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Abstract

Original Article

IntRoductIon

Phantoms developed with tissue mimicking materials possess 
a pivotal role in the medical field in that they can be tailored 
to accurately mimic specific properties of human tissue, thus 
serving as tools in the evaluation of existing and emerging 
diagnostic and therapeutic medical systems.[1,2] Phantoms 
were initially introduced in the 1960s for calibrating 
diagnostic ultrasound (US) systems[3] and have thenceforth 
been abundantly developed with specific inclusion materials 
in homogeneous or anthropomorphic forms, in both research 
and commercial states, resembling specific biological tissues 
and tailored to certain medical applications.[2,3] In this regard, 
phantoms enable accurate and cost-effective quality assurance, 
quality control and efficacy validation of preclinical or 
clinical systems, minimizing the need for animal and human 
subjects.[2,4] Consequently, the ever-increasing development 
of novel therapeutic high-intensity focused ultrasound (HIFU) 

systems and applications[5] has been associated with an 
increased development of phantoms dedicated for use with 
HIFU validation studies.[2]

Phantoms tailored for HIFU feasibility studies should ideally 
emulate human tissue acoustic and thermal properties[6] 
as well as possess tissue-like properties encountered in 
magnetic resonance imaging (MRI).[7] Remarkably, the Onda 
Corporation (Sunnyvale, California, USA) company possesses 
a monopoly on the only commercially available phantom 
particularly suited for HIFU applications.[2] Although this 
phantom is manufactured with a polyacrylamide (PAA) gelling 
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agent that provides transparency and locally turns opaque 
upon exposure to specific temperature thresholds, it possesses 
fixed acoustic and thermal properties.[2] Contrary, in-house 
developed water-based phantoms for HIFU applications can 
be fabricated with appropriate additives that individually 
adjust certain properties,[8-10] thus specifically emulating the 
tissue of interest. PAA is considered a favored gelling agent for 
developing phantoms for HIFU applications since it possesses 
a high melting temperature[11] and results in transparent 
phantoms[8,9,12,13] that permit visual assessment of the efficacy 
of the HIFU system under investigation. Nevertheless, PAA 
phantoms are toxic during the fabrication process,[8] with 
the developed phantoms exhibiting limited lifetime if not 
properly stored.[14] Gelatin is another gelling agent preferred 
in the custom development of phantoms, with additional 
inclusions employed to appropriately adjust specific phantom 
properties.[15-17] Nevertheless, although gelatin-based phantoms 
are manufactured in an easy and cost-effective manner,[16] 
their employment in HIFU exposures is only subjected to the 
application of low acoustic power,[16] accounting for the low 
melting temperature of gelatin.[4]

Contrary, agar is considered the most popular material for 
custom fabrication of phantoms dedicated to thermal therapies 
and HIFU applications since it is nontoxic and possesses a high 
melting point.[4] Silicon dioxide[18] and evaporated milk[19] are 
often used as additional ingredients to increase the acoustic 
attenuation[18] and absorption of the developed phantoms,[19] 
respectively. Increased concentrations of agar, silicon dioxide, 
and evaporated milk can independently enhance the acoustic 
properties of the agar-based phantoms to soft-tissue levels,[19] 
while simultaneously adjusting the magnetic properties[20] 
of these phantoms. Moreover, these materials can adjust the 
thermal properties of agar-based hydrogels, thus mimicking 
soft tissue,[6] while the addition of alcohols was recently 
reported in this sense for adjusting the thermal properties to fat 
tissue levels.[21] Given the popularity of agar, many studies have 
concentrated around the development of agar-based phantoms 
dedicated to HIFU feasibility studies,[22-24] with silicon dioxide 
and evaporated milk in appropriate concentrations reported 
for the development of anthropomorphic breast[23] and head[22] 
phantoms exhibiting tissue-like properties,[22,23] intended for 
the evaluation of breast-specific HIFU systems[23] and HIFU 
brain applications,[22] respectively.

HIFU systems and therapeutic protocols are normally 
guided by either US or MRI systems that provide visual 
monitoring of the procedure.[5] MRI is preferred as a 
guidance modality since it exhibits higher tissue image 
resolution than US[25] and enables the utilization of MRI 
thermometry tools for monitoring the temperature of the 
tissue.[26] Most MRI thermometry tools employed for 
monitoring MRI-guided focused ultrasound (MRgFUS) 
procedures are based on the temperature-dependent proton 
resonance frequency (PRF) shift technique,[26,27] that is in turn 
related to tissue temperature-induced changes observed in the 
hydrogen bonds.[26,27] Specifically, increased tissue temperatures 

arising during HIFU or other thermal exposures result in 
increased electron screening that in turn reduces the PRF and 
ultimately induces a phase shift in the detected MRI signal.[26,27] 
Therefore, PRF-based magnetic resonance (MR) thermometry 
provides quantitative temperature mapping by relating phase 
measurements of MR images acquired before and throughout 
thermal procedures, to tissue temperature changes.[26,27] Notably, 
these temperature and phase changes are further related to the 
magnetic field strength, the acquisition parameters of the MR 
imaging sequence and the PRF temperature change tissue 
coefficient.[26,27] The PRF tissue coefficient describes the linear 
temperature dependence of the PRF and is normally taken as a 
standard value of − 0.010 ppm/°C.[27] Nevertheless, calibration 
experiments are sometimes performed to accurately derive the 
PRF coefficient of the tissue under investigation and utilize the 
calibrated value in MR thermometry temperature monitoring. 
Similar methods are often employed for calibrating the PRF 
coefficient, wherein the investigated tissue is thermally heated, 
and the value is quantitatively acquired from the slopes of 
linear relationships arising between temperature and phase 
shift measurements.[28-38] Table 1 lists the PRF coefficients of 
various tissues and tissue substitutes as calibrated in published 
literature studies.[28-34,36-47]

The PRF coefficient is generally considered independent of 
tissue type following ex vivo animal tissue calibrations over a 
20°C–80°C temperature range.[28] Excised rabbit and porcine 
kidney, brain, liver, and muscle tissues heated with a water 
bath over this temperature range within a 1.5 T MRI scanner, 
with temperature measurements simultaneously acquired using 
fiber-optic probes, resulted in approximately similar PRF 
coefficients for the various tissue types.[28] Contrary, analogous 
measurements performed inside a 7 T MRI scanner during 
in vivo microwave heating of rabbit muscle tissues resulted 
in a lower calibrated PRF coefficient[29] that was similar to 
the corresponding PRF coefficient of in vivo porcine muscle 
tissue as measured at 0.5 T during radiofrequency heating.[30] 
Notably, in vivo focused US heating of rabbit muscle tissue 
over a temperature range of 37°C–60°C inside a 1.5 T scanner 
reported an even lower PRF coefficient,[31] while similar 
temperature sensitivities were reported for in vivo rabbit brain 
tissues at 1.5 T following laser[32] and microwave heating[33] 
over the corresponding temperature ranges. Accordingly, 
in vivo radiofrequency heating of canine brain and muscle 
tissues over hyperthermic temperatures resulted in similar 
temperature sensitivities between the two tissue types.[34] 
Further inconsistencies in the calibrated PRF coefficients were 
reported for other in vivo studies in canine brain[35] and 
rabbit muscle[36] and brain[37,38] tissues possibly attributed 
to physiological tissue differences and discrepancies in the 
experimental calibration procedure,[28] while some deviations 
from linearity between the PRF shift and the temperature change 
have also been reported.[39] The results for the PRF coefficients 
of the aforementioned studies are summarized in Table 1.

Contrary to tissues, agar-based phantoms offer excellent 
linear thermal response of the PRF shift, thus making them 
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suitable tools for employment with the PRF method[39] which is 
considered the most accurate temperature monitoring modality 
in agar-based phantoms.[48] Nevertheless, PRF coefficient 
dependencies have been described with magnetic susceptibility 
changes attributed to the orientation and spatial distribution of 
thermal heating relative to the magnetic field.[40] Experimental 
studies performed for water bath heated agar-based phantoms 
within a 1.5 T clinical MRI scanner revealed PRF coefficient 
variations for thermal heating distribution in planes parallel 
and perpendicular to the magnetic field orientation, resulting in 
up to 30% deviations in MR thermometry-based temperature 
measurements in case such dependencies are disregarded.[40] 
Accordingly, PRF calibrations of agar-based phantoms doped 

with black ink during laser heating, with the heating source 
aligned parallel to the main magnetic field and temperatures 
concurrently acquired with fiber-optic probes, resulted in a 
decrease in the PRF coefficients for a 2-fold increase in the 
slice thickness of the imaging sequence, attributable to volume 
averaging effects in the phase measurements arising with the 
increased slice thickness.[41] The PRF coefficients for these 
studies are also included in Table 1.

Over the years, researchers have experimentally calibrated the 
PRF coefficient of phantoms developed with various gelling 
agents to improve the accuracy of PRF MR thermometry 
monitoring.[28-30,39-47] Olsrud et al.[39] developed 2% agar-based 
phantoms doped with nickel nitrate that were heated to 

Table 1: Literature data of proton resonance frequency coefficients of various animal tissues and tissue mimicking 
phantoms

Tissue under investigation Type Calibrated PRF coefficient (ppm/°C) Reference
Animal tissues

Rabbit and porcine kidney, 
brain, liver, and muscle

Ex‑vivo −0.010–−0.0105 (average: −0.0101±0.0004) [28]

Porcine liver Ex‑vivo −0.0073–−0.0080 [39]
Rabbit muscle In‑vivo −0.00976 [29]
Porcine muscle In‑vivo −0.009±0.001 [30]
Rabbit muscle In‑vivo −0.007±0.001 [31]
Rabbit brain In‑vivo −0.0088±0.0001 [32]
Rabbit brain In‑vivo −0.008 [33]
Canine brain In‑vivo −0.00695 [34]
Canine muscle In‑vivo −0.00674 [34]
Rabbit muscle In‑vivo −0.00909 [36]
Rabbit brain In‑vivo −0.0098±0.0005 [37]
Rabbit brain In‑vivo −0.0107±0.0009 [38]

Phantoms
Agar phantom Composition: 2% agar −0.01–−0.0105 [28]
Agar phantom Composition: 2% agar, 0.25 mm Gd-DTPA, 0.9% NaCl, 

0.05% NaN3

−0.00977 [29]

Agar phantom Composition: 1.5% agar −0.011±0.001 [30]
Agar phantom Composition: 2% agar, nickel nitrate −0.0085±0.0002 [39]
Agar phantom Composition: 2% agar Parallel orientation: −0.0094±0.0001

Perpendicular orientation: −0.0055–−0.0130 
(average: −0.0098±0.0004)

[40]

Agar phantom Composition: 2% agar, 0.05% black ink 5 mm slice thickness: −0.0104±0.0001
10 mm slice thickness: −0.0084±0.0001

[41]

Agar phantom Composition: 1% agar −0.0095 [42]
PAA phantom Composition: - MRI scanner: −0.0083

Spectroscopic: −0.0091±0.0007
[43]

PAA phantom Composition: 37.9% water, 30% rotiphorese, 16% BSA, 
10% PVA microsphere, 0.04% Magnevist, 3.3% lumirem, 
0.08% TEMED, 1.75% APS, 0.9% NaCl, 0.03% NaN3

−0.0088±0.0002 [44]

PAA phantom Composition: 19.11 g citric acid, 29.57 g sodium citrate 
tribasic dihydrate, 30.8% BSA, 70 g acrylamide, 1.4 g 
bis-acrylamide, 30% intralipid

−0.0095±0.0005 [45]

Gelatin phantom Composition: 90% aqueous gelatin, 10% vegetable oil, 
6 g saline

−0.0104±0.0003 [46]

Gelatin phantom Composition: 73.5% water, 13.72% gelatin, 8.52% 
sunflower oil, 0.46% surfactant, 0.6% NaCl, 3.19% 
formaldehyde

−0.0123 [47]

PRF: Proton resonance frequency, PAA: Polyacrylamide, MRI: Magnetic resonance imaging, BSA: Bovine serum albumin, PVA: Polyvinyl acetate, APS: 
Ammonium persulfate, TEMED: Tetramethylethylenediamine, Gd-DTPA: Gadolinium-diethylenetriamine penta-acetic acid
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temperatures in the 25°C–80°C range by means of a water 
bath, while being scanned within a 1.5 T MRI scanner 
and derived the PRF coefficient from simultaneous phase 
difference and thermocouple-based temperature change 
measurements. Similar utilization of a water bath[28] and 
microwave applicators[29] for heating agar-based phantoms 
having the corresponding agar concentration (2%) were 
also performed inside 1.5 T[28] and 7 T[29] scanners. Recently, 
Wang[42] performed agar-phantom-based PRF coefficient 
calibrations for executing MR thermometry calculations at 
7 T, wherein MRI-compatible thermocouples were inserted 
within a hollow annular agar-based phantom, while hot 
water was introduced within the hollow area to increase 
the temperature of the phantom. The PRF coefficient of the 
phantom was calculated from a typical linear relationship 
fitted between phase shifts and temperature changes arising 
from MR images and concurrent thermocouple measurements 
acquired during heating, respectively.[42] Accordingly, PRF 
coefficient measurements were reported for muscle-like PAA 
phantoms from a linear trend existing between sensor-based 
temperature change measurements in the range of 20°C–55°C 
and phase shifts of images acquired at 1.5 T during microwave 
heating using either a clinical MRI scanner or spectroscopic 
techniques.[43] In another study,[44] employment of a 1.5 T 
scanner for imaging and fiber-optic probes for temperature 
measurements during laser heating were reported for 
calibrating the PRF coefficient of another acrylamide phantom 
doped with bovine serum albumin (BSA). Lochhead et al.[45] 
utilized a previously developed PAA-based phantom doped 
with BSA protein[10] to calibrate it for MRgFUS studies and 
examine its PRF temperature dependencies by simultaneously 
acquiring sensor-based temperature measurements and MR 
images at 1.5 T during focused US heating.[45] Appropriately, 
PRF coefficients were also reported for oil-in-gelatin phantoms 
from phase shifts at 1.5 T and temperature measurements 
acquired with single[46] and multiple[47] temperature sensors, 
being similar to the PRF coefficient of a 1.5% agar-based 
phantom as calculated for radiofrequency heating at 0.5 T.[30] 
Details regarding the PRF coefficients of these phantoms are 
found in Table 1.

Considering that accurate PRF MR thermometry temperature 
calculations are dependent on the PRF coefficient,[40,47] PRF 
coefficient calibrations of several agar-based phantoms were 
executed in the present study, following their vast development 
and use in HIFU validation studies.[18-24] This study is inspired 
by an observed gap in existing literature relating to the effect of 
the inclusions of agar-based phantoms on the PRF coefficient. 
Following previous studies that reported the effect of different 
concentrations of agar and silicon dioxide on the acoustic[6,19] 
and magnetic[20] properties of fabricated agar-based phantoms, 
the phantoms herein were developed with varied concentrations 
of agar or silicon dioxide to assess the effect of the varying 
concentrations on the calibrated PRF coefficient. A series of 
identical HIFU exposures was executed on the agar-based 
phantoms within a 3 T clinical MRI environment and in a 

laboratory setting. Given the excellent linear thermal response 
agar-based phantoms exhibit with the PRF technique,[39] the 
PRF coefficient of each phantom was estimated through the 
linear relationships taken between temperature and phase shift 
measurements acquired from the laboratory and MRI HIFU 
exposures, respectively. Subsequently, MR thermometry 
calculations were performed for the HIFU exposures to assess 
the effect of the calibrated PRF coefficients on the temperature 
measurements.

mAteRIAls And methods

Agar‑based phantoms
Initially, three agar-based phantoms were developed with 
varied percentage weight per volume (w/v) concentrations 
of agar (101614, Merck KGgA, Darmstadt, Germany) to 
examine any dependency of the PRF temperature coefficient 
with the agar concentration. In this regard, the agar-based 
phantoms were individually developed with 2, 4, or 6% w/v 
agar concentrations following the fabrication procedure 
previously mentioned by Drakos et al.[19] Briefly, 510 ml 
of pure, deionized and degassed water were steadily heated 
by means of a glass beaker that was accommodated on a 
magnetic hotplate (SBS A160, Steinberg Systems, Hamburg, 
Germany). A magnetic stir bar immersed in the water volume, 
interacted with the magnetic hotplate (SBS A160, Steinberg 
Systems) and provided continuous stirring of the water 
throughout heating. The appropriate % w/v agar concentration 
(2, 4 or 6) was grinded into a fine powder that was added in 
the water when its temperature, as recorded with a digital 
thermometer (HH806AU, Omega Engineering, Connecticut, 
USA) reached 50°C. Thereafter, the agar water solution was 
continuously heated while concurrently being magnetically 
stirred until the temperature of the solution exceeded 85°C, 
whereupon the heating function of the magnetic hotplate (SBS 
A160, Steinberg Systems) was switched off and the solution 
was allowed to cool to approximately 50°C while undergoing 
continuous magnetic stirring. Subsequently, the solution was 
poured into 3D-printed (FD270, Stratasys, Minnesota, USA) 
cuboid molds with dimensions of 80 mm (w) ×90 mm (l) 
×70 mm (h) and was allowed to solidify within a refrigerator.

Thereafter, four agar-based phantoms doped with silicon 
dioxide (Sigma-Aldrich, Missouri, USA) were developed with 
a constant 6% w/v concentration of agar and varied % w/v 
silicon dioxide concentration (2, 4, 6, or 8% w/v) to investigate 
any effect of the increased silicon dioxide concentration on the 
PRF temperature coefficient. Notably, the four phantoms were 
fabricated following the above-mentioned preparation process 
utilizing identical water volumes and heating temperature 
thresholds, with the development process only differing in 
the addition of silicon dioxide in the agar-water solution. 
Silicon dioxide was appropriately added with the correct 
concentration (2, 4, 6, or 8% w/v) in the solution, within a 
short timeframe following the addition of agar (6% w/v). The 
agar-based silicon dioxide doped solutions were individually 
poured in the aforementioned 3D-printed molds (FD270, 



Figure 1: Experimental set‑up with the robotic system accommodated on the 
table of a clinical magnetic resonance imaging scanner and an agar‑based 
phantom positioned on the acoustic opening of the robotic system and a 
magnetic resonance imaging coil employed for image acquisition
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Stratasys) and were placed in the refrigerator to undergo 
jellification. Notably, before experimental studies, the seven 
phantoms were removed from the molds and were allowed to 
reach ambient temperature.

Features of robotic system for MRI‑guided focused 
ultrasound ablations
An MRgFUS robotic system was selected from a range of 
existing robotic systems developed for preclinical MRgFUS 
applications.[49-55] Remarkably, the existing robotic systems have 
all been fabricated with MRI-compatible materials enabling 
proper operation within clinical MRI scanners and uninfluenced 
MR imaging for monitoring sonications.[49-55] Specifically, the 
selected MRgFUS robotic system[49] was fabricated with 
Acrylonitrile Styrene Acrylate (ASA) thermoplastic using 
a 3D-printer (FD270, Stratasys) and provides mechanical 
computer-controlled linear motion in three axes (X, Y, and Z). 
Notably, MRI-compatible piezoelectric motors (USR60-S3N, 
Shinsei Kogyo Corporation, Tokyo Japan) coupled to linear 
optical encoders (US Digital, Vancouver, Washington, USA) 
are employed to initiate and precisely control linear motion, 
respectively.[49] Motion is transferred to a single-element 
concave transducer with a diameter of 50 mm operating at a 
frequency of 2.75 MHz and focusing at 65 mm, that frontally 
extends from the positioning mechanisms to a water-filled 
container. It is worthmentioning that the water-filled container 
is fitted with an opening, thus allowing the ultrasonic beam 
to be transmitted from the transducer to the targeted subject, 
through the deionized and degassed water medium.

Control software for high‑intensity focused ultrasound 
exposures
The MRgFUS robotic system interfaces with an in-house 
software developed in C# (Visual Studio, Microsoft 
Corporation, Washington, USA) that controls the parameters 
of the HIFU exposures.[56] Specifically, the operating frequency 
of the transducer, the amount of power delivered, and the 
sonication time can be arranged through suitable commands. 
In addition, the developed software allows interfacing with 
clinical MRI scanners for MR image transfer, thus enabling 
treatment monitoring through MR thermometry tools based 
on the PRF method.[26,27]

High‑intensity focused ultrasound exposures within a 
magnetic resonance imaging environment
The MRgFUS robotic system was accommodated on the 
table of a 3 T clinical MRI scanner (Magnetom Vida, 
Siemens Healthineers, Erlangen, Germany), as shown in 
Figure 1. The phantoms were individually accommodated 
on the acoustic opening of the robotic system through a 
rigid 3D-printed (FD270, Stratasys) ASA phantom holder. 
The 3D-printed ASA phantom holder provided support for 
each phantom at the center of the acoustic opening so that 
ultrasonic beam directly propagated from the transducer to 
the center of the agar-based phantom. Similarly, a rigid ASA 
structure was accommodated on the MRI table, surrounding 
the robotic system, providing support to a multi-channel body 

MR imaging coil (Body18, Siemens Healthineers) on top of 
the agar-based phantom. The transducer was connected to an 
amplifier (AG1016, T and C Power Conversion, Rochester, NY, 
USA) and to the in-house developed software that was in turn 
interfaced with the MRI scanner for MR image acquisition.

Identical single-point sonications were individually executed 
on each of the seven agar-based phantoms. Each phantom was 
sonicated by applying varied acoustic power of 18, 24, 30, 36, 
and 42 W for a constant sonication time of 30 s at a focal depth 
of 25 mm. During the five individual sonications, MRI scans 
of each of the seven agar-based phantoms were performed in 
the coronal plane using the MR imaging body coil (Body18, 
Siemens Healthineers) and a Fast low angle shot (FLASH) 
sequence with the following acquisition parameters: 
Repetition time (TR) =25 ms, Echo time (TE) =10 ms, field of 
view = 280 mm × 280 mm, Slice thickness = 5 mm, Acquisition 
matrix = 96 × 96, Number of excitations = 1, Echo train 
length = 1, Flip angle = 30°, and Pixel bandwidth = 240 Hz/
pixel. Notably, for each of the seven phantoms, three FLASH 
scans were performed before each individual HIFU exposure 
at varied acoustical power for acquisition of three reference 
images. Acquisition of images before each HIFU exposure was 
necessary for imaging the phantoms at baseline temperatures, 
while the number of reference images acquired (3) was 
essential to adjust for any irregularities of the FLASH pulse 
sequence. Correspondingly, FLASH images throughout the 
HIFU exposures were acquired at timeframes of 2.4 s for a 
total imaging time of 60 s, corresponding to 30 s sonication 
time and 30 s cooling time after the elapsed sonication time.

High‑intensity focused ultrasound exposures in the 
laboratory environment
Following the HIFU exposures within the MRI environment, 
equivalent benchtop ultrasonic protocols were performed with 
the MRgFUS robotic system on the seven phantoms inside the 
laboratory setting. In this regard, each of the phantoms was 
individually accommodated in the acoustic opening of the 
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robotic system, through the 3D-printed (FD270, Stratasys) ASA 
phantom holder, in an equivalent manner to the experimental 
setting configuration within the MRI environment. It is 
worthnoting that the ASA phantom supporting structure, apart 
from providing rigid support to the phantom at the center of 
the acoustic opening, additionally permitted accurate insertion 
of thermocouples at every 5 mm within the phantom, in a 
plane perpendicular to the propagation of the ultrasonic beam, 
through small circular apertures vertically existing on the 
3D-printed (FD270, Stratasys) structure.

The five sonication protocols defined by the varied acoustic 
power (18, 24, 30, 36, and 42 W) for the sonication time of 
30 s at a focal depth of 25 mm were equivalently executed 
on the seven agar-based and agar-based doped with 
silicon dioxide phantoms. In this regard, a 100 µm thick 
thermocouple (5SRTC-TT-K-30-36, type K insulated beaded 
wire, Omega Engineering) was individually inserted within 
each of the seven agar-based phantoms at a 25 mm depth. 
The tip of the thermocouple was carefully inserted at the 
center of the phantom to directly measure the temperature 
at the focal point. The temperature induced resulting each 
ultrasonic exposure was recorded by the thermocouple and the 
digital thermometer (HH806AU, Omega Engineering) with a 
temporal resolution of 1 s. Accommodation of the phantoms 
on the 3D-printed ASA structure ensured that benchtop 
sonications on each of the phantoms were executed at the 
exact location where exposures within the MRI environment 
were performed. In this regard, experimental measurements 
acquired within the two environments (laboratory, and MRI) 
could be comparable.

Proton resonance frequency temperature change 
coefficient calculations
The calculations were performed to measure the temperature 
change coefficient () of each phantom developed with either 
varied agar or silicon dioxide concentrations, using the PRF 
method.[26,27] With the PRF technique, temperature changes 
(ΔT) within the tissue arising during exposure to thermal 
heating induce a shift in the PRF that is consequently observed 
as a phase difference (Δφ) in MR images acquired before 
and throughout HIFU exposures. The PRF technique relates 
these temperature changes to the phase difference through the 
following equation:

( )
0

0T ‑ (T )
E

T =
TB

ϕ ϕ
∆

αγ  (1)

where φ(T) and φ(T0) are the phase of images acquired 
before (baseline tissue temperature) and during HIFU 
exposure (ablation temperature), respectively, γ is the 
gyromagnetic ratio, B0 is the local magnetic field strength, and 
TE is the echo time of the employed MR imaging sequence.

In this regard, for temperature change coefficient () 
calculations, Equation 1 was rearranged into the following 
format, where all the variables have their abovementioned 
meanings:

0

=
B TE
∆ϕα

∆Τγ  (2)

For each of the five individual HIFU sonications executed 
on each of the seven agar-based phantoms, the phase 
difference (Δφ) was calculated from the FLASH images 
acquired for the HIFU exposures performed within the MRI 
environment. In this sense, the coronal magnitude and phase 
FLASH images of each of the seven agar-based phantoms 
acquired before (reference images) and during (ablation 
images) the varied HIFU exposures were loaded into a 
Digital Imaging and Communication in Medicine (DICOM) 
software (MicroDicom, MicroDicom Ltd., Sofia, Bulgaria) 
for postprocessing. On the individual phase FLASH images 
of each phantom, circular regions of interest (ROIs) with a 
diameter of 3 mm were set. The ROIs were arranged on all the 
images (reference and ablation) at the corresponding location 
of the focal spot, as visualized on the magnitude images 
acquired throughout the HIFU exposures, while the diameter 
of the ROIs (3 mm) was chosen after considerations related 
to the width of the focal beam.

Consequently, for phase images, the average signal 
intensity (SI) within the ROI was measured with the 
MicroDicom (MicroDicom Ltd.) software for the three 
reference images acquired before heating, as well as for the 
image acquired at the maximum ablation temperature during 
exposures. The SI measurements of the reference and ablation 
phase images were then converted to radians within the range 
of 0–2 π, by utilizing the minimum and maximum image pixel 
values as defined by the acquired DICOM image (minimum 
and maximum image pixel values of 0 and 4095, respectively), 
thus resulting in the phase values for the reference and ablation 
phase images. It is worth stating that the phase difference was 
then calculated by taking the absolute difference between the 
phase values of the ablation image and the average value of 
the individual phases of the three reference images.

Accordingly, for each of the five sonications executed on each 
developed phantom, the corresponding phase difference value 
was related to the maximum temperature change as recorded 
with the thermocouple during benchtop sonications performed 
in the laboratory setting. Consequently, graphical plots of the 
temperature change against the phase difference values, as 
calculated for each of the sonications executed at varied applied 
acoustic power, were individually generated for the seven 
phantoms. Eventually, regression analysis was performed and 
the PRF coefficient of each fabricated phantom was calculated 
by fitting the inverse of the slope of the regression analysis 
(i.e., Δφ/ΔT) in Equation 2. Concerning the three remaining 
variables of the equation, the gyromagnetic ratio of the water 
proton γ was taken as 42.58 MHz/T, the magnetic field strength 
was set at 3 T, while a TE of 10 ms was utilized arising from 
the acquisition parameters of the employed FLASH sequence. 
Uncertainties in the PRF coefficient of each phantom were 
calculated by utilizing the error in the slope of the regression 
analysis and following error propagation formulae based on 
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Equation 2. It is worthstating that no errors were considered 
for constant variables (i.e., gyromagnetic ratio of the water 
proton, magnetic field strength, and TE).

mAGnetIc ResonAnce theRmometRy temPeRAtuRe 
meAsuRements

Following the calculations for the PRF coefficients of the 
seven agar-based phantoms, MR thermometry temperature 
estimations were executed based on the PRF technique[26,27] 
using the aforementioned in-house control software. The 
coronal FLASH images of the various agar-based phantoms 
acquired in the course of sonications executed at varied 
acoustic power (18, 24, 30, 36, and 42 W) for a constant 
sonication time (30 s) within the 3 T MRI scanner (Magnetom 
Vida, Siemens Healthineers) were processed by the in-house 
software to derive the temperature increase induced as a 
result of each individual sonication executed on each of the 
seven phantoms. The FLASH images of each phantom were 
processed by the software, and temperatures induced resulting 
from each sonication at varied acoustic power were calculated 
in a particular ROI within each phantom using PRF-based 
MR thermometry and Equation 1. Notably, for consistency 
and accuracy purposes, the ROI at which temperatures 
were estimated was set in each phantom with an identical 
size (diameter of 3 mm) at the corresponding locations where 
phase measurements for the PRF coefficient calibrations were 
executed. Initially, for each phantom, temperatures within the 
specific ROIs resulting each sonication executed at varied 
acoustical power were calculated utilizing the corresponding 
calibrated PRF coefficient. Subsequently, MR thermometry 
temperature estimations were additionally executed for 
each phantom and sonication, utilizing a PRF coefficient of 
−0.0094 ppm/°C that is typically reported in the literature for 
MR thermometry estimations in in-house gel phantoms[40,57,58] 
and is employed as a default value for the PRF coefficient 
by the in-house developed software. MR thermometry data, 
specifically color-coded thermal maps and timeseries plots of 
the temperature at the specified ROI were generated for each 
sonication and phantom using the calibrated and default values 
of the PRF coefficients to assess the effect of the calibrated 
coefficient on temperature measurements. It is worthstating that 
the color-coded thermal maps generated for each phantom and 
sonication were overlapped on the corresponding magnitude 
scans of the phantom, thus presenting the extent of thermal 
heating throughout the phantom during sonications.

Results

Proton resonance frequency temperature change 
coefficient calculations
Phase shift measurements as derived from the phase images 
of each of the seven agar-based phantoms acquired during 
sonications at varied acoustic power within the MRI 
environment were correlated with the maximum thermocouple 
measured temperature changes. Figure 2a and b show the 

characteristic graphical plots of a linear response of the 
temperature change with the phase shift at various sonication 
protocols executed on an agar-based phantom (6% w/v agar) 
and on the corresponding agar-based phantom doped with 
silicon dioxide (6% w/v agar and 6% w/v silicon dioxide), with 
the error bars indicating the uncertainties in the temperature 
change and phase shift measurements. Following least-squares, 
no intercept linear regression analysis between the temperature 
changes and phase difference values resulting the five 
sonications individually performed on each phantom, the PRF 
coefficient was estimated for the three agar-based phantoms 
and the four agar-based phantoms doped with silicon dioxide, 
as shown in Tables 2 and 3, respectively. Linear regression 
fits, statistical errors for the slope of the regression fits (δslope), 
and corresponding statistical errors for the calculated PRF 
coefficients for each phantom are also listed in Tables 2 and 3.

Figure 3a shows the effect of the varied agar concentration (2, 
4, and 6% w/v) on the calibrated PRF coefficient of 
the three agar-based phantoms, where the error bars 
represent the uncertainties. Following linear regression 
analysis (R2 = 0.3741), a weak inverse proportional effect on the 
PRF coefficient was observed with an increased concentration 
of agar. Accordingly, the effect of the varied concentration 
of silicon dioxide (2, 4, 6, or 8% w/v) on the calibrated 
PRF coefficient of the four agar-based phantoms (6% w/v) 
doped with silicon dioxide is shown in Figure 3b, with the 

Figure 2: Plots of temperature change versus phase difference as 
calculated for sonications executed on (a) a 6% w/v agar‑based phantom, 
and (b) a 6% w/v agar‑based phantom doped with 6% w/v silicon dioxide 
using a 2.75 MHz transducer at varied acoustical power for a sonication 
time of 30 s at 25 mm focal depth

b

a
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error bars indicating the statistical error. The calibrated 
PRF coefficient (−0.00649 ± 0.0001 ppm/°C) of the purely 
agar-based phantom developed with the corresponding agar 

concentration (6% w/v) without silicon dioxide (0% w/v) is 
also included in Figure 3b for comparison purposes. After 
least-squares linear regression fit with a Pearson correlation 
coefficient (R2) of 0.7159, a strong negative correlation 
was observed between the PRF coefficient and increased 
concentration of silicon dioxide.

Magnetic resonance thermometry temperature 
measurements
MR thermometry data produced for each phantom and 
sonication using either the respective calibrated or default 
PRF coefficients were generated every 2.4 s for the duration 
of the exposures, equivalent to the temporal resolution of 
the FLASH sequence. Figure 4a shows typical thermal maps 
generated in the coronal plane (perpendicular to the ultrasonic 
beam propagation) at the end of sonications (sonication 
time of 30 s) executed with a low acoustic power (24 W) on 
an agar-based phantom (6% w/v) using the corresponding 
calibrated PRF coefficient (−0.00649 ± 0.0001 ppm/°C) of the 
specific phantom. At the ROI specified within the agar-based 
phantom (6% w/v), a maximum temperature of about 59°C 
was recorded utilizing the calibrated PRF coefficient of the 
phantom, as shown in Figure 4b. Accordingly, Figure 5a shows 
the respective coronal thermal maps of the same agar-based 
phantom (6% w/v) generated at the identical timepoint for the 
equivalent ultrasonic protocols (acoustic power of 24 W for 
sonication time of 30 s at a 25 mm focal depth) by employing 
the default value of the PRF coefficient. Figure 5b shows a 
maximum temperature of approximately 52°C achieved at the 
corresponding ROI within the agar-based phantom (6% w/v) 
resulting sonications, as generated with MR thermometry 
based on the default value of the PRF coefficient. Tables 4 
and 5 show the temperature changes, from a reference 

Table 2: Proton resonance frequency temperature coefficient of agar‑based phantoms having varied concentrations of 
agar as calibrated resulting sonications executed with a 2.75 MHz transducer at varied acoustical power for a sonication 
time of 30 s at 25 mm focal depth

Agar content 
(% w/v)

Linear 
regression

δslope Pearson correlation 
coefficient (R2)

PRF temperature 
coefficient±statistical error (ppm/°C)

2 y=171.82x 12.841 0.9781 −0.00456±0.00034
4 y=233.16x 20.237 0.9707 −0.00336±0.00029
6 y=120.65x 1.803 0.9991 −0.00649±0.0001
PRF: Proton resonance frequency

Table 3: Proton resonance frequency temperature coefficient of agar‑based phantoms doped with varied concentrations 
of silicon dioxide as calibrated resulting sonications executed with a 2.75 MHz transducer at varied acoustical power for 
a sonication time of 30 s at 25 mm focal depth

Agar=6% w/v, silica 
content (% w/v)

Linear 
regression

δslope Pearson correlation 
coefficient (R2)

PRF temperature 
coefficient (ppm/°C)

2 y=96.765x 8.235 0.9718 −0.00809±0.00069
4 y=96.47x 3.780 0.9939 −0.00811±0.00032
6 y=83.783x 4.526 0.9885 −0.00934±0.00050
8 y=90.023x 5.550 0.985 −0.00869±0.00054
PRF: Proton resonance frequency

Figure 3: Proton resonance frequency temperature coefficients of (a) three 
agar‑based phantoms developed with varied agar concentrations (2, 4, 
and 6% w/v), and (b) five agar‑based phantoms (6% w/v agar) doped with 
varied silicon dioxide concentrations (0, 2, 4, 6, and 8% w/v)

b

a
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temperature of 37°C, derived with MR thermometry using 
either the corresponding calibrated or default PRF coefficients, 
resulting the different ultrasonic protocols performed on 
the three agar-based phantoms developed with varied agar 
concentrations and the four agar-based phantoms (6% w/v) 
having varied concentrations of silicon dioxide, respectively. 
Generally, for the seven phantoms, irrespective of varied 
agar or silicon dioxide concentrations or the varied applied 
acoustical power, thermometry-based temperature change 
estimations based on the corresponding calibrated PRF 
coefficients were higher compared to equivalent temperature 
changes estimated utilizing the default PRF coefficient.

dIscussIon

In this study, the PRF temperature coefficient of several 
agar-based phantoms was calibrated following a series of HIFU 
sonications executed within a laboratory setting and inside a 
clinical 3 T MRI environment. Particularly, the HIFU exposures 
were controlled with an in-house software that also provides 
PRF MR thermometry monitoring[56] and were executed with 
an MRgFUS robotic system[49] integrated with a single-element 
concave transducer operating at 2.75 MHz that was chosen 
from a range of previously developed devices dedicated to 
preclinical MRgFUS studies.[49-55] Agar was preferred as a 
gelling agent for the development of phantoms employed 

herein, following its popularity in the fabrication process of 
phantoms dedicated to HIFU feasibility studies attributed 
to its ability to withstand the high temperatures induced by 
exposures[4] and accurately mimicking specific human tissues 
upon the employment of additional inclusions.[18,19] In this 
regard, seven phantoms were fabricated in the present study 
with varied agar (2, 4, and 6% w/v) and silicon dioxide (2, 4, 
6, and 8% w/v) concentrations following previous studies that 
revealed that appropriate concentrations of these materials 
result in phantoms that accurately mimic the acoustic, 
thermal,[6,19,22,23] and magnetic[20] properties of certain biological 
tissues. While previous studies have primarily focused on 
the independent effect of the varied agar and silicon dioxide 
concentrations on the acoustic[6,19] and magnetic[20] properties 
of the developed phantoms, the current study investigated the 
effect of the varied concentrations of the phantom inclusions 
on the PRF temperature coefficient, and thus the temperature 
dependence of the phase shifts of the MR signal.

In this regard, the PRF coefficient of each phantom fabricated 
with varied agar or silicon dioxide concentrations was 
calibrated utilizing a method that has repeatedly been reported 
in the literature, wherein the parameter is calculated based on 
the PRF technique,[26,27] from linear relations between the phase 
and temperature changes induced resulting thermal exposure 
of the investigated tissue within an MRI environment.[28-38] 

Figure 4: (a) Coronal thermal maps acquired at the end of sonications (acoustic power of 24 W for 30 s at 25 mm focal depth) executed on an 
agar‑based phantom (6% w/v), and (b) Timeseries temperature increase at the focal spot during sonications, as calculated using the calibrated PRF 
coefficient of the phantom

ba

Figure 5: (a) Coronal thermal maps acquired at the end of sonications (acoustic power of 24 W for 30 s at 25 mm focal depth) executed on an 
agar‑based phantom (6% w/v), and (b) Timeseries temperature increase during sonications, as calculated using the default proton resonance 
frequency coefficient

ba
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Specifically, a series of sonications executed at varied acoustic 
power (18–42 W) was comparably performed on each of the 
fabricated phantoms within the 3T MRI, while concurrently 
being scanned with a FLASH sequence. Phase shifts resulting 
each varied ultrasonic protocol executed on each of the 

different phantoms were derived in a plane perpendicular to 
the ultrasonic beam propagation (coronal plane) after careful 
postprocessing of the acquired MRI scans. Contrary to most 
literature studies[28-31,41-47] that interstitially insert temperature 
sensors in the investigated material during MRI-based thermal 

Table 4: Temperature changes resulting sonications executed with a 2.75 MHz transducer on agar‑based phantoms 
having varied agar concentrations using varied acoustical power for a sonication time of 30 s at 25 mm focal depth as 
calculated with proton resonance frequency magnetic resonance thermometry by utilising calibrated or default proton 
resonance frequency coefficients of each phantom

Phantom 
(% w/v agar)

Acoustic 
power (W)

Maximum ΔΤ with calibrated 
PRF coefficient (°C)

Maximum ΔΤ with default 
PRF coefficient (°C)

Difference (ΔT with calibrated 
PRF/ΔT with default PRF)

2 18 13.1 6.4 2.05
24 20.8 10.1 2.06
30 30.5 16.7 1.83
36 41.1 21.6 1.90
42 48.8 26.1 1.87

4 18 26.6 9.5 2.8
24 36.9 13.2
30 47.8 17.1
36 60.9 20.2 3.01
42 68.3 24.4 2.8

6 18 18.9 13.1 1.44
24 21.6 14.9 1.45
30 26 18 1.44
36 32.3 22.3 1.45
42 37.1 25.6

PRF: Proton resonance frequency

Table 5: Temperature changes resulting sonications executed with a 2.75 MHz transducer on agar‑based phantoms 
doped with varied concentrations of silicon dioxide using varied acoustical power for a sonication time of 30 s at 25 
mm focal depth as calculated with proton resonance frequency magnetic resonance thermometry by utilizing calibrated 
or default proton resonance frequency coefficients of each phantom

Agar=6% w/v, silica 
content (% w/v)

Acoustic 
power (W)

Maximum ΔΤ with calibrated 
PRF coefficient (°C)

Maximum ΔΤ with default 
PRF coefficient (°C)

Difference (ΔT with calibrated 
PRF/ΔT with default PRF)

2 18 24.5 21.1 1.16
24 28.9 24.9
30 32.6 28
36 35.6 30.7
42 34.1 29.3

4 18 23.9 20.7 1.15
24 28.8 24.8 1.16
30 32.5 28
36 34.6 29.9
42 37.6 32.4

6 18 18.7 18.6 1.01
24 25.1 25
30 28.8 28.6
36 31.2 31
42 32.5 32.3

8 18 22.3 20.6 1.08
24 30.1 27.8
30 34.2 31.6
36 37 34.2
42 37.6 34.7

PRF: Proton resonance frequency
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heating of the targeted subject for simultaneous acquisition 
of temperatures and phase shifts, in the current study, 
thermocouple-based temperature change measurements were 
acquired in a plane perpendicular to the propagation of the 
beam from identical benchtop ultrasonic sonications that were 
executed on each of the various phantoms inside the laboratory 
setting. This approach was followed to prevent artifacts 
inadvertently arising on the MR images due to thermocouple 
presence within the phantom that could potentially impact 
phase shift measurements. Nevertheless, providing that the 
developed agar-based phantoms exhibit excellent thermal 
repeatability[6] and that special structures were employed 
allowing ablation of each phantom at corresponding locations 
during benchtop and MRI-based sonications, temperature 
changes derived in the laboratory setting were comparable to 
phase shifts arising from the MR images for each sonication 
and phantom.

As expected, sonications at increased acoustic power induced 
increased temperatures within either of the developed 
agar-based phantoms, that in turn resulted in higher phase shifts, 
thus being in accordance with previous studies performed in 
different magnetic field strength scanners where a proportional 
dependency of phase shift with temperature change was 
observed.[30,39,40,42] Consequently, for either the agar-based 
(2, 4, or 6% w/v agar) or agar-based (6% w/v) doped with 
silicon dioxide (2, 4, 6, or 8% w/v silicon dioxide) phantoms, 
least-squares linear regression confirmed this proportional 
dependency of the phase shift with the temperature change 
induced resulting the varied ultrasonic protocols comparably 
executed on each of the phantoms. Notably, induced phase 
shifts over the temperature changes indicatively presented for 
a purely agar-based phantom (6% w/v) and the corresponding 
agar-based phantom doped with silicon dioxide (6% w/v agar 
and 6% w/v silicon dioxide), approximated the range of phase 
shift measurements reported over equivalent temperature 
changes for other agar-based phantoms in different magnetic 
field strength scanners,[30,39,42] thus indicating the accuracy of 
the experimental procedure employed in the present study.

Upon validating a very strong linear phase and temperature 
change dependency (R2 = 0.9707–0.9991) for each of the 
phantoms employed herein, being in agreement with similar 
trends reported in the literature,[39-48] the PRF coefficient was 
individually calibrated for each phantom. Particularly, for the 
phantoms fabricated with varied agar concentrations (2, 4, or 
6% w/v), PRF coefficients in the range of −0.00336 ± 0.00029 
to −0.00649 ± 0.0001 ppm/°C were reported, increasing for agar 
concentrations up to 4% w/v and decreasing for subsequently 
higher concentrations of agar. Accordingly, PRF coefficients 
between −0.00809 ± 0.00069 and −0.00934 ± 0.00050 ppm/°C 
were calibrated for the agar-based phantoms (6% w/v) 
developed with varied concentrations of silicon dioxide (2, 
4, 6, or 8% w/v), generally decreasing with an increased 
silicon dioxide concentration, with this effect sustained 
for silicon dioxide concentrations up to 6% w/v. In this 
regard, by following linear regression analysis, a relatively 

weak (R2 = 0.3741) inverse linear dependency of the PRF 
coefficient was observed with an increased concentration 
of agar, decreasing by −0.0005 ppm/°C for a unit increase 
in the % w/v agar concentration. Nevertheless, the effect on 
the PRF coefficient for agar concentrations above 6% w/v 
was not investigated since these would result in extremely 
stiff phantoms that would not mechanically resemble human 
tissue.[19] In this regard, the 6% w/v agar concentration was 
chosen for the development of phantoms doped with varied 
concentrations of silicon dioxide (2, 4, 6, or 8% w/v) where 
contrary, a strong (R2 = 0.7159) negative linear effect on the 
PRF coefficient was observed with an increased concentration 
of silicon dioxide. Approximately a 25% decrease in the 
PRF coefficient was observed for the addition of 2% w/v 
silicon dioxide in the phantom (−0.00809 ± 0.00069 ppm/°C) 
compared to the corresponding value of the PRF 
coefficient (−0.00649 ± 0.0001 ppm/°C) of the purely 
agar-based phantom (6% w/v agar), with further decreases 
observed for increased silicon dioxide concentrations 
thereafter. Specifically, it was perceived that a unit increase 
in the % w/v concentration of silicon dioxide induced 
a −0.0003 ppm/°C decrease in the PRF coefficient.

Upon calibrating the PRF coefficient of each of the seven 
phantoms, the in-house control software was employed 
for offline PRF-based MR thermometry[26,27] of the varied 
ultrasonic exposures. Particularly, for each varied ultrasonic 
protocol executed on each phantom, color-coded thermal 
maps and timeseries temperature plots were successfully 
generated showing the extent of thermal heating throughout 
the phantom (through overlay of the thermal map on the 
corresponding magnitude scans) and the temperature 
increase at the focal spot (specific ROI within the phantom), 
respectively. Notably, MR thermometry data for the individual 
sonications executed on each phantom were effectively 
generated by employing the corresponding calibrated PRF 
coefficient of the phantom as well as a default PRF coefficient 
value (−0.0094 ppm/°C) that is typically used by the in-house 
software for MR thermometry calculations, to assess the 
effect of the PRF coefficient on the MR thermometry-based 
temperature measurements. Inherently, for either phantoms 
developed with varied agar (2, 4, or 6% w/v) or silicon 
dioxide (2, 4, 6, or 8% w/v) concentrations, higher temperature 
changes were produced by employing the corresponding 
calibrated PRF coefficients compared to data derived with 
the default PRF coefficient value. Specifically, for the three 
phantoms having varied agar concentrations (2, 4, or 6% w/v), 
temperature changes in the range of 13.1°C–68.3°C were 
derived using the calibrated PRF coefficients, indicating 
a 1.44-fold to 3.01-fold increase relative to temperature 
elevations (6.4°C–25.6°C) arising with the default PRF 
coefficient. Interestingly, for the four agar-based phantoms 
developed with varied concentrations of silicon dioxide (2, 4, 6, 
or 8% w/v), smaller differences between temperature changes 
derived utilizing either the default or corresponding calibrated 
PRF coefficients were observed. Particularly, a 1.01-fold to 
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1.16-fold decrease in the temperature changes (18.6°C–34.7°C) 
was observed using the default PRF coefficient, compared 
to corresponding MR thermometry-based temperature 
changes (18.7°C–37.6°C) derived utilizing the calibrated 
PRF coefficients, with temperature changes generated with 
either PRF coefficient (default or calibrated) for identical 
applied acoustical power being approximately similar at higher 
concentrations of silicon dioxide.

Generally, the PRF coefficients as calculated in the present 
study for the three agar-based phantoms developed with varied 
agar concentrations (−0.00336 ± 0.00029– −0.00649 ± 0.0001 
ppm/°C) were slightly higher than calibrated PRF coefficients 
reported in the literature for other phantoms developed with 
an agar base[28,29,39-42] or using alternative gelling agents.[43-47] 
When considering the corresponding uncertainties for each 
PRF coefficient calculated herein, the confidence interval for 
the PRF coefficients of the three phantoms fabricated with 
varied agar concentrations (lower value of −0.00307 ppm/°C 
for the phantom having 4% w/v agar concentration, and 
maximum value of −0.00659 ppm/°C for the phantom 
developed with 6% w/v concentration of agar) was still 
higher than PRF coefficients reported in literature studies 
for various types of phantoms.[28,29,39-47] Nevertheless, PRF 
coefficient calibrations have shown to be dependent on the 
parameters of the employed MR pulse sequence,[28,41] while 
inclusion of other dopants has frequently been utilized in an 
agar-base,[29,39,41] thus potentially explaining any deviations 
observed in the calibrated coefficients of the pure agar-based 
phantoms of the present study from similar studies found in 
the literature.[28,29,39-42]

Interestingly, the PRF coefficient of the phantom developed with 
a 6% w/v concentration of agar (−0.00649 ± 0.0001 ppm/°C) 
well agrees with the PRF coefficient of in vivo rabbit muscle 
tissue (−0.007 ± 0.001 ppm/°C) when accounting for 
experimental uncertainties reported in the study by Mulkern 
et al.[31] Moreover, if uncertainties (0.0001 ppm/°C) for the PRF 
coefficient of the 6% w/v agar phantom are considered, then the 
maximum value for the PRF coefficient (−0.00659 ppm/°C) of 
the corresponding phantom is marginally lower (2%–5%) than 
PRF coefficients reported for in vivo canine brain and muscle 
tissues,[34] and approximates the lower range of PRF coefficients 
reported for ex vivo porcine liver.[39] Notably, addition of varied 
concentrations of silicon dioxide (2, 4, 6, or 8% w/v) in the 
corresponding agar-base (6% w/v) resulted in calibrated PRF 
coefficients for the four phantoms (−0.00809 ± 0.00069– 
−0.00934 ± 0.00050 ppm/°C) that well approximated 
the range of PRF coefficients of various in vivo [29-33,36-38] 
as well as ex vivo[28,39] animal tissues. It is worth stating 
that this comparison considers the complete range of 
calibrated PRF coefficients for the four phantoms (−0.0074 
to −0.00984 ppm/°C) contemplating for corresponding 
errors in PRF coefficient measurements, and accounting for 
uncertainties reported in the PRF coefficients of animal tissues 
in literature studies.[28-33,36-39]

Nevertheless, PRF coefficient calibrations as executed 
for the seven agar-based phantoms in this study are still 
characterized by some limitations. Primarily, possible magnetic 
field drifts occurring due to temporal instability of the MRI 
scanner that result in nontemperature induced phase shifts,[27] 
which could had potentially hampered presented phase shift 
measurements were not considered. Generally, such phase 
shifts are compensated for in PRF coefficient calibrations 
by including reference phantoms and subtracting from the 
phase changes induced in the thermally exposed investigated 
tissue the nontemperature induced phase shifts arising in the 
reference phantoms over the course of the experiments within 
the MRI environment.[28,30,34,37,39,40,48] However, considering that 
clinical MRI scanners nowadays are stable[27] with previous 
studies reporting a relative stability in phase drift for several 
hours,[34,36,37] we would expect only minimal phase shifts arising 
due to MRI instability during the 60 s time required for imaging 
each phantom in this study. Moreover, noise in phase images is 
dependent on the SI of corresponding magnitude images, with 
optimal signal-to-noise-ratio achieved when the TE employed 
for imaging is identical to the T2* relaxation time of the 
imaged tissue.[27,28,34,36] A previous study at 3T[59] reports a T2* 
relaxation time of 21.7 ms for a purely agar-based phantom 
having a 6% w/v agar concentration that decreases to 18.5 ms 
for the addition of 4% w/v silicon dioxide in the corresponding 
agar base (6% w/v). Although the range of T2* relaxation times 
for all phantom recipes investigated in this study remains to 
be investigated, this suggests that the TE of 10 ms that was 
employed for the FLASH sequence in the current study could 
possibly be slightly short for imaging the seven agar-based 
phantoms. Consequently, increased sensitivity in phase shift 
measurements and ultimately in the calibrated PRF coefficients 
could be achieved in future by using a longer TE.

Given the increased employment of agar-based phantoms 
doped with silicon dioxide in HIFU validation studies[18-20,22,23] 
and based on the present results, phantoms developed with a 
6% w/v concentration of agar and doped with 0%–8% w/v 
concentration of silicon dioxide best approximate the PRF 
coefficient of several animal tissues[29-34,36-39] and should 
therefore be considered in future MRgFUS validation studies 
as tissue mimicking materials since other concentrations of gel 
inclusions than the abovementioned, result in phantoms with 
a PRF coefficient that extremely deviates from corresponding 
tissue coefficients.[29-34,36-39] Furthermore, PRF coefficients as 
calibrated for each of the seven phantoms in the present study 
could be utilized in PRF-based MR thermometry calculations 
during evaluation studies of future MRgFUS systems, resulting 
in a more accurate MR thermometry monitoring of the 
temperature increase, therefore providing enhanced insights 
on the actual efficacy of the developed system.
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