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Temperature mapping of exothermic in situ chemistry: imaging of
thermoembolization via MR

Samuel John Fahrenholtza� , Chunxiao Guob, Christopher J. MacLellana† , Joshua P. Yunga,
Ken-Pin Hwanga, Rick R. Laymana , R. Jason Stafforda and Erik Cressmanb

aDepartment of Imaging Physics, The University of Texas MD Anderson Cancer Center, Houston, TX, USA; bDepartment of Interventional
Radiology, The University of Texas MD Anderson Cancer Center, Houston, TX, USA

ABSTRACT
Purpose: MR temperature imaging (MRTI) was employed for visualizing the spatiotemporal evolution
of the exotherm of thermoembolization, an investigative transarterial treatment for solid tumors.
Materials and methods: Five explanted kidneys were injected with thermoembolic solutions, and
monitored by MRTI. In three nonselective experiments, 5ml of 4mol/l dichloroacetyl chloride (DCA-Cl)
solution in a hydrocarbon vehicle was injected via the main renal artery. For two of these three, MRTI
temperature data were compared to fiber optic thermal probes. Another two kidneys received select-
ive injections, treating only portions of the kidneys with 1ml of 2mol/l DCA-Cl. MRTI data were
acquired and compared to changes in pre- and post-injection CT. Specimens were bisected and pho-
tographed for gross pathology 24h post-procedure.
Results: MRTI temperature estimates were within ±1 �C of the probes. In experiments without probes,
MRTI measured increases of 30 �C. Some regions had not reached peak temperature by the end of the
>18min acquisition. MRTI indicated the initial heating occurred in the renal cortex, gradually spread-
ing more proximally toward the main renal artery. Gross pathology showed the nonselective injection
denatured the entire kidney whereas in the selective injections, only the treated territory
was coagulated.
Conclusion: The spatiotemporal evolution of thermoembolization was visualized for the first time
using noninvasive MRTI, providing unique insight into the thermodynamics of thermoembolization.

PRÉCIS
Thermoembolization is being investigated as a novel transarterial treatment. In order to begin to char-
acterize delivery of this novel treatment modality and aid translation from the laboratory to patients,
we employ MR temperature imaging to visualize the spatiotemporal distribution of temperature from
thermoembolization in ex vivo tissue.
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Introduction

The incidence and mortality rate of hepatocellular carcinoma
in the 21st century continue to present significant challenges
to modern medicine [1,2]. It is an aggressive disease that fre-
quently is diagnosed at an inoperable stage and responds
poorly overall to pharmacologic intervention [3,4]. The
Barcelona Clinic Liver Cancer algorithm is perhaps the most
commonly used method to guide treatment decisions for
patients with intermediate stage hepatocellular carcinoma
[5,6]. For those with multifocal disease but preserved liver
function and no evidence of vascular invasion, transarterial
chemoembolization provides a survival benefit and is consid-
ered the standard of care [7,8]. In this procedure, a catheter
is advanced into the hepatic artery somewhat upstream from

the target lesion or lesions and a combination of cytotoxic
drugs and an embolic agent are delivered. This causes ische-
mia and nutrient deprivation while also leaving a high local
dose of chemotherapy. Unfortunately, incomplete treatment
frequently leads to recurrence and the need for additional
procedures provided the patient can tolerate further inter-
vention. Complete necrosis rates with current embolization
methods are inadequate, with residual tumor in up to 90%
of cases documented in livers removed from patients who
received liver transplants [9]. Incomplete treatment can also
incite an aggressive tumor response [10,11]. Recently, there
have been reports of clinicians combining ablation and
embolization procedures in the same patient [12,13]. Despite
the risks and costs from two procedures, this effort has
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demonstrated very modest additional survival benefit [14].
Notwithstanding a modest positive impact, existing minim-
ally invasive therapies thus leave a significant gap
in treatment.

Thermoembolization is a procedure in which an exother-
mic chemical reaction is delivered via transarterial catheter.
Recent investigations into the biological effects of this tech-
nique indicate that it might offer unique advantages versus
current techniques [15–17]. An exothermic reaction, such as
hydrolysis of an acid chloride, could offer a number of differ-
ent avenues for local tissue destruction based on the distri-
bution of the resulting heat and reaction product(s). For
such a treatment strategy to successfully translate to the
clinic, it is necessary to understand and characterize the spa-
tiotemporal evolution of the therapy under different doses
and delivery protocols. For initial feasibility and development
work, the vascular network of the liver does not lend itself
well to use as an ex vivo delivery model. Explanted pig kid-
neys have been previously shown to be excellent tissue
models for this type of delivery [18,19] owing to the simple
nature of the blood supply, ease of cannulation of the renal
artery, and ready availability of tissues.

Proton resonance frequency (PRF) based magnetic reson-
ance temperature imaging (MRTI) is a noninvasive technique
capable of measuring the spatiotemporal temperature
changes in tissue [20]. We applied MRTI as a tool to investi-
gate the thermal component of thermoembolization. We
took effort to corroborate the MRTI’s fidelity, given MRTI has
never been applied in the context of thermoembolization.
Using MRTI, we report the spatiotemporal heating due to
thermoembolization in an explanted kidney.

Materials and methods

Overview

Thermoembolization was accomplished by injection of a
solution of dichloroacetyl chloride (DCA-Cl Sigma-Aldrich, St.
Louis, MO, USA, used as supplied) dissolved in mineral oil
(purchased locally) into the renal arteries of five kidneys. The
mineral oil provides an inert solvent for the DCA-Cl. The
reagent underwent exothermic hydrolysis in situ, releasing
heat energy and producing 2 equivalents of acid
(Figure 1(a)). All kidneys received a transarterial, sequential
injection over 25 s consisting of the following: first, 100 lL of
mineral oil; second, a reactive aliquot of DCA-Cl dissolved in
mineral; and third, 1ml of mineral oil (Figure 1(b)). The
injected DCA-Cl concentration and volume is described
below. Effects were observed via MR, CT, temperature probe,
and gross pathology. Table 1 lists injection conditions.
Experiments were conducted on fresh tissue acquired at nec-
ropsy from another protocol and Institutional Animal Care
and Use Committee approval was not required.

MR temperature imaging of thermoembolization in
five kidneys

MRTI measurements were performed on a 3.0 T MR scanner
(750W, GE Healthcare Technologies, Waukesha, WI, USA)
using the body coil for signal excitation with a 32-channel
phased-array cardiac coil. Temperature estimation was based
on the water proton resonance frequency (PRF) shift of water
[22], provided by a 2D multiple fast gradient-recalled echoes
(MFGRE) sequence [23,24] set to output real and imaginary

Figure 1. Diagrams of in situ hydrolysis reaction and injection protocol. Upon injection, the DCA-Cl undergoes hydrolysis in the kidney (a). The exothermic reaction
produces dichloroacetic acid and HCl and releases -93 kJ/mol of energy. Additionally, a diagram shows the injection sequence (b). The dose of the reactive aliquot,
in red, is varied with nonselective or selective injection. DCA-Cl: dichloroacetyl chloride; HCl: hydrochloric acid; kJ: kilojoule; l: liter; mol: mole.

Table 1. Summary of experiments and corresponding Figures.

Experiment Selective injection? Reactive aliquot content Figures, Tables

First probe experiment No 5ml of 4mol/l DCA-Cl 2(a), 2(b), 3, Table 2
Second probe experiment No 5ml of 4mol/l DCA-Cl Table 2
First homogenous baseline experiment Yes 1ml of 2mol/l DCA-Cl 2(c), 4(a), 5, 6, 7(a), Supplementary Figure A1
Second homogenous baseline experiment Yes 1ml of 2mol/l DCA-Cl 2(d), 4(b), 7(b)
Third homogenous baseline experiment No 5ml of 4mol/l DCA-Cl 4(c), 7(c)

DCA-Cl: dichloroacetyl chloride; l: liter; mol: mole.
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data at each echo time. Parameters for 2D MFGRE were as
follows: time of repetition (TR)/First echo time (TE)/Last TE ¼
100/1.50/10ms; 15 total echoes in 3 shots of 5 echoes; echo
spacing ¼ 0.604ms; parallel imaging acceleration factor ¼
1.5; flip angle ¼ 25�; acquisition matrix ¼ 96� 96; recon-
structed matrix ¼ 256� 256; field of view ¼ 180� 180mm2;
number of slices ¼ 5; slice spacing and thickness ¼ 5mm;
receiver bandwidth¼ ±83.3 kHz; spectral bandwidth ¼
165 kHz or 13.0 parts per million (ppm); the time per
dynamic frame ranged from 20.46 s to 25.94 s in the five
experiments.

Validation of MRTI via temperature probes in
two kidneys

Two experiments were performed with kidneys to correlate
MRTI to a fiber optic temperature probe (m3300, Luxtron
Corporation, Santa Clara, CA, USA) placed into each kidney’s

cortex. For each, the main renal artery of a freshly explanted,
heparinized and flushed porcine kidney was cannulated. The
kidney was surrounded in a stabilization jig of expanded
polystyrene by 15ml reference vials filled with mineral oil or
water (Figure 2(a)). A pretreatment 3D T1-weighted (T1W)
acquisition was acquired for probe localization (TR/TE/Time
of inversion ¼ 6.24/2.49/450ms; flip angle ¼ 10�; imaged
slab ¼ 256� 256� 50.4mm3; acquisition matrix ¼ 256�
256� 36; reconstructed matrix ¼ 512� 512� 72). To enable
access, the experimental setup was momentarily moved out
of the magnet bore.

Both kidneys received a transarterial, sequential injection
over 25 s consisting of 100 ll of mineral oil, then a reactive
aliquot of 5ml of 4mol/l DCA-Cl dissolved in mineral oil, and
finally 1ml of mineral oil. The injections were nonselective –
i.e., the injected material entered the main renal artery and
was not directed to any particular arterial branch. Injections
were completed over a period of 25 s. For each, the experi-
mental setup was returned to the magnet isocenter and

Figure 2. Experimental setup and gross pathology at 24 h. The experimental setup of the kidney and reference vials is shown before a thermoembolization
experiment (a). The renal artery is cannulated with a catheter (a). The gross pathology of a nonselective injection experiment is demonstrated in (b), 24 h post-
injection. 24 h after injection, gross pathology images for the two selective injection experiments are shown in (c) and (d). (c) shows a bivalve kidney whereas sur-
face damage is visible in (d).
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MRTI commenced. In one case, the MRTI began 35 s after
heating was first detected in the temperature probe and was
terminated after acquiring 700 s (11.7min or 27 frames). For
the other case, MRTI began 165 s (2.8min) after heating was
detected in the probe and was terminated after acquiring
736 s (12.3min or 29 frames). At 24 h post-procedure, the kid-
neys were bisected to reveal the extent of tissue damage
and photographed for gross pathology. By approximately
one hour post-injection, the kidneys were stored in a 4 �C
refrigerator between injection and bisection.

Three kidney experiments monitored by continuous
MRTI and pre-/post-injection CT

For three kidney experiments, MRTI began before the react-
ive injection, in order to establish a baseline phase measure-
ment of material at a homogeneous temperature. For the
first of these experiments, the injection was the same as the
previous two – nonselective with a reactive aliquot of 5ml of
4mol/l DCA-Cl. For the remaining two, a selective cannula-
tion approach directed the injection to one half of the kid-
ney and the volume was reduced to 1ml of 2mol/l DCA-Cl.
The two selective injection cases were monitored for 1117 s
(18.6min or 50 frames) and 1125 s (18.8min or 55 frames).
The nonselective case was monitored for 777 s (13.0min or
38 frames).

Additionally, one of the selective injection kidneys was
scanned prior to and 45min post-injection using computed
tomography (CT) on a SOMATOM Definition Force (Siemens
Healthineers, Forchheim Germany) to visualize distribution of
material. Dual-source acquisition parameters for CT imaging
were as follows: peak tube voltage ¼ 80/Sn150 kVp and
tube current ¼ 632/316mA for tube A and B, respectively;
rotation time ¼ 0.285 s; pitch ¼ 0.6; collimation ¼ 128� 0.6;
CTDIvol¼12.5 mGy. By approximately two hours post-
injection, the kidneys were stored in a 4 �C refrigerator, then
bisected and photographed at 24 h post-injection for
gross pathology.

MR and CT image post-processing

The real and imaginary data output by the MFGRE were
saved as DICOM and processed offline in MATLAB 2018a
(Mathworks, Natick, MA, USA). Using a single-peak auto-
regressive moving average model and solved via the
Steiglitz-McBride algorithm [23,25–27], the frequency shift of
the water peak at each pixel and time point was calculated
by fitting a single peak to the data. Next, a baseline refer-
ence frequency map was created using the peak at the first
time point. A frequency difference map was then generated
for each successive time point by calculating difference
images between the dynamic time point frequency map and
the baseline frequency map. A temperature map at each
time point could then be generated from the frequency dif-
ference map using the temperature coefficient for water,
a¼�0.01 parts per million (ppm)/�C [23]. This PRF-based
MRTI method requires a baseline time frame for comparison
to later times; any measured temperature changes are

relative measurements, referenced to the temperature at the
baseline frame. A 2� 2 voxel region-of-interest (ROI) from
MRTI was spatially-matched to the temperature probe’s loca-
tion for temperature accuracy comparison. In both experi-
ments, MRTI temperature precision was characterized by the
standard deviation of temperature at each time frame of a
10� 10 voxel ROI from an unheated reference vial.
Additionally, the phase data underpinning the MRTI exhib-
ited a phase drift due to gradient heating that was approxi-
mately linear in space and time for our magnet. The change
in this drift over time was on the order of the main magnet
field specification provided by the vendor. A linear fit of the
phase drift in time and the ‘z-axis’ of the magnet – i.e., the
axis in and out of the bore – was applied to correct for this
effect [28,29]. Drift correction is further explained in the
Supplementary Appendix.

The CT data were reconstructed at slice thickness ¼
0.6mm; slice interval ¼ 0.6mm; kernel¼ Br40d; and ADMIRE
strength ¼ 2. The images were post-processed to generate a
synthesized conventional CT image (‘mixed’, M¼ 0.5) and
reformatted into coronal projections with an image thickness
of 5mm. The reformatted images had a minimum intensity
projection filter with inverted grayscale to identify low
HU values.

Results

Validation of MRTI via temperature probes in
two kidneys

The nonselective injection resulted in coagulation of the
entire kidney (Figure 2(b)) in both specimens. For both cases,
the 2� 2 voxel ROI comparing MRTI and temperature
showed excellent agreement (Figure 3). Throughout each
MRTI acquisition, the standard deviation (r) of the unheated
reference’s 10� 10 voxel ROI never exceeded 0.21 �C; conse-
quently, ±2r was always less than 1 �C. The difference of the
probe and the spatially-matched MRTI never exceeded 1 �C
through the entire acquisition; further characterization of
MRTI-to-probe accuracy and precision are shown in Table 2.

Three kidney experiments monitored by continuous
MRTI and pre-/post-injection CT

In these three cases, the injection occurred during the third
and fourth time frames of the dynamic MRTI. The two select-
ive injections caused a clearly demarcated partial, segmental
coagulation of the kidney (Figure 2(c,d)), whereas the nonse-
lective injection again produced complete coagulation. The
asymmetry of the selective injections was recapitulated in
the MRTI (Figures 4(a,b) and 5) and the pre-/post-treatment
CT images (Figure 6). By the end of the MRTI acquisition,
Figures 5 and 7 show that the temperature in each kidney
was still elevated and unlikely that it had peaked before
monitoring had ceased. Figure 5 demonstrates that the heat-
ing occurs diffusely and distally first and manifests in the
larger vasculature later.

732 S. J. FAHRENHOLTZ ET AL.

https://doi.org/10.1080/02656736.2019.1635274


Figure 3. MRTI vs. thermal probe. Left (a) is a coronal T1-weighted image of the kidney before injection, surrounded by the reference vials. The blue arrow indi-
cates the location of the thermal probe in the renal cortex. Right (b) compares the temperature probe data (black line) with a spatially-matched 2� 2 voxel region
of interest (ROI) from the MRTI (green). The plotted ROI temperature (b) data in has ±2r error bars where r is the standard deviation of temperature of a 10� 10
voxel region of a reference vial, at each time point. The location of the noise ROI is at the red square (a). MRTI: magnetic resonance thermal imaging; ROI: region-
of-interest; and r: standard deviation.

Table 2. Comparison of MRTI and fiber optic temperature probe data.

Experiment RMSD (�C) Maximum difference (�C) ±2r range (�C)
First probe experiment 0.36 0.73 0.85
Second probe experiment 0.23 0.43 0.77

The RMSD and maximum difference between a temperature probe and a spatially-matched ROI are reported. The ±2r is four
times the standard deviation of a 10� 10 voxel ROI in an unheated reference vial in the imaged FOV.
FOV: field of view; MRTI: magnetic resonance temperature imaging; RMSD: root mean square difference; ROI: region-of-interest;
r: standard deviation.

Figure 4. Selected ROI locations. MRTI data are shown from the three experiments with homogeneous baseline temperatures. Each image is a coronal temperature
map of the kidney after injection, at a late time point and has three colored circles (indicated by white arrows) denoting the locations of three 2� 2 voxel ROIs.
The ROI temperature histories are plotted in Figure 7, and ROI points are color-matched to the data points of Figure 7. The surrounding reference vials are cropped.
MRTI: magnetic resonance temperature imaging; ROI: region-of-interest.
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Discussion

The spatiotemporal distribution of heating during thermoem-
bolization was investigated for the first time using an
established noninvasive PRF-based method, MRTI.
Thermoembolization is a novel approach to solid tumor ther-
apy and potentially has several acute and longitudinal tissue
insults: (1) embolization/ischemia, (2) heat, (3) lower local pH,
(4) a high local osmolar tissue environment, (5) covalent modi-
fication of glycoproteins, and (6) the acid of the acid-chloride
can be selected to have anti-tumor drug effects—namely,

dichloroacetate has been studied as a drug to inhibit aerobic
glycolysis or Warburg metabolism [30,31]. Characterizing the
temperature response for different treatment delivery para-
digms is an important element for further development of
thermoembolization as a therapeutic modality. Therefore, this
work we specifically focused on the induced spatiotemporal
distribution of heating, which was measured noninvasively
using PRF-based MRTI. We validated the MFGRE acquisitions
with temperature probes and used this same sequence to
track temperature changes during thermoembolization.

Figure 5. Time elapsed MRTI. From an experiment with a homogeneous baseline temperature, a single coronal slice demonstrates the time evolution of tempera-
ture. Every other time frame image is displayed to simplify presentation. The heating is diffuse initially at 1.5min. Heating intensifies in the small vessels of the
renal cortex, during the interval of 2.2–4.5min. Finally, heating appears in the larger upstream vessels extending proximally back toward the main renal artery, at
5.2min and later. MRTI: magnetic resonance thermal imaging.

Figure 6. Comparison of CT and MRTI. The pre- (a) and 45-min post-injection (b) CT images of a selective injection experiment are juxtaposed. Both coronal refor-
matted CT images are inverted grayscale minimum intensity projections that are 5mm thick. Window/level settings are 168/33. The CT minimum intensity projec-
tion and intensity inversion depict the post-injection presence of the mineral oil associated with the heating indicated on MRTI. CT: Computed tomography; MRTI:
magnetic resonance thermal imaging.
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The observation of sustained heating coming from the
vasculature containing the thermoembolic agent that lasted
in excess of 15min was an unexpected result. Consequently,
this led to careful reconsideration and retesting of our MRTI
acquisition to verify this result was indeed the case. The
MFGRE pulse sequence relies on the temperature sensitivity
of the chemical-shift of water protons that are measured
using relative shifts in the water resonance over time. To
ensure the fidelity of our results, we considered the impact
of non-thermal sources of PRF-shift that could confound an
accurate temperature measurement, due to non-thermal
magnetic field changes on either microscopic or macroscopic
scales. Potential confounding mechanisms that were consid-
ered include: (1) main magnetic field drift over the acquisi-
tion duration, (2) the susceptibility change from the motion
of the injected material, and (3) pH changes due to the
acidic reaction products.

In order to rule out the impact of these various effects
and establish accuracy of the temperature estimates in the
presence of thermoembolization, we obtained multiple, inde-
pendent lines of corroborating evidence suggesting the
MFGRE accurately measures temperature. Regarding the
main magnetic field drift, correction was necessary. In these

experiments, linear spatiotemporal fits [28,29] of the tem-
perature drift in the thermally isolated reference vials were
sufficient to reduce temperature drift errors to <0.5 �C versus
baseline; drift data are available in the Supplementary Figure
A2. Regarding the deleterious potential of susceptibility
effects, the congruence of the two temperature probes’
data—which tended to be in the periphery—and MRTI is the
strongest evidence of robust temperature accuracy for
MFGRE. Meanwhile, the two selective injections were reca-
pitulated in gross pathology, CT, and MRTI. Regarding PRF-
shift due to pH change, available NMR literature has record
of water protons experiencing a PRF shift of -0.002 ppm/unit
of pH change versus the PRF shift temperature coefficient of
a ¼ �0.01 ppm/�C [21]. Therefore, an extreme pH shift from
7.5 to 1 would only represent about 1.3 �C of error, a rela-
tively small error in context of a > 10 �C change. Therefore,
pH shift is unlikely a significant variable in this context.

Additionally, there were several limitations of the experi-
mental design. Practical constraints with the temperature
probes in the initial required that the injection occur outside
the magnet, thus MRTI began after a delay in the two probe
experiments. As a consequence, the referenced-based MRTI
measurement began in the midst of a heterogeneously

Figure 7. Selected ROI plots. These three plots show temperature data at the locations indicated by the color-matched ROI locations in Figure 4; an ROI is a 2� 2
voxel region. The ROI locations of Figure 4(a) correspond with (a), etc. The purple data points are from unheated reference vials, which are cropped out of the
images in Figure 4. The rapid and large temperature rise is clearly shown, along with the unexpected result that cooling had not occurred at termination of data
collection in each case. MRTI: magnetic resonance temperature imaging; ROI: region-of-interest.
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heated environment. However, for a fixed spatial position,
the subsequent temperature measurements were accurate,
based on agreement with the temperature probe by tempor-
ally registering the probe and MRTI data. To address this, in
the second group of three experiments, injections were per-
formed with the experiment at isocenter. These three experi-
ments’ limitations were the absence of a temperature probe
and a CT-MR multi-modality imaging fiducial for registration
between the various CT and MR acquisitions. In all five
experiments, the temporal duration of heating is not known
because MRTI and probe measurements had to be termi-
nated before the temperatures returned to the ambient
temperature.

For the three experiments with homogenous baseline
temperature, the sequence of heating events (Figure 5)
yields some qualitative insights into the physical chemistry
of thermoembolization, uniquely provided by MRTI. We
believe the DCA-Cl hydrolysis reaction is not immediately
completed following injection. Our data shows heating for
many minutes for the quantities injected, suggesting a diffu-
sion-limited reaction. As such, the DCA-Cl hydrolysis rate
may be dependent on the vascular surface area available to
the injection. In Figure 7, the heating is initially diffuse and
in the cortex. Later, the heating increases near larger vessels
proximally toward the main renal artery. The temporal order
of this heating is consistent with the surface area of the tis-
sue interface available to interact with the DCA-Cl. Namely,
the immediate hydrolysis is greatest in the subvoxel distal
vasculature – i.e., the diffuse heating – and then manifests in
the spatially resolved vasculature, first in smaller cortical vas-
culature and followed later by larger vessels. Accepting the
speculation that DCA-Cl hydrolysis continues over a time
scale of minutes, the temporally protracted reaction explains
why the heating of thermoembolization lasts much longer
than other thermal ablation treatment modalities after ceas-
ing application (e.g., radiofrequency ablation). In order to
shift from a qualitative hypothesis to a quantitative under-
standing, future work is required.

MRTI was an effective tool for measuring the heat distri-
bution to characterize thermoembolization delivery in this
initial study. In future work, the primary objectives will be
understanding distribution of the embolic agent, the heat
distribution, and the resulting ablation in an in vivo model.
For a perfused in vivo thermoembolization, the heating
dynamics are expected to be different than this work’s
unperfused ex vivo kidney experiments. However, prior work
has demonstrated the acute and durable termination of per-
fusion of in vivo porcine liver [17], suggesting the exothermic
injection will remain in the vessel and heat adjacent tissue.
While a robust means of predicting damage attributed to
thermoembolization is not yet proposed, MRTI makes model-
ing treatment outcomes more plausible. In future work, the
application of existing thermal dose models should be inves-
tigated – i.e., cumulative effective minutes at 43 �C (CEM43)
or Arrhenius models. The theory and practice of thermal
damage of tissue is sufficiently generalized as to be broadly
useful [32–35]. However, we are unaware of a dose model
combining heat and pH and salt, which is the context of

thermoembolization. The combination has been studied in
limited contexts [36–38]. If existing thermal dose models are
unsuccessful, it may be possible to modify a thermal damage
model by accounting for both pH and osmotic stress, and
thereby predict dose-response relationships in thermoembo-
lization. Creating such a model necessitates imaging a vol-
ume through time, which MRTI uniquely provides. Motion
correction in MRTI is another important issue that will also
need to be addressed in future work if this technique is to
be employed [39–44], to characterize thermoembolization
in vivo.

Thermoembolization is a new potential therapy inspired
by previous transarterial interventions in liver and kidney.
The exotherm produced by the hydrolysis reaction in ther-
moembolization was successfully visualized in multiple 2D
slices and over time, PRF based thermometry demonstrated
sustained heating emanating from the vasculature, persisting
in excess of 15min and reaching maximum temperature
increases of >30 �C. MRTI is an effective method for monitor-
ing thermoembolization.
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