
  

 
 

Abstract—Magnetic Resonance Thermometry Imaging 

(MRTI) holds great potential in laser ablation (LA) monitoring. 

It provides the real-time multidimensional visualization of the 

treatment effect inside the body, thus enabling accurate 

intraoperative prediction of the thermal damage induced. 

Despite its great potential, thermal maps obtained with MRTI 

may be affected by numerous artifacts. Among the sources of 

error producing artifacts in the images, the cavitation 

phenomena which could occur in the tissue during LA induces 

dipole-structured artifacts. In this work, an analysis of the 

cavitation artifacts occurring during LA in a gelatin phantom in 

terms of symmetry in space and symmetry of temperature values 

was performed. Results of 2 W and 4 W laser power were 

compared finding higher symmetry for the 2 W case in terms of 

both dimensions of artifact-lobes and difference in temperature 

values extracted in specular pixels in the image. This 

preliminary investigation of artifact features may provide a step 

forward in the identification of the best strategy to correct and 

avoid artifact occurrence during thermal therapy monitoring.  

 
Clinical Relevance— This work presents an analysis of 

cavitation artifacts in MRTI from LA which must be corrected 

to avoid error in the prediction of thermal damage during LA 

monitoring. 

I. INTRODUCTION 

Thermal ablation techniques for cancer treatment are 
becoming an increasingly valid approach as an alternative to 
classical surgery, because of their minimally invasive 
approach [1]. Their principle of operation is based on the 
selective delivery of thermal energy to cancer cells to cause 
irreversible damage through the application of extreme 
temperatures. In laser ablation (LA) the temperature increase 
is obtained by irradiation of monochromatic laser light which 
is subsequently absorbed by the tissue target. Magnetic 
Resonance Thermometry Imaging (MRTI) is used to visualize 
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in real-time the treatment effect enabling accurate 
intraoperative prediction of the thermal damage induced [2]. 
The acquired images provide multidimensional measurements 
of the temperature inside the body, thus allowing the control 
of the thermal energy radiated by the device in the entire 
volume for treatment optimization. Proton Resonance 
Frequency Shift (PRFS) is among the techniques used to 
obtain MRTI [3]–[5]. PRFS working principle is based on the 
temperature dependence of proton resonance frequency of 
tissue protons. MRTI based on the PRF shift is the technique 
most used in clinics thanks to linear temperature dependency, 
high precision, and tissue type independence. Nevertheless, 
thermal maps obtained may be affected by numerous artifacts 
causing inaccurate temperature measurements, such as 
artifacts due to motion [6], inhomogeneity of the magnetic 
field [7], and cavitation [8]. Cavitation is a phenomenon that 
involves the formation of microbubbles in the areas 
surrounding the ablation. The occurrence of cavitation during 
an ablative procedure leads to measurement errors observed as 
temperature overestimation or underestimation [9]. A dipole-
structured artifact was previously observed during high-
intensity focused ultrasound and radiofrequency thermal 
therapies [9][10].  This study is focused on the analysis of the 
cavitation artifacts occurring on a gelatin phantom undergoing 
LA in terms of symmetry in space and symmetry of 
temperature values. MRTI was performed using a 3D EPI 
protocol based on PRFS. The Comparison among 2 W and 4 
W laser power settings was also implemented to observe the 
effect of laser power on cavitation artifact shape. 

II. MATERIALS AND METHODS 

A. Magnetic Resonance Thermometry  

The PRFS temperature-dependence is measured in the 
phase of MRI images. Temperature maps are given by: 
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The phase image is directly proportional to temperature 
changes, so it is possible to measure temperature changes by 
subtracting a reference phase image φREF obtained prior to the 
laser procedure, from a phase image obtained during the 
procedure φ [11]. In (1), γ is the gyromagnetic ratio (Hz/T), α 

is the temperature-dependent chemical shift coefficient 
(ppm/°C), B0 is the main magnetic field (T), and TE is the echo 
time (s). One of the key properties of the PRFS method, along 
the absence of tissue-type specificity (except for adipose 
tissue), is its linear temperature dependency in the range of 15 
°C to 100 °C, followed by a good sensitivity and a rapid 
acquisition of images [6]. These advantages make this method 
well suited for thermal ablations monitoring. A substantial 
drawback of the PRFS method is its high susceptibility to 
movement and to small changes, or drifts, of the B0 magnetic 
field [12], which can lead to the appearance of artifacts in the 
temperature maps. Changes in the local magnetic field may be 
caused by phenomena occurring during thermal therapy in the 
tissue, such as cavitation. Cavitation is a phenomenon that 
involves the formation of microbubbles in the areas 
surrounding the ablation [9]. The gas bubble formation 
induces magnetic susceptibility strong contrast producing 
dipole magnetic field disturbance artifacts. The errors 
introduced by the B0 drift can be corrected [3], but artifacts 
related to motion and bubbles-formation are still a challenge. 

B. Experimental setup 

A gelatin phantom was used as a target. The gelatin powder 
(porcine gelatin powder, 200 bloom, LOUIS FRANCOIS, 
France) was stirred with tap water (10 g/100 mL) for 3h until 
a homogeneous solution was obtained. Then, the solution was 
poured into boiling water and stored at 8 °C. LA was 
performed with a 975 nm laser diode (LuOcean Mini 4, 
Lumics, Berlin, Germany), delivering the radiation to an MR-
compatible fiber applicator with a 365 μm diameter 
(THORLABS, Dachau, Germany). The laser system was set 
to deliver power at 2 W and 4 W for 5 minutes. Four ablations 
were performed in the same gelatin phantom, two for each 
laser power value. The gelatin phantom was placed in a 1.5 T 
MRI scanner (MAGNETOM Aera, Siemens Healthineers, 
Erlangen, Germany). MRI images were acquired with a 
flexible 4-channel coil and the spine coil integrated into the 
MRI bed. The flexible coil was positioned for signal reception 
on the upper side of the entire system. MRTI data was acquired 
with a prototype 3D segmented EPI sequence in the sagittal 
orientation, with the following parameters: field of view 
300x300 mm², phase resolution 50%, in-plane resolution 1.4 
mmx2.8 mm, reconstructed resolution 1.4 mm x1.4 mm, slice 
thickness 3 mm, 10 slices, TE/TR=13 ms/24 ms, flip angle 
10°, EPI factor 7, temporal resolution 3.62 s, 130 repetitions, 
leading to an overall acquisition times of ~7.8 min. After 5 min 
of ablation, the cooling phase was also monitored for 2.8 min. 
Real-time visualization of the thermal maps was performed 
with Certis Solution software (Certis Therapeutics, France). 

C. Data analysis 

 Image segmentation. The analysis of the artifacts was 
performed only in the slice closer to the laser applicator for 
each experiment. This slice was chosen since preliminary 

investigations showed the largest cavitation artifact and 
maximum temperature rise in this slice. The artifact in the 
images was detected using a thresholding technique where the 
selected slice was manually annotated using GNU Image 
Manipulation Program. Images manually annotated were used 
to find the temperature threshold detecting the artifact. The 
optimal threshold was selected considering the maximum 
DICE. Then, a single global threshold was obtained averaging 
among the results obtained in each test for 10-time instants. 
Two different temperature thresholds were found: -4 ± 1 °C 
and -5 ± 1 °C for 2 W and 4 W tests, respectively.   

Spatial symmetry. After segmenting the artifact in the 
images, its spatial symmetry was investigated. Considering the 
double-lobe shape of temperature decrease, also previously 
observed [9], a horizontal axis of symmetry was drawn starting 
from the laser tip coordinates which were manually selected. 
Starting from the axis definition, the areas of the single lobes 
and the total area of the artifact were computed. In addition, to 
study the artifact symmetry, the parameter “Symmetrical 
ratio” was defined to quantify the lobes' symmetry with 
respect to the previously defined axis. This parameter was 
defined as the percentage ratio between the symmetric area 
and the total area. If a pixel of the first lobe and the respective 
symmetric pixel in the second lobe (see Fig. 4 for examples of 
first and second lobe) were below the threshold, the symmetric 
area counter was increased by two. Otherwise, the value of the 
symmetric area was not increased.  

Symmetry in temperature values. The last step was to 
evaluate the artifact's symmetry by comparing the temperature 
evolutions in symmetric pixels with respect to the horizontal 
axis. For this purpose, three couples of points were selected in 
both the artifact lobes. These points lay on the axis passing 
through the center of the smaller lobes and at set distances 
from the horizontal axis of symmetry: 1/2, 3/4, and 5/6 from 
the height of the smaller lobe.  
Once selected the points, the absolute error between the 
temperature evolution of specular pixels was estimated. Then, 
one single descriptive value of absolute error was measured by 
averaging results in the three pixels.  

III. RESULTS 

A. Image segmentation  

Temperature maps were measured in one slice in time 
during LA for 2 W and 4 W cases in Fig. 1. Slice 7 and Slice 
5 were selected and five temporal instants, reported as MRTI 
measurements, were chosen for the visualization. For both 
power settings, artifacts appear with a double-lobe shape of 
negative temperature increase visible in blue with black 
margins. A bigger artifact is noticeable when the highest 
power of 4 W is set. Considering that the laser was switched 
off in correspondence with the 95th measurement, it is worth 
noticing that the cavitation artifact does not disappear in the 
cooling phase. Also, the temperature after 95th measurement 
does not substantially decrease as expected and a temperature 
error occurrence linkable to cavitation is distinctive.  

B. Spatial symmetry 

Areas of single lobes and total area estimated in all the tests 
are reported for 2 W (Fig.  2) and 4 W (Fig.  3). In all the cases, 
the area is measured as the total number of pixels and shows a 
trend similar to the temperature one. The maximum area is 
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estimated at the end of ablation (95th measurement) when also 
the maximum temperature is expected to occur.  

 
Figure 1. Temperature maps acquired during the gelatin LA at 2 W and 4 W 
in sagittal orientations reported for 5 temporal instants. Artifacts are visible 

as negative temperature increase in blue. 

After the 95th measurement, the areas start decreasing. 
Comparing the two power settings, a better reproducibility 
between the two tests with the same power is measurable in 
the 2 W case. Also, the two lobes’ area (first in blue versus 
second in orange for each test) is similar when a lower power 
is set, thus demonstrating also higher symmetry in the 2 W 
case. The Symmetrical ratio shows values varying in the range 
of 20% to 80% by comparing results of four tests. The 
estimated value and the effective symmetry between the two 
lobes was, indeed, more dependent on the structural features 
and area of the phantom undergoing LA than on set power. 
Hence, the percentage of Not symmetrical ratio was quite 
different also comparing tests performed with the same power. 
Furthermore, no specific trend has been noticed over time. 

 
Figure 2. Area of first (blue) and second (orange) lobes and total area (yellow) 

during gelatin LA for the two tests performed at 2 W.  

 
Figure 3. Area of first (blue) and second (orange) lobes and total area 

(yellow) during gelatin LA for the two tests performed at 4 W. 

C. Symmetry in temperature values 

Temperature evolution in pixels chosen in symmetric 
positions (as reported in Fig. 4) is shown in Fig. 5.A, 5.B and 
5.C. Comparing the values in the couples of pixels, a better 

match is found for points farther from the laser tip where a 
higher temperature gradient is measured, and the gelatin is not 
subjected to structural variation. The temperature mismatch 
increases with laser ablation progress. Similar behavior is 
found in all the tests. The highest absolute error of ~18 °C was 
found in Test1 at 4 W. On the other hand, the tests at 2 W 
showed a lower maximum error of ~5.5 °C at the 95th 
measurement (results are reported as average values). The 4 W 
case demonstrated lower symmetry of the artifact.  

 
Figure 4. The 3 couple of pixels chosen in specular positions with respect 

to the horizontal axis (yellow) in the first (blue circle) and second (red 

circle) lobes.  

 

 

 
Figure 5. Temporal evolution in the pixels 1 (A), 2 (B) and 3 (C) in Test2 at 

2 W. In blue the trend in the first lobe and in red the one in the second lobe. 

A 

B 

C 
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IV. DISCUSSION & CONCLUSION 

MRTI furnishes an attractive approach to monitor in real-
time the thermal treatment outcome improving its efficacy. In 
neurosurgery, MRTI-guided LA is already a clinical 
alternative for the treatment of brain tumors where PRFS-
based protocols are used to provide multidimensional 
measurements of temperature [13]. Nevertheless, some 
aspects remain challenging and require further investigation to 
spread MRTI use in clinics. Among them, PRFS-based MRTI 
is highly sensitive to changes in the local magnetic field 
linkable to cavitation phenomena and inducing consistent 
temperature error. Recently, Munier et al. observed the 
presence of such artifacts during in vivo LA treatments which 
affected the estimation of thermal damage as well [14]. 
However, a limited number of works there exist which 
investigate the cavitation artifact features in space and time. In 
this study, a preliminary analysis of the cavitation artifact 
produced during gelatin LA was performed in terms of its 
symmetrical characteristics. This choice is linkable to the 
artifact shape which was already observed in previous studies 
[8]. Symmetrical features of artifact appearing when two 
different power settings are used, were compared.  Firstly, the 
spatial analysis demonstrated higher symmetry when a 2 W 
power is set. On the other hand, 4 W leads to bigger artifact’ 
areas and less symmetry compared to 2 W. Hence, if the two 
areas' lobes differ by ~50 pixels maximum at 4 W, the 
maximum difference at 2 W is ~12 pixels.  As a second step, 
temperature evolution in specular pixels was compared. In this 
case, the agreement between the temperature values was 
higher for pixels further from the laser tip. Also, measuring the 
absolute temperature error as the difference of the temperature 
profiles in two specular pixels, a higher value is found as the 
ablation proceeds with maximum estimation at the end of 
treatment. For example, in Test 2 at 4 W, absolute temperature 
error starts from ~2 °C at the beginning of the treatment to 
reach ~18 °C in the 95th measurements. On the other hand, in 
Test1 at 2 W, the temperature error shows values from ~1 °C 
to ~5.5 °C during LA. Comparing the results between the two 
power settings, also in this case the 2 W demonstrated higher 
symmetry. Drawbacks of the study can be found in the choice 
of focusing only on one slice. Also,  the analysis is focused 
only on the two lobes of negative variation of temperature even 
if a four-lobe pattern in the sagittal slice was previously 
observed [9]. A more comprehensive study should be 
performed for the overall artifact shape and in tissue organs. 
Nevertheless, this work represents the first preliminary 
analysis of the symmetry of cavitation artifacts appearing in 
LA. Seeing the temperature error entity and the consequent 
miscalculation of thermal damage produced, methods to 
correct susceptibility artifacts should be included in the 
clinical routine. Simulation-based strategies, mathematical 
models predicting temperature, or approaches to real-time 
control microbubbles formation could be used for this purpose 
[15], [16].  The investigation of the symmetrical features 
performed in this study would provide additional knowledge 
of the artifact behavior and of the consequent temperature 
error, toward the identification of the best strategy to correct 
and avoid artifact occurrence.  
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