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Real time monitoring of radiofrequency
ablation based on MR thermometry
and thermal dose in the pig liver in vivo

Abstract To evaluate the feasibility
and accuracy of MR thermometry
based on the thermal dose (TD) con-
cept for monitoring radiofrequency
(RF) ablations, 13 RF ablations in pig
livers were performed under continu-
ous MR thermometry at 1.5 T with a
filtered clinical RF device. Respirato-
ry gated fast gradient echo images
were acquired simultaneously to RF
deposition for providing MR temper-
ature maps with the proton resonant
frequency technique. Residual mo-
tion, signal to noise ratio (SNR) and
standard deviation (SD) of MR tem-
perature images were quantitatively
analyzed to detect and reject artifacted
images in the time series. SD of
temperature measurement remained
under 2°C. Macroscopic analysis of
liver ablations showed a white zone
(Wz) surrounded by a red zone (Rz).
A detailed histological analysis con-

firmed the ongoing nature of the
coagulation necrosis in both Wz and
Rz. Average differences (±SD) be-
tween macroscopic size measurements
of Wz and Rz and TD predictions of
ablation zones were 4.1 (±1.93) mm
and −0.71 (±2.47) mm, respectively.
Correlation values between TD and
Wz and TD and Rz were 0.97 and
0.99, respectively. MR thermometry
monitoring based on TD is an accurate
method to delineate the size of the
ablation zone during the RF procedure
and provides a clinical endpoint.

Keywords Radiofrequency ablation .
Magnetic resonance imaging .
MR thermometry . Thermal dose .
Interventional procedures

Abbreviations RF: radiofrequency .
TD: thermal dose . PRF: proton
resonance frequency . Wz: white zone
of ablation zone at macroscopic
inspection . Rz: white and red zones
of ablation zone at macroscopic
inspection

Introduction

Hyperthermal ablation therapies for the treatment of
malignant liver tumor have gained popularity, especially
radiofrequency (RF) because of the relative simplicity and
low cost of its instrumentation [1]. Although the safety [2–
4] and effectiveness [1] of RF have been widely
investigated, the current lack of reliable continuous real

time imaging for monitoring the procedure is an important
limitation to broaden the spectrum of its indications [5, 6].
The assessment of treatment efficiency with computed
tomography (CT) or magnetic resonance (MR) imaging
requires intravenous injection of extra-cellular non-specific
contrast agents, which are restricted to a single injection
after completion of the ablation procedure. Recently,
contrast enhancement ultrasonography (US) using new
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microbubble contrast agents has been suggested to be
effective for immediate post-procedure delimitation of the
ablation zone [7], but was found to be of limited sensitivity
(about 30%) for detecting residual tumor at 24 h [8].
However, although few consecutive injections of US
contrast agent can be performed during a RF ablation
procedure, this method does not provide the operator a real
time and quantitative monitoring of the thermal ablation.

Several years ago, Sapareto et al. introduced the thermal
dose (TD) concept suggesting a strong relationship
between cell death, temperature rise and exposition time
[9]. More recently, two studies using different methodo-
logical approaches [10, 11] estimated a lethal temperature
threshold around 55°C for short treatment times (less than
5 min), which was consistent with the TD concept. Thus,
real time calculation of the TD map from dynamic MR
temperature images [12–15] is expected to be particularly
suitable for monitoring hyperthermal ablations. In addition,
this technique should allow a monitoring of thermal
ablation on large tumors (3 cm or more in diameter)
where several overlapping RF ablations are required.
Moreover, MR thermometry during RF ablation is possible
with an efficient filtering of electromagnetic interferences
induced by RF devices [16–18]. However, MR thermom-
etry for monitoring RF ablation in mobile organs such as
the liver remains to be fully investigated concerning its
ability to provide relevant and accurate size estimations of
ablation zones based on TD calculation.

For this purpose, we designed a preclinical in vivo study
of MR thermometry for monitoring RF ablations per-
formed in the liver of pig with clinical RF and MR
instrumentations to evaluate the feasibility and the preci-
sion of TD delineation of the ablation zones and to confirm
the ability of novel image processing methods to improve
the quality of temperature imaging. In this study, we

investigated if the resulting quantitative and non-invasive
measurement of the TD from dynamic MR temperature
images can provide a reliable clinical endpoint for the
ablation procedure.

Materials and methods

Animal preparation

All procedures were performed in accordance with the
National Institutes of Health guidelines for care and use of
laboratory animals and with the approval of the committee
of animal research of our institution.

Four male pigs (weight range, 40–65 kg) were given an
intramuscular injection (5 mg/kg) of ketamine (Ketalar®,
Pfizer, Paris, France) for induction of anaesthesia. The
animals were placed in a 1.5-T clinical MR unit (Intera;
Philips Medical System, Best, the Netherlands) in dorsal
decubitus position, and the abdomen was surrounded by a
four-element flexible phased-array coil dedicated to ab-
dominal imaging. Then, a mixture of 2% isofluorane
(Isoflurane Belamont®, Limburg, Germany) in air was
continuously administered for maintenance of general
anesthesia. Monitoring of vital parameters included cardiac
and respiratory frequency recording and intra-rectal tem-
perature measurements.

RF ablation

All RF ablation experiments (n=13) were performed
using a clinical RF device (Tyco Healthcare/ Radionics,
Burlington, MA) operating at a 480-kHz frequency with
100 watts of maximum output power. A MR-compatible

Fig. 1 Schematic view of the
hardware design for simulta-
neous RF ablation and MR
temperature imaging. (a) Gen-
eral view of the monopolar
configuration: the output of the
generator is filtered by several
filter boxes outside and (b)
inside the MRI room. Each filter
box contains rejection filters for
each line of the transmission,
consisting of inductors and ca-
pacitors arranged in parallel, and
shielded cables are used to avoid
electromagnetic interferences to
perturb the MR signal. (c) In the
bipolar configuration, the
ground pad is replaced by the
second electrode inserted into
the liver



RF electrode of 15-cm length and 17-gauge (1.15 mm) in
diameter was internally cooled with sterile water main-
tained at 4° C using a peristaltic pump (Cool Tip®,
Radionics/Valley Lab/Tyco CC-1; Boulder, CO). The RF
generator and peristaltic pump were placed outside the
MR room. The electrically active part of the electrode tip
was 3 cm in length, and a MR-compatible grounding pad
of 1,000 cm2 was stuck on the skin of the pig thigh.
Eleven monopolar and two bipolar RF ablations were
performed. For the latter configuration, a second identical
electrode was inserted parallel to the first one at a distance
of 2.5 to 3 cm and connected to the electrical circuit
instead of the ground pad.

The output signal of the generator was filtered with
passive stop band filters (Fig. 1). The resulting maximal
attenuation at the Larmor frequency at 1.5 T (64 MHz) was
measured to be more than 90dB. The output power of the
generator measured on a 100Ohms resistive load was found
to be identical in the presence and absence of the filters.

Positioning of the electrode(s) was performed after
acquiring coronal and transverse balance-FFE images of
the complete abdomen. Then, RF energy was applied for
12 min at maximal available output power (routine
protocol with this device [4]).

MR thermometry

Temperature images were calculated with the PRF
(coefficient −0.094 ppm/°C) shift technique [19]. A
water-selective binomial excitation was combined with a
segmented gradient echo planar imaging (EPI) sequence
[20]. Respiratory motion was compensated by gating
acquisition on the expiration phase of the respiratory
cycle using a pressure sensor taped on the abdomen of
the animal. Three slices of 5 mm thick with 0.6 mm gap
were acquired with the following parameters: TE/TR/
flip angle (FA): 14ms/260ms/40°, 9 echoes/TR, FOV:
240×240 mm, matrix: 128×108 (zero-filled to 128×
128), left-right phase-encode direction, acquisition time:
3.2s/volume, in plane resolution (IPR): 1.9×2.2 mm. Con-
tinuous image acquisition was performed before (2.5 min),
during (12 min) and after (2 min) RF energy deposition.

Image processing for temperature imaging

Magnitude and phase images were transferred online from
the MRI scanner to a separate workstation dedicated to
temperature imaging (Thermoguide, Image guided therapy
SA, Pessac, France). This software allowed for calculation
and display (100 ms/slice processing time) of temperature
from phase and of TD maps (according to Sapareto et al.’s
equation [9]). The threshold value for TD was set
equivalent to a reference dose corresponding to 43°C
during 240 min [19].

Post processing

A decreased SNR due to incomplete filtering and to
possible residual organ displacements may occur and
thereby increase the standard deviation of temperature
estimation [21]. Therefore, additional image processing
was performed off-line as follows [22]: first, in each pixel
of a ROI located outside the heated region, the standard
deviation of the MR temperature measurements was
calculated before, during and after RF ablation; second,
residual motion was corrected using an atlas of reference
data (magnitude and corresponding phase images) for the
different liver positions recorded before the heating phase;
third, if the temperature standard deviation (outside the RF
ablation zone) following the above-mentioned correction
exceeded 10% of a predefined maximal value, the temper-
ature image was removed from the TD calculation process.

Assessment of feasibility of RF ablation monitoring
by MR thermometry

Duration of the procedure from animal positioning to the
last MRI acquisition was systematically recorded. The
electrical parameters of each RF ablations (voltage, current
intensity, output power and tissue impedance) were
recorded (Radionics software) to calculate the deposited
energy.

Dimension of the susceptibility artifact induced by the
RF electrode was measured on the magnitude image of the
thermometry sequence. Signal-to-noise ratio (SNR) of
magnitude images measured during the RF ablation were
compared to initial SNR prior to RF energy deposition to
estimate the efficiency of filtering using the following
equation [23]:

SNR ¼ S �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2� π=2

q

.

N

where S is the average value of the magnitude image in a
ROI located in the liver, and N is the standard deviation of
noise measured in a ROI outside the animal.

Assessment of MR thermometry accuracy

Without knowledge of the histopathological results, small
axis measurements on TD images (without image magni-
fication) for each RF ablation zone were performed by the
same observers (O.S., M.L.-C. and B.Q.) at the end of the
RF procedure. Small axis measurement was chosen as
study parameter, since (1) transversal size of the ablation
zone is known to be the main restrictive limitation of the
RF treatment in clinical practice and (2) due to the
landmark of the electrode path, its measurement is the most
reproducible both on image and specimen.



Liver gross pathologic and histopathological
evaluations

After completion of the ablations, each animal was
immediately sacrificed with an intravenous injection
(200 mg/kg) of sodium pentobarbital, and the liver was
removed. The main trunk of the portal vein was
immediately catheterized with a large canula, and the
liver vasculature was washed with a 9/1,000 NaCl solution,
and thereafter perfusion-fixed with 10% formaldehyde.
After 2 weeks of fixation, the livers were sliced in axial
plane every 3–5 mm. Electrode position was determined in
each ablation zone using the central burn hole as a
landmark. In accordance with previous reports [24, 25],
ablation zones exhibited a typical pattern having a central
“white zone” (Wz) surrounded by a peripheral “red zone”
(Rz). Thus, for each ablation zone, the two largest small
diameters perpendicular to the electrode axis were mea-
sured: the smaller one, including exclusively the Wz, and
the largest one, including both Wz and Rz. These ex vivo
measurements were performed by the pathologist (B.L.B.)
without prior knowledge of the MR imaging results and
were corrected for the retraction factor of 10% due to
formalin fixation. This retraction factor was experimentally
determined by multiple measures of 10-cm lines of tissue
before and after 2 weeks fixation.

Tissue samples were then embedded in paraffin for
routine histological analysis: 5-µm thick sections were
stained with hematoxylin-eosin-saffron (HES) for evalua-
tion of tissue damage, and with Gordon-Sweets reticulin
stain for evaluation of the preservation of extra-cellular
matrix. Immunostaining with a mouse monoclonal anti-
body antihepatocyte (Clone M7158, DakoCytomation,
Glostrup, DK) diluted at 1/50 was performed on paraffin
sections after heat-induced antigen retrieval. This antibody
is specific for mitochondrial epitope in human hepatocyte,
but also reacts with pig hepatocytes [26].

Statistical analysis

Statistical relationship between paired transverse axis
measurements between TD and histopathological results
(Rz and Wz) taken as a gold standard was studied with the
Pearson’s linear correlation (“R” value). In addition, the
Bland and Altman graphical method [27] was used to
identify a potential relationship between the differences in
size between TD and Rz or Wz, respectively, and to detect
systematic bias in measurements, and the presence of
possible measurements outside of the 95% confidence
interval.

Fig. 2 Typical results of a RF
ablation in pig liver. (a) Gray-
scale magnitude image obtained
330 s after the beginning of RF
ablation, with superimposed
temperature increases indicated
with color code levels (blue
corresponds to +10°C, green to
+20°C and red to +30°C above
starting physiological tempera-
ture); RF electrode actual size is
indicated by the white dashed
line in the middle of the sus-
ceptibility artifact. (b) Thermal
dose map (TD) superimposed on
magnitude image obtained at the
end of the RF ablation proce-
dure. Red pixels indicate region
were lethal dose was reached.
(c) Macroscopic slice of the
liver after fixation. White and
red arrows stand for white (Wz)
and red (Rz) zones largest small
diameters measurements per-
pendicular to the electrode axis.
(d) Temporal evolution of tem-
perature for two pixels located at
10 mm (black continuous line)
and 40 mm distance from the
RF electrode (black dotted line),
respectively. Duration of effec-
tive RF power deposition is
indicated in gray



Results

Feasibility of RF ablation monitoring by MR
thermometry

Duration of each experiment ranged from 4 h to 7 h (mean:
6 h; 30 min/RF ablation). No animal experienced alteration
of vital parameters, and no skin burn was shown at post-
procedure inspection.

The amount of total RF energy deposition for the 13 RF
ablations ranged from 56 kJ to 84 kJ (mean ± SD: 69±
10 kJ), and the number of impedance rises detected by the
generator varied from 0 to 12 (mean ± SD: 4.3±4.8).
Typical results from a MRI-guided RF ablation on a pig

liver are displayed on Fig. 2. On TD images, the thickness
of susceptibility artifact induced by the electrode was
15 mm±2 mm.

SNR values ranged from 29 to 90 (mean ± SD: 46 ± 26)
before ablation and from 20 to 80 (mean ± SD: 41±23)
during RF deposition. The threshold for detecting the
presence of an artifacted image was set to 2°C (see
Materials and Methods).

During RF energy deposition and without applying the
image processing, the standard deviation of temperature
maps ranged from 1.3°C to 3.57°C (mean 2.56°C±1.3°C).
After correction, it ranged from 1.1°C to 2.44°C (mean
1.7°C±0.37°C). For one experiment only, the temperature
images could not be exploited without motion compensa-

Fig. 3 Macroscopic and histo-
logical (HES staining) slices of
the lesion created by a RF
ablation. (a) Macroscopic slice
on which the needle track (NT)
clearly appears in the middle of
the white zone (Wz), surrounded
by the red zone (Rz, dashed
lines). (b) General histological
view from which the character-
istic zoning is extracted. (c)
Both sides of the RF needle
track. (d) Border between RF
needle track and white zone and
(e) border between white zone,
red zone and the untreated tis-
sue. Images (f), (g) and (h) are
zoomed views of the Wz, Rz
and untreated tissue, respec-
tively. NT: needle track, Rz: red
zone, Wz: white zone, N: un-
treated tissue (normal liver)



tion. For all the 13 experiments, less than 10% (in the worst
case) of images in the time series were finally removed
because of the standard deviation of temperature measure-
ments exceeding the threshold of 2°C. A more detailed
analysis of these removed images revealed that they all
corresponded to sudden impedance rises presumably at the
origin of broadband electromagnetic emission interfering
with MR thermometry as previously reported [16]. No
other temperature images had to be removed, indicating
that combining respiratory gating with atlas-based correc-
tion technique was sufficient to keep the accuracy of
temperature measurement within 2°C.

RF lesion dimensions

At gross pathologic examination of fixed tissues (Fig. 2),
all thermal ablation zones were clearly visible and appeared
ovoid, with an ellipsoid shape on sections. The electrode
shaft systematically appeared as a central, small and black
hole, surrounded by a large central Wz contoured by a
continuous dark red ring of 1 mm to 4 mm thick,
corresponding to the Rz. The long axis of thermal ablation
zones grossly corresponded to the length of the active tip of
the electrode. Histopathological study of the ablation zone

revealed the three zones (electrode shaft, Wz and Rz)
(Fig. 3). At the microscopic level, tissue alterations in the
Wz and Rz, as compared with normal liver, appeared less
obvious than at the macroscopic level. However, in the Wz,
hepatocytes appeared polygonal and enlarged, with
hypereosinophilic cytoplasms, hyperbasophilic nuclei and
undefined cytoplasmic limits (Fig. 3f). In the Rz (Fig. 3g),
cells tended to be round and smaller, uncohesive,
dissociated by hemorrage, with hyperchromatic and
pycnotic nuclei and hypereosinophilic cytoplasms. This
was suggestive of ongoing coagulative necrosis in both
zones. Reticulin stain (Fig. 4) showed the complete or
partial disappearance of the matricial sinusoidal network in
the Rz and Wz (Fig. 4b–c), as compared to normal tissue
(Fig. 4a). The cytoplasmic staining of hepatocytes with
anti-hepatocyte antibody, a marker of the mitochondrial
fraction of hepatocytes [26], was negative in Rz and Wz
(Fig. 4f–g), contrasting with the strong staining of normal
hepatocytes (Fig. 4e). These two results, in addition to
basic histology analysis, were suggestive of fatal cell,
matricial and mitochondrial alterations in both Rz and Wz.

RF ablation dimensions performed with a single elec-
trode (n=11) ranged from 17.6 mm to 30.8 mm for the Wz
(mean 21.15±3.87 mm) and from 22 mm to 37.4 mm for
the Rz (mean 26.25 mm±4.60 mm). For the experiments

Fig. 4 Reticulin network stain-
ing in the normal liver (a), in the
red zone (b) and in the white
zone (c): the extracellular matrix
is gradually altered in the Rz
and Wz. Immunostaining (d-g)
with anti-human hepatocyte an-
tibody: the mitochondrial epi-
tope is detected as granular
cytoplasmic staining in the nor-
mal liver (e). Staining is absent
in the red zone (f) and in the
white zone (g). N: untreated
tissue (normal liver), Rz: red
zone, Wz: white zone



performed in bipolar configuration (n=2), ablation zone
sizes were 53.9 mm and 55 mm for the Wz, and 55 mm and
60.5 mm for the Rz, respectively. Correlation studies
between apparent ablation zone sizes observed on TDmaps
and at macroscopic examination for Rz and Wz taken as a
gold standard are displayed in Fig. 5. For Wz and Rz, R
values were 0.99 and 0.98, with a slope of the linear
regression of 0.97±0.04 (Wz) and 0.99±0.06 (Rz), and
offset values of 4.85 mm±1.28 mm and −0.53 mm±
1.97 mm, respectively.

The Bland and Altman method (Fig. 6) showed no bias
depending on the ablation zone size and only one
measurement was found outside the 95% confidence
interval. Ablation size estimation from TD maps was
larger than the Wz (4.1±1.93 mm for mean ± standard
deviation), but smaller than the Rz (−0.71±2.47 mm).

Discussion

In addition to tumor identification, puncture guidance [28]
and post-ablation assessment of thermal lesion [29, 30],
MRI can provide quantitative TD images during tissue
ablation [31]. The proton resonant frequency technique
appears to be the most suitable method for online
thermometry [12, 13, 19, 32–34], since it is nearly
independent of tissue characteristics, is linear with tem-
perature increase and is compatible with fast imaging

sequences. In the present study, the feasibility of quanti-
tative MR thermometry monitoring simultaneously with
radiofrequency ablation on pig liver in vivo was demon-
strated using standard clinical MR and radiofrequency
instrumentation. During high RF power deposition, only a
slight decrease of SNR (11%) on MR images was
observed, indicating that most electromagnetic interfer-
ences were effectively suppressed. Despite a slight
decrease of SNR (11%) during RF deposition, the standard
deviation of temperature maps remained excellent (less
than 2°C). Similar results have already been reported using
an experimental RF device [17] at 1.5 T and with a clinical
ablation generator internally modified to operate at 0.5 T
[18].

Assessment of the accuracy of MR thermometry map-
ping for predicting the limit of ablation zones is the second
mandatory step before considering possible future clinical
applications. The TD was demonstrated to be a relevant
concept to delineate radiofrequency ablation performed on
ex vivo liver [16] and in vivo on small animal model [17],
but radiofrequency ablations were performed with home-
made devices. MR thermometry monitoring was also
reported using a commercial radiofrequency device in a
large animal model, but the analysis of liver specimens did
not allow an accurate assessment of the correspondence
between temperature maps and actual lesion size [18]. In
the present study, the experimental setup was identical to

Fig. 5 Pearson’s linear correlations between measurements of
transverse axis of the lesions (n=13) on thermal dose maps (TD) and
macroscopic measurements of (a) the white (Wz) and (b) the red
(Rz) zones taken as a gold standard; Pearson’s correlation coefficient
(r) and coefficients of the linear regression are indicated on the
graphs

Fig. 6 Bland and Altman representation of the agreement between
the dimensions of the thermal dose maps (TD) and the measure-
ments of the dimensions of the Wz (a) and Rz (b), respectively.
Numerical values of the mean differences and limits of the
confidence interval (CI) are reported on the graph and represented
by horizontal solid lines



the clinical conditions, and a strong correlation was
established between lesion size predicted from TD maps
and histological analysis. Note that despite the use of an
identical heating protocol for each ablation, the variability
of ablation zone size remained important (22 to 37.4 mm
for the Rz in monopolar configuration). These variations
were clearly identified on TD maps, demonstrating the
usefulness of a quantitative monitoring of RF ablation.

Lesion sizes predicted from TD maps were in good
agreement with macroscopic measurements of the RZ, with
an average difference close to zero and a standard deviation
in the range of the resolution of the thermometry sequence
(see Fig. 6b). In addition, the excellent correlation between
TD/Rz and TD/Wz measurements (see Fig. 5) tend to
suggest that quantitative MR temperature imaging provides
a precise, non-invasive and on line estimate of the actual
tissular destruction, in agreement with already published
results on a small animal model [17].

In the present work, the histological analysis demon-
strated that tissular damage was observed in both Rz and
Wz. Conventional histology was suggestive of ongoing
coagulation necrosis in both the red and white zones, but
the precise delineation of the microscopic lesions could not
be established. However, animal sacrifice was here
performed immediately after RF ablation, and thermal
lesions (mostly coagulation necrosis) are more difficult to
identify with certainty at the microscopic level with HES
staining less than 3 days following the therapeutic
intervention [35].

Additional techniques based on the detection of altered
mitochondrial enzyme activities on frozen sections might
be helpful to evidence the loss of mitochondrial enzymatic
activity associated with cell death, but could not be
performed in the present work due to the absence of frozen
tissues. Therefore, two additional techniques were devel-
oped on paraffin sections to estimate the integrity of the
extracellular matrix (reticulin staining) and of the mito-
chondrial fraction of hepatocytes (immunostaining with the

M7158 antibody). Both were clearly suggestive of fatal
tissular alteration on both red and white zones.

In this study, the relatively small volume coverage of TD
maps could be regarded as a limitation of the method for
monitoring the ablation of large tumors. Further improve-
ments in fast MR imaging techniques to acquire more slices
and/or to increase spatial resolution of the MR thermom-
etry sequence will be helpful for widespread clinical use.
Direct comparison of TD maps with conventional MR
imaging, especially gadolinium enhanced T1-weighted
images, would also be interesting to assess the correspon-
dence between the two methods. However, this was not the
aim of this work, and previous studies have already
investigated the correspondence between gadolinium-
enhanced images acquired at the end of the RF ablation
and TD maps [17], suggesting that the two methods would
be complementary in clinical practice. In addition, the
correspondence between histology and conventional fol-
low-up imaging has also been widely investigated [29, 30,
36, 37]. Finally, it should be noted that experiments were
here performed in this study on healthy animals. Thus, the
effectiveness of TD mapping remains to be evaluated
quantitatively on pathological tissue.

In summary, following a standard protocol of RF energy
deposition performed with a clinical RF device on a clinical
1.5-T magnet, MR thermometry based on PRF technique
and the TD concept allowed an accurate monitoring of
radiofrequency ablations in pig liver in vivo.

In view of future clinical application, quantitative rapid
MR temperature imaging may provide the physician with
an effective real-time monitoring of the intervention and a
clinical endpoint for the therapeutic treatment.
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