slice was estimated by summing the numbe
pixels that represent a binary value of 1, and multiplying t
sum of pixels by the area of each pixel. The area of
individual pixel was determined by its 2-by-2 neighborhoo
The coagulation volume was similarly computed by summ
tion of the product of the area~as described above! obtained
in each slice times the slice thickness. The slice thickness
elastographic measurements was 2 mm, which was c
trolled by the precision linear stage. The slice thickness
the x-ray CT images was 3 mm, which was controlled
collimation. The slice thickness of pathology was taken
the mean of eight measurements on the same slice usi
micrometer caliper.

III. RESULTS

Visualization of RF-induced coagulations

Figure 2 presents matching sonogram, elastogram,
and pathology images of a cross-section~along the electrode
track! from a typical RF-induced coagulation. All the image
are at the same scale, with the images from different mod
ties registered manually to a common coordinate system.
RF electrode track can be seen on all the images~white ar-
rows!, indicating a correct registration of the imaging plane
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1326 Liu et al. : Elastographic versus x-ray CT imaging radio frequency ablation coagulations 1326
FIG. 2. Typical RF ablation coagulation on freshly excised canine liver.~a! Fresh pathology photograph of the central plane, showing a white are
coagulation necrosis and a darker zone of charring. The solid-line contour is the outer boundary of the white region.~b! Fixed pathology photography of the
same liver slice. The dashed-line contour is the outer boundary of the white zone.~c! Linear B-mode gray scale ultrasound image of the same liver slice. S
curves are the boundary of the liver as defined from the B-mode image. Note that the coagulated region boundary is difficult to delineate.~d! Corresponding
elastogram obtained using 0.5% applied compression and displayed using a strain dynamic range of 0 to 2%. Dotted-line contour is the boun
coagulated region.~e! Corresponding nonenhanced CT image, displayed at a window level of 58HU and a window width of 45HU, showing a
attenuation core and a surrounding hypo-attenuation region at the site of tissue coagulation. Dash-dotted-line contour is the manually drawn liver-coagulation
boundary from the outer boundary of the hypo-attenuation zone. The precise edge of the coagulation is somewhat ambiguous.~f! Overlapped contours of the
coagulation boundaries as interpreted in~a!–~e!.
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The pathological photographs were trimmed to 51 mm by
mm to show the entire slice of the liver specimen. The c
tours on the images were drawn manually.

Figure 2~a! displays the fresh pathology photograph of t
central plane, cut immediately after the CT scan. It depic
white, circular area of coagulative necrosis and a darker z
of charring. The solid-line contour was drawn of the ou
boundary of the white coagulation region. Mostin vivo RF-
induced lesions contain a central white zone representing
agulation necrosis and a surrounding red ring of about 1
mm thickness, representing hemorrhagic and inflamma
reactions.3,25,53However, this red zone of hyperemia is us
Medical Physics, Vol. 31, No. 6, June 2004
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ally absent inex vivo specimens.54 The red zone was no
clearly visible on most of our specimens, but we did se
thin transitional zone from the necrotic region to the norm
liver tissue in several cases. Figure 2~b! displays the pathol-
ogy photograph of the same liver slice after fixing with fo
malin. The dashed-line contour identifies the outer bound
of the white coagulation zone from fixed pathology. Figur
2~c!–2~e! demonstrate that the coagulation-to-liver contr
of the elastogram is much better than that of the other
modalities. The B-mode gray scale US image@Fig. 2~c!#
shows both hyperechoic and hypoechoic regions at the p
of the apparent coagulation site. Shadowing below the
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1327 Liu et al. : Elastographic versus x-ray CT imaging radio frequency ablation coagulations 1327
agulation region is remarkable, but the coagulation-liver
terface is difficult to delineate. However, the liver-gel boun
aries, delineated by solid curves, are hyperechoic and b
defined than those on the matching elastogram and CT
age. An elastogram@Fig. 2~d!# displayed over a strain dy
namic range of 0% to 2% reveals the RF-induced coag
tion as a stiff~dark! area of very low strain~0.05%!. The
average strain is 1% in the normal liver area and 0.4% in
gelatin block. The sonographic shadowing with low sign
levels distal to the coagulation zone generates an are
corresponding decorrelation noise in the elastogram.
dotted-line contour is the boundary of the coagulation nec
sis depicted manually. For this case, the coagulation necr
touches the surface of the liver, which makes the depictio
the lower coagulation boundary difficult. The liver bounda
information provided by the US image is helpful in dete
mining the lower boundary of coagulation on the elastogr
for those large thermal coagulations that extend to the
face of the liver. On the CT scan@Fig. 2~e!# displayed at a
window level of 58HU and window width of 45HU, the
coagulation zone is characterized by a hyper-attenuating
and a surrounding hypo-attenuating region~this is different
from the case shown in Fig. 3!. The precise edge of th
coagulation is ambiguous~the HU contrast between the co
agulation and the surrounding normal tissue is only a f
HU!. The dash-dot contour is a manually delineated
boundary of the coagulation~outer boundary of the hypo
attenuation zone!. Figure 2~f! shows the relative overlap o
observer-defined coagulation boundaries traced from the

FIG. 3. Another typical RF ablation coagulation to illustrate the reprod
ibility of our results and the slightly different coagulation visualization
CT. In contrast to the CT image shown in Fig. 2~e!, ~c! reveals the coagu-
lation as a hyper-attenuation, circular region without a visible surround
hypo-attenuation zone. As in Fig. 2, the coagulation location and
viewed on the elastogram and CT correlates with that seen on patholo
Medical Physics, Vol. 31, No. 6, June 2004
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ferent modalities. They correspond to each other very w
The CT boundary is slightly larger than the pathology on
while the one obtained with elastography is slightly small

In contrast to the case shown in Fig. 2, for the majority
the RF-induced coagulations CT scans reveal the coagula
zone as a hyper-dense region without a visible surround
hypo-dense zone. A typical coagulation without a visible s
rounding hypo-dense zone viewed in fresh pathology, e
tography, and CT is shown in Figs. 3~a!–3~c!. Note that the
coagulation on the elastogram/CT correlates with patholo
As previously described, it is quite difficult to delineate th
thermal coagulation from the CT images, where the bou
aries are at best ambiguous. The contours on the CT ima
were drawn based upon knowledge of typical thermal coa
lation geometries.

Area and volume correlation analysis

Observer-defined coagulations on elastograms and CT
ages were compared with pathological specimens for 40 t
mal coagulations. To create lesions of different sizes, hea
durations of 1, 2, 5, and 10 min were applied, with ten spe
mens used at each heating duration. Both two-dimensio
contours and volumes were estimated from the images.
thology analysis was performed after elastographic and
imaging measurements for each specimen to avoid obs
er’s preknowledge of the shape and size of the actual ther
coagulation.

Two experienced ultrasound physicists also examin
sonograms of the thermal coagulations along the cen
plane. The echogenicity of the RF coagulations was varia
with 10 hypoechoic, 2 hyperechoic, 1 isoechoic, and
mixed-echoic found by one observer, whereas 10 hy
echoic, 4 hyperechoic, 8 isoechoic, and 18 mixed-ech
were found by the other observer. The discrepancy betw
observers reflects the subjectivity of the analysis and un
tainties because of the small echogenicity difference betw
normal liver and damaged tissue. Also, because the elect
track often shows up as hyperechoic, some hypoechoic
agulations were classified as mixed. This is probably one
the reasons that the percentage of hypoechoic lesions~25%!
is much lower than the 59% reported by Chaet al.25

Elastographic estimates of the coagulation area were
corded by manually drawing contours~dotted-line contour
on Figs. 2 and 3! of the dark~stiffer! region on the elasto-
grams. Contouring was performed on the same monitor w
the same monitor setting and strain dynamic range~0% to
2%! for all elastograms. Manual contouring on CT imag
also used the same monitor and settings. The window le
for CT images was fixed to 58HU and the window width w
fixed at 45HU, except for a few cases of higher average H
The zones of ablation were determined on CT images as
outer boundary of the hypo-dense ring similar to tho
shown in Fig. 2~dash-dotted-line contour!. For cases similar
to the one shown in Fig. 3, the outer boundary of the hyp
dense lesion~dash-dotted-line contour! was depicted. Only
the white zone~complete dead tissue! was included for gross
pathological examination~solid-line contour on fresh pathol
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ogy and dashed-line contour on fixed pathology in Figs
and 3!.

Figure 4 shows scatter plots of ablation areas, compa
elastographic@Fig. 4~a!# and CT areas@Fig. 4~b!# with
freshly sliced pathology areas along the central plane.
solid lines indicate the linear fit of the data from 40 indepe
dent specimens, while the dashed lines indicate perfect
relation ~slope equals 1!. Error bars are the standard devi
tion of four measurements by a single observer on e
specimen, representing the uncertainty of the measurem
Generally the error bars of the pathology and elastograp
data are smaller than those of the CT data. For example

FIG. 4. Scatter plots of coagulation areas comparing~a! areas on elastogram
and~b! areas on CT with the area outlined on freshly sliced tissue patho
at the central plane. The solid lines indicate a linear fit of the data from
independent samples. The dashed lines are functions ofy5x, indicating a
perfect correlation between elastographic/CT areas and pathology.
bars are the standard deviation of four measurements by a single observ
each sample, representing the uncertainty of the measurements. The
lation coefficient between elastography and pathology area (r 50.88) is
slightly better than that between CT and pathology area (r 50.85).
Medical Physics, Vol. 31, No. 6, June 2004
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average percent standard deviations~SD! over the 40 coagu-
lation area estimates in the central plane for fresh patholo
elastogram, and CT images were 6%, 6%, and 11% res
tively. The correlation coefficient between elastography a
pathology areas (r 50.88) is better than between CT an
pathology area (r 50.85). Figure 5 shows scatter plots
ablation area measurements comparing elastographic are
CT areas with the fixed tissue pathology at the central plan
The correlation coefficients (r 50.87 for elastography andr
50.82 for CT! are a little worse than those presented in F
4. This is probably because after fixation, the liver specim
deforms and shrinks to some extent, making the correla
worse. However, because the coagulation is much stiffer t
normal liver tissue, we believe that it shrunk less than liv
tissue. Figure 6 shows that the areas on fixed pathol
specimens are in general a few percent smaller than th
from fresh pathology.

Figure 7 displays scatter plots of coagulation volum
measurements comparing elastographic volumes or CT
umes with the fixed tissue pathology. The correlation coe

y
0

ror
r on
rre-

FIG. 5. Scatter plot of coagulation area measurements, comparing~a! elas-
tographic areas and~b! CT areas with areas from fixed tissue pathology f
the central planes. The correlation coefficients (r 50.87 for elastography and
r 50.82 for CT! are a little worse than those in Fig. 4, likely due to th
shrinkage of the fixed specimen.
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FIG. 6. Coagulation areas measured on fixed versus fresh patholo
samples. The fixed pathology areas are a few percent smaller than tho
fresh pathology, probably due to specimen shrinkage in formalin soluti

FIG. 7. Scatter plots of coagulation volume measurements comparing~a!
elastographic volumes and~b! CT volumes with volumes computed for fixe
tissue pathology specimens. The correlation coefficient between volu
depicted on elastography and those on pathology (r 50.94) is slightly better
than that between CT and pathology (r 50.89).
Medical Physics, Vol. 31, No. 6, June 2004
cient between elastography and pathology volume isr
50.94 and between CT and pathology volume isr 50.89.
Elastography tends to slightly underestimate the actual
agulation size found on gross pathology.

Multiobserver analysis was performed over thermal c
agulation data sets that included x-ray CT and elastogra
images. The results are shown in Fig. 8. Five independ
observers blinded to the other data sets manually deline
the thermal coagulation boundaries for the central slices
all 40 lesions. The mean values obtained are represente
square data points, while the error bars denote the stan
deviation among observer results. Note, from Fig. 8, that

al
on

.

es

FIG. 8. Multi-observer study of manual area delineation of thermal coa
lations obtained using~a! elastograms and~b! x-ray CT images. Compari-
sons were performed along the central plane of the thermal coagula
with the x-axis in both plots denoting the pathology areas of fresh tis
(r 50.87 for elastography andr 50.82 for CT!. The error bars denote the
variation in the results obtained from the five independent observers. N
the error bars of CT results are much larger than those of elastogra
results.
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r -value for the correlation between the mean area estim
obtained with elastography and pathology is 0.87 while t
between CT and pathology is 0.82. However, the more
nificant aspects are the large error bars in the CT area
mates@Fig. 8~b!# among the five observers. These are sign
cantly greater than those obtained for the elastogra
estimates@Fig. 8~a!#. Another point to be made is that onl
one of the area estimates in Fig. 8~a! out of 40 estimates ha
a standard deviation similar to CT estimates. Almost all
the CT estimates exhibit large error bars. The results in
8 demonstrate the reproducibility of elastographic area e
mates for delineating thermal coagulations. Table I is a su
mary of our correlation measurements.

IV. DISCUSSION

Imaging modalities which can monitor the irreversib
cellular damage evolution during and after treatment are
portant to the success of RF ablation.2,3,55 It is generally
recognized that tissue-coagulation interfaces are better v
alized with CT or MRI than conventional sonography. R
diological and pathological correlations in both experimen
and clinical studies have shown that CT and MRimag
predict the region of coagulation to within 2–3 mm wi
good correlation to pathology.

In this study we demonstrate good correlation betwe
elastographic and gross pathological coagulation arear
50.88) and volumes (r 50.94). Correlations between me
sures from elastogram and pathology were better than th
between unenhanced CT and pathological measuremenr
50.86 for area andr 50.90 for volume!. This is due to the
large stiffness contrast between the zone of ablation and
surrounding normal tissue~coagulations are about an ord
of magnitude stiffer than normal tissue!, whereas on CT im-
ages the margins of the ablation zone are often diffuse
the HU difference between ablation and normal tissue
often low ~5–25HU!. The HU density of normal liver and
thermal coagulation varies from specimen to specimen.
liver values ranged from 35 to 60HU, and for thermal coag
lations the values were between 50 and 80HU. This a
explains the fact that the error bars on the CT versus pat
ogy area and volume plots are generally larger than thos
the elastography versus pathology plots. The correlations
tween imaging modality and pathology for volume data
better than those for area data for both elastography and
This is because area measurements are sensitive to reg
tion between the pathology slice and the scan plane, whe

TABLE I. Imaging-pathology correlations on coagulation area and volum

Imaging modality

Correlation with pathology
~fresh for area, fixed for volume!

r1area
a r1volume

b r2area
c

Elastography 0.88 0.94 0.87
X-ray CT 0.85 0.89 0.82

aCorrelation coefficient of coagulation area~single observer analysis!.
bCorrelation coefficient of coagulation volume~single observer analysis!.
cCorrelation coefficient of coagulation area~multi-observer analysis!.
Medical Physics, Vol. 31, No. 6, June 2004
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volume measurements are less sensitive to this error. Du
the significant changes in the shape of small thermal coa
lations, slight differences in imaging plane on sonography
CT could substantially change the area estimates of the
agulation zone. This is also probably one of the reasons
our result for CT is better than that reported by Chaet al.,25

since they only measured the 1D size of the ablative zo
However, the high correlations (r 50.93– 0.95) reported by
Ramanet al.26 on CT measurements might be because th
only analyze spherical or oval lesions without any conto
distortion caused by major vessels, the liver surface, or
terlobar fissures.

Staffordet al.43 reported anr 50.85– 0.92 correlation be
tween elastographic and pathological 1D size measurem
of laser-induced thermal coagulation, while Righettiet al.45

reported anr 50.96 correlation between pathology and ela
tography for area measurements of HIFU-induced ther
coagulation. Our earlier study48 showed anr 50.87 on size,
r 50.94 on area and 0.98 for volume measurement of R
induced thermal coagulation. Results in this paper show
slightly lower correlation due to the low SNR along the R
electrode track. In contrast to our early study,48 where we
scanned the specimen perpendicular to the RF electrode
did the US scans parallel to the RF electrode in the pres
study. This arrangement also makes the measurements
difficult because the shape of the ablative zones on th
planes are not as regular as those on planes perpendicu
the RF electrode. For those coagulations that extended to
distal surface of the liver, shadowing often made it difficu
to demarcate the distal boundary of the coagulation on
elastogram.

Clear delineation of the coagulation on CT scans requ
intravenous injection of contrast agent, where the coag
tion does not enhance because of vascular obliteration.
cause contrast enhancement is required to clearly identify
coagulation, CT might not be a preferred means for conti
ous monitoring of the coagulation development during tre
ment. However, elastography provides another option
monitoring RF ablation procedures.

In this paper we demonstrate that elastography is a pr
ising clinical tool for monitoring and assessing the succes
the therapy immediately after RF ablation. In previous wo
we have shown feasibility forin vivo elastographic imaging
where the RF electrode is used as a compressor.47 The use of
the RF ablation electrode as the compression/displacem
device reduces lateral slippage or nonaxial motion that m
occur with externally applied compressions or imaging d
ing the respiratory cycle.

V. CONCLUSION

The high correlation between elastographic and patholo
cal measures of coagulation created by RF ablation, as
as the fact that elastography offers a real-time imaging ca
bility, implies that this modality could be superior to une
hanced x-ray CT as well as conventional B-mode US
guiding and monitoring RF ablative therapy in soft tiss
sites.
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