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MRI-guided transurethral insonation of silica-shell phase-shift emulsions in
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Purpose: In this study, the efficacy of transurethral prostate ablation in the presence of silica-shell
ultrasound-triggered phase-shift emulsions (sUPEs) doped with MR contrast was evaluated. The
influence of sUPEs on MR imaging assessment of the ablation zone was also investigated.
Methods: sUPEs were doped with a magnetic resonance (MR) contrast agent, Gd2O3, to assess ultra-
sound transition. Injections of saline (sham), saline and sUPEs alone, and saline and sUPEs with Optison
microbubbles were performed under guidance of a prototype interventional MRI navigation platform in a
healthy canine prostate. Treatment arms were evaluated for differences in lesion size, T1 contrast, and
temperature. In addition, non-perfused areas (NPAs) on dynamic contrast-enhanced (DCE) MRI, 55°C
isotherms, and areas of 240 cumulative equivalent minutes at 43°C (CEM43) dose or greater computed
from MR thermometry were measured and correlated with ablated areas indicated by histology.
Results: For treatment arms including sUPEs, the computed correlation coefficients between the his-
tological ablation zone and the NPA, 55°C isotherm, and 240 CEM43 area ranged from 0.96–0.99,
0.98–0.99, and 0.91–0.99, respectively. In the absence of sUPEs, the computed correlation coeffi-
cients between the histological ablation zone and the NPA, 55°C isotherm, and 240 CEM43 area were
0.69, 0.54, and 0.50, respectively. Across all treatment arms, the areas of thermal tissue damage and
NPAs were not significantly different (P = 0.47). Areas denoted by 55°C isotherms and 240 CEM43

dose boundaries were significantly larger than the areas of thermal damage, again for all treatment
arms (P = 0.009 and 0.003, respectively). No significant differences in lesion size, T1 contrast, or
temperature were observed between any of the treatment arms (P > 0.0167). Lesions exhibiting ther-
mal fixation on histological analysis were present in six of nine insonations involving sUPE injec-
tions and one of five insonations involving saline sham injections. Significantly larger areas
(P = 0.002), higher temperatures (P = 0.004), and more frequent ring patterns of restricted diffusion
on ex vivo diffusion-weighted imaging (P = 0.005) were apparent in lesions with thermal fixation.
Conclusions: T1 contrast suggesting sUPE transition was not evident in sUPE treatment arms. The
use of MR imaging metrics to predict prostate ablation was not diminished by the presence of sUPEs.
Lesions generated in the presence of sUPEs exhibited more frequent thermal fixation, though there
were no significant changes in the ablation areas when comparing arms with and without sUPEs.
Thermal fixation corresponded to some qualitative imaging features. © 2018 American Association
of Physicists in Medicine [https://doi.org/10.1002/mp.13279]
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1. INTRODUCTION

Prostate cancer (PCa) is the second most common cause of
cancer-related death in men, with over 180,000 cases per year

in the United States.1 Prostate-specific antigen (PSA) screen-
ing indicates a large number of these cases are low- or inter-
mediate-risk diagnoses.2 Conservative approaches including
active surveillance and watchful waiting can preserve quality
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of life, but with an increased risk of cancer progression and
mortality.3 Higher rates of cancer control can be achieved
with whole gland surgical resection4 or radiotherapy,5 but
these approaches are associated with a high incidence of
treatment comorbidities such as incontinence, impotence, and
bowel dysfunction.6,7 The development of local treatments
for PCa is therefore an attractive compromise between con-
servative and radical treatments.

Magnetic resonance (MR)-guided therapeutic ultrasound
is a localized, minimally or noninvasive ablative therapy.8,9

Transurethral ultrasound ablation (TULSA) administers
acoustic energy directly into the prostate without having to
traverse intervening tissue. MR imaging (MRI) enables real-
time temperature monitoring to assess the treatment
progress.10–12 TULSA sources utilize an unfocused trans-
ducer, which enables bulk heating of prostate tissue. Preclini-
cal studies have shown TULSA to be an effective and safe
means of prostate ablation in healthy tissue with minimal side
effects.12–14 The chosen safety margin of 3 mm inside the
prostate capsule minimizes side effects,10 but spares an aver-
age of 10% of the prostate volume in the periphery, where
many cancerous tissues are located.10 Assessment of TULSA
efficacy in a Phase I trial has noted clinically significant
residual cancer in 31% of patients,15 indicating that refine-
ment of the technique is necessary. In addition, the immediate
physiological response of tissue to therapeutic insonation
masks the full extent of tissue ablation,16–20 necessitating
novel imaging techniques to assess the treatment zone.

Silica-shell ultrasound-triggered phase-shift emulsions
(sUPEs) can be transitioned to microbubbles to enhance the
effects of therapeutic ultrasound21–24 and act as multimodal-
ity contrast agents.22,23,25 sUPEs also exhibit increased stabil-
ity and longevity in vivo compared with microbubbles or
other nanoparticle formulations.21,22,25–27 Transition of
sUPEs containing MR contrast agents may increase MR
image intensity for clearer delineation of the ablation zone.28

Furthermore, bubble-enhanced heating has been demon-
strated via droplet transition.29,30 Droplet accumulation in
cancerous tissue would preferentially enhance heating of the
target, allowing extension of TULSA treatment margins to
peripheral zones with potentially reduced risk of damage to
extracapsular structures.

To date, focused sources have been utilized to instigate
droplet transition. The goal of this preclinical study was to
assess sUPEs as therapeutic sensitizing agents and as ultra-
sound-activated MR contrast agents for monitoring TULSA
prostate ablation. A secondary goal of this study was to
evaluate dynamic contrast enhanced (DCE) MRI and MR
thermometry as metrics of prostate ablation in the presence
of sUPEs. sUPEs were filled with perfluorocarbon and an
MR contrast agent, gadolinium-oxide (Gd2O3), to assess
sUPE transition. To aid the cavitation process necessary for
sUPE transition, an additional treatment arm combined
sUPEs and a lipid-shell microbubble. Differences in thera-
peutic effects for each treatment arm were assessed with his-
tology and MR imaging. Ablated areas were assessed using
multiple imaging-based metrics and compared to measured

lesion sizes from histological slides. In addition to 3 Tesla
(3T) in vivo MR imaging before, during, and after the applica-
tion of therapeutic ultrasound, ex vivo scanning of the prostate
was performed at 9.4 T to further assess the ablation zone.31

2. MATERIALS AND METHODS

2.A. Ultrasound phase-shift emulsion formulation

Tetramethyl orthosilicate (TMOS), trimethylphenylsilane
(TMPheS), N-[3-(trimethoxysilyl)propyl]ethylenediamine
(DETA), diethylene glycol, n-hexane, sodium hydroxide,
methanol, sodium bicarbonate, and Gadolinium (III) chloride
hexahydrate were purchased from Sigma-Aldrich (St. Louis,
MO). Oleic acid was procured from Tokyo Chemical Industry
(Tokyo, Japan). Spherical polystyrene templates of 2-lm diam-
eter were obtained from Polysciences (Warrington, PA). Perflu-
oropentane (PFP) was purchased from Strem Chemicals
(Newburyport, MA). Milli-Q purified water was obtained from
a Millipore SuperQ Plus Water Purification System (Billerica,
MA). The 2-lm microshells used in this study were synthe-
sized with methods previously developed by Liberman et al.27

To visualize transition of the particles, an MR contrast agent,
Gd2O3, was incorporated into the PFP liquid. Gadolinium
oxide nanoparticles (2-nm diameter) were manufactured fol-
lowing a modified polyol method.32 Briefly, gadolinium chlo-
ride hexahydrate was dissolved in diethylene glycol at 90–
100°C for 4 h. Sodium hydroxide was added to the solution to
form precipitates. The solution was heated to 140°C for 1 h,
subsequently heated to 180°C for 4 h, and finally cooled to
140°C. Oleic acid was added to the solution to displace the sur-
face diethylene glycol for 24 h. Methanol was added to precipi-
tate the oleic acid-coated gadolinium oxide, which was washed
three times in methanol. The pellets were then suspended in
hexane. Sodium bicarbonate was used to remove excess oleic
acid. The remaining purified oleic acid-coated gadolinium
oxide nanoparticles were stored in hexane solution.

To incorporate gadolinium oxide nanoparticles, the poly-
styrene templates were initially swollen in 10% hexane in etha-
nol for 1 h. Gadolinium oxide nanoparticles were also
suspended in the hexane solution. After 1 h of incubation, the
polystyrene templates were centrifuged and the solution was
replaced with ethanol for polymer contraction of at least 24 h.
After contraction, the templates returned to their original size
and could be used for silica synthesis. To incorporate the PFP,
the shells were first subjected to a vacuum-refill cycle to clean
the surface. PFP gas was then injected into a vacuumed vial
containing the shells and placed on ice to condense the gas.
Additional PFP gas was then introduced, followed by an injec-
tion of degassed water. The PFP remained trapped within the
shells due to its hydrophobicity and Laplace pressure.

2.B. Therapeutic ultrasound therapy system

A prototype transurethral ultrasound therapy system (Phi-
lips, Vantaa, Finland)13 was used for transurethral insonation,
as illustrated in Fig. 1. The therapy system includes a rigid
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applicator [5 mm (15 French) diameter] with an unfocused
array of eight laterally aimed transducer elements
(4 mm 9 5 mm area/element) with a 3.75-MHz center fre-
quency. The acoustic field of the transurethral device was
measured with a 400-lm needle hydrophone (HNP-0400,
Onda Corporation, Sunnyvale, CA) mounted on a computer-
controlled, three-axis positioning system (MN-10, Velmex,
Inc, Bloomfield, NY).

Insonations of 3.7–4.2 W acoustic power per element
were initiated with the transurethral device. The free field
(underated) peak negative pressure of the acoustic field was
approximately 2.5–2.8 MPa (spatial peak, temporal peak). To
target desired locations within the prostate, a motorized
mount was used to rotate the applicator around its central
axis. During insonation, degassed, room temperature water
(20°C) was circulated through a closed loop over the trans-
ducer elements to prevent thermal damage to the urethra and
overheating of the transducer elements.

2.C. Pretreatment

This study included a total of six male mixed breed healthy
canines aged 3–4 yr. The canines were housed in accordance
with all federal policies and the Guide for the Care and Use of
Laboratory Animals. All work was done under an IACUC-
approved protocol and under the supervision of a veterinarian
in an AAALAC-accredited facility. A perineal urethrostomy
was performed on the canine subjects at least 12 months prior
to the procedure to allow insertion of the ultrasound applicator
into the prostatic urethra. Following the urethrostomy, animals
were monitored to prevent infection or reclosing of the stoma
during the healing process. Canines maintained normal activity
and were monitored several times per day by the veterinary
staff. No medical issues occurred during the postsurgical per-
iod. Prior to insertion of the transurethral device, animals were
sedated intramuscularly with buprenorphine (10.9–15 lg/kg),
ketamine (2.4–3.6 mg/kg), and dexdomitor (13.4–18 lg/kg).
The animals were intubated and placed on isoflurane gas anes-
thesia with a ventilator over the course of the procedure. A
Foley catheter was inserted in the stoma to void bladder fluid
prior to the insertion of the ultrasound applicator. A plastic
tube was also inserted in the rectum to prevent flatulence dur-
ing the procedure. Throughout the procedure, animals were
given a physiological saline solution intravenously. Heart rate,
body temperature, blood pressure, respiratory rate, SPO2, and
end-tidal CO2 were monitored by a certified veterinary techni-
cian. Perineal incision had to be performed in two of the six
animals to enlarge the urethrostomy for the insertion of the
ultrasound applicator. The applicator was lubricated with aque-
ous gel (Aquasonic 100, Parker Laboratories Inc., Fairfield,
NJ) to facilitate insertion into the urethrostomy and achieve
acoustic coupling with the urethra wall.

2.D. Therapy planning and monitoring

All MRI scans of the canines during the TULSA proce-
dure were performed on a commercial 3T Achieva dStream

MRI system (Philips Healthcare, Best, The Netherlands)
using the body transmit coil, a 16-channel anterior receive
coil placed on the abdomen, and a 16-channel posterior
receive coil embedded in the scanner table [Fig. 1(b)]. The
ultrasound applicator was positioned using real-time feed-
back from a balanced turbo field echo (bTFE) sequence via a
Philips interventional imaging system prototype (Interven-
tional MRI Suite (iSuite), Philips Research Labs, Hamburg,
Germany) (Fig. S1). Three orthogonal imaging planes were
acquired and updated in real time to guide the applicator
through the urethra and position the elements at the level of
the prostate. Baseline T1-weighted spin echo (T1W SE), T2-
weighted spin echo (T2W SE), and diffusion-weighted
images (DWI) were acquired prior to the treatment protocol.
The number of image slices varied from 12 to 20 for all pre-
and post-insonation imaging sequences, depending on pros-
tate size. Table I summarizes the scan parameters for each
sequence performed for therapy planning, monitoring, and
evaluation.

For each canine, an MR-compatible biopsy needle was
used to guide the insertion of a semi-rigid plastic sheath to a
target location within the prostate under guidance with the
iSuite system. Through the sheath, a 1 mL solution of either
physiological saline solution alone (sham), saline and sUPEs
(1.2 to 2.0 mg/mL, 0.4 to 0.5 mMol Gd), or saline, sUPEs,
and OptisonTM (10 lL/mL, consistent with the manufacturer’s
recommended dose, General Electric (GE) Healthcare,
Marlborough, MA) was injected directly into the prostate
(Fig. S2). Administered injections were spaced by 10.0–
25.9 mm to prevent overlapping insonation zones. The
concentration of sUPEs was chosen to approximate physiolo-
gical concentrations of clinical MR contrast in the prostate.33

The order and location of each applied treatment arm were
randomized for each subject. Following each injection, the
same T1W and T2W sequences as used prior to injection were
repeated to assess any change in contrast.

A test sonication (2.1 W acoustic power/element, 20 s
duration) was applied to verify the correct angular position,
required number of active elements for full coverage of the
injection, and acoustic coupling quality. Once proper target-
ing was verified, thermometry images were monitored until
the insonified zone returned to baseline temperature (37°C).
An insonation with 3.7–4.2 W acoustic power/element was
then applied. Multiple injections were performed in each ani-
mal. Thus, all insonations were applied statically (i.e., with-
out rotating the TULSA device) in the direction of one
injection. Tissue temperature was monitored using the proton
resonance frequency (PRF) shift method (0.0094 ppm/°C).34

Temperature maps were acquired at 0.5–3 Hz and overlaid on
the anatomical MR images using the iSuite system. The first
insonation in each subject was stopped once the temperature
reached 56°C13 at a control point placed 3 mm inside the
edge of the prostate capsule, or once 5 min of insonation had
elapsed. This cutoff temperature induces a lethal thermal
dose of 240 cumulative equivalent minutes at 43°C (CEM43)
within the approximate 2-s temporal resolution of the temper-
ature mapping sequence.35 The subsequent treatments were
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applied following each injection, using the same insonation
time and parameters to maintain consistency in the injections’
ultrasound exposure. Figure 2 illustrates the treatment plan-
ning and monitoring process, including marker placement,
temperature mapping, and thermal dose map calculation.

After each insonation, thermometry images were moni-
tored until the insonated region returned to baseline tem-
perature (37–39°C), and an additional 5-min period was
allotted to ensure the tissue temperature had equilibrated.
The T1W and T2W SE sequences were then repeated to
assess contrast change. Following completion of all insona-
tions and post-therapy T1W and T2W images, a final DWI
sequence was acquired. An FDA-approved chelated
gadolinium MRI contrast agent (Multihance, Bracco Diag-
nostics, 0.1 mmol/kg) was then injected intravenously, and

the uptake and washout within the prostate were monitored
with DCE images acquired with a fast field echo (FFE)
T1W sequence over the course of 10 min. Contrast injec-
tion proceeded after at least five baseline T1W acquisitions.
Following the procedure, canines were euthanized by giv-
ing pentobarbital (100 mg/kg) intravenously. A prostatec-
tomy was performed, and the prostate and surrounding
tissues were examined for gross abnormalities. The excised
prostates were placed into 10% buffered formalin (Fisher
Scientific, Hampton, NH) following the removal of
surrounding fatty tissues and seminal vesicles. Figure 3
displays the timeline of a typical experiment.

2.E. 3T image analysis and treatment evaluation

Pre- and post-therapy T1W images were evaluated to deter-
mine the change in MR contrast after insonation of each treat-
ment arm. Regions of interest (ROIs) encompassing the
treated area (lesion ROIs) and ROIs in the prostate but com-
pletely outside the treated area (noise ROIs) were drawn in 8–
10 slices for each canine prostate. Pre- and post-therapy
images were registered using custom-scripted landmark-
based affine registration, and subtraction images (post-ther-
apy minus pretherapy) were calculated. Contrast-to-noise
ratios (CNRs) for each lesion were then computed from the
subtraction images as

CNR ¼
ffiffiffi

2
p lL

rN
(1)

where lL is the mean pixel value in the lesion ROI, rN is the
standard deviation in the noise ROI, and the factor of

ffiffiffi

2
p

accounts for Gaussian error propagation causing additive
noise in the subtraction image.36 Following treatment, diffu-
sion-weighted images were analyzed to calculate apparent
diffusion coefficient (ADC) maps by fitting signal intensities
as a function of b-value to an exponential decay on a pixel-
wise basis.37

Phase images acquired from the temperature mapping
sequence were processed to compute temperature changes from
an assumed baseline of 37°C. Phase drift was corrected to zero
order by computing the shift in the largest temperature his-
togram peak and subtracting this value from the entire map.
The boundary of pixels reaching 55°C (55°C isotherm) was
determined for each insonation.11,38 Thermal dose maps were
calculated from temperature data via the Sapareto–Dewey
equation.35 The areas of pixels receiving thermal doses of at
least 240 CEM43 were measured to estimate the extent of
delayed cell kill.12,39–41 Before the thermometry sequence was
optimized, some temperature maps generated by iSuite had
erroneous discontinuities due to high phase image noise that
prevented accurate phase unwrapping. Therefore, all thermom-
etry data were subjected to a deterministic phase unwrapping
algorithm42 to recompute the temperature data offline prior to
analysis. Temperature drift was corrected for these cases as
described above. Temperature uncertainty was taken as the
temporal standard deviation in an area of prostate completely
outside the heated zone, after correcting for global phase drift

FIG. 1. (a) Top–down schematic of the ultrasound therapy system compo-
nents inside the MRI scanner room and dimensions of TULSA applicator.
Device output and rotation were controlled from the scanner control area to
apply static insonations to injection sites. The coolant hoses connect to a
pump in the scanner control area. The RF filter box connects to the ultra-
sound generator and controller PC. (b) Photograph of scanner room just prior
to TULSA procedure. An anterior body surface coil was used in conjunction
with the posterior coil embedded in the scanner table. [Color figure can be
viewed at wileyonlinelibrary.com]
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over the duration of the procedure. This uncertainty was propa-
gated through the calculations of 55°C isotherms and 240
CEM43 dose boundaries to compute an estimate of the error in
these metrics.

In order to analyze the time-dependent thermometry data,
temperature map pixels within the prostate that received 240
CEM43 or greater were fit (least squares) to an exponential
recovery of the form:

TðtÞ ¼ TEqð1� e�aðt�t0ÞÞ; (2)

where TðtÞ is the temperature at time t, TEq is a fitting parame-
ter that represents the equilibrium temperature approached in
the tissue, a is a rate coefficient of heat increase, and t0 is a fit-
ting parameter that represents the onset time of tissue heating.
For each lesion, the average coefficients a and TEq were
obtained over the top 25% of fitted pixels in terms of R2 values
(approximately R2 ≥ 0.9). Contrast-enhanced images were

analyzed to assess non-perfused areas (NPAs) within the
prostate. Regions of interest encompassing the non-perfused
tissue were manually drawn and compared with the areas of
lesions measured from stained histological slides. The areas
within the 55°C isotherm and the 240 CEM43 thermal dose
boundary were calculated for each treatment and compared
with histology.

2.F. Ex vivo 9.4 T MRI

In order to visualize the fine structure of the ultrasound
lesions, ex vivo canine prostate samples were imaged with a
9.4 T Bruker BioSpec 33-cm horizontal bore scanner with a
Bruker 72-mm birdcage volume coil (Billerica, MA). Sam-
ples were submerged in Fluorinert (3M Co., St. Paul, MN)
and oriented to approximately replicate the in vivo orientation
for the supine canines. Fast low-angle shot (FLASH) tri-pilot

TABLE I. MR imaging sequence scan parameters for treatment planning, monitoring, and evaluation acquired on a Philips Achieva 3T MRI scanner.

Sequence TR/TE (ms)
In-plane

resolution (mm2) Array size
Slice

thickness (mm)
Slice gap
(mm) NSA

TSE/TFE/EPI
factor

Temporal
resolution (s)

b-values
(s/mm2)

T2W TSE 4500/115 0.75 9 0.75 528 9 528 3 0 2 16 N/A N/A

T1W TSE 559/16 0.7 9 0.7 512 9 512 3 0 1 5 N/A N/A

2D bTFE 3.5/1.21 1.33 9 1.32 288 9 288 5 N/A 1 428 1.5 N/A

Temperature
mapping 2D FFE

14/8.0 2.0 9 2.0 176 9 176 4 N/A 1 1 1.3 N/A

DWI EPI 3884/65 1.25 9 1.25 288 9 288 3 0 6 59 N/A 50, 100, 500, 1000

DCE 3D FFE 5.2/1.52 1.16 9 1.16 128 9 128 5 �2.5 1 N/A 7.3 N/A

TSE/TFE, turbo spin echo/turbo field echo; bTFE, balanced turbo field echo; FFE, fast field (gradient) echo; DWI, diffusion-weighted imaging; EPI, echo planar imaging;
DCE, dynamic contrast enhanced; TR, repetition time; TE, echo time; NSA, number of signal averages.

(a) (b) (c)

(d) (e) (f)

FIG. 2. In vivo treatment planning, monitoring, and evaluation using the Philips iSuite interface at 3T. MR scan parameters for (a, d) the 2D bTFE sequence and
(b, c, e, f) the 2D FFE temperature mapping sequence are given in Table I. (a, d) Placement of treatment marker (red sphere) at injection site using bTFE images,
(b, e) real-time thermography images acquired during therapy (scale = 37–80°C), and (c, f) posttreatment thermal dose maps (scale = 0–240 CEM43) for a lesion
in (a, b, c) axial and (d, e, f) oblique-sagittal planes. The crosshairs in frames b and e are centered on the transducer, whose elements are aimed upward in frames
b and c and to the left in frames e and f. [Color figure can be viewed at wileyonlinelibrary.com]
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images were acquired in three orthogonal planes to verify cor-
rect positioning of the sample and determine angulation of
axial slices for subsequent scans. T1W and T2W images were
acquired, and sequences for T1, T2, and ADC mapping were
performed as outlined in Table II. ADC maps were computed
from diffusion-weighted images by fitting to an exponential
decay as described above.37 T1 maps were computed from
variable-TR rapid acquisition with refocused echoes (VTR
RARE) images by fitting each voxel magnitude in a least
squares sense to an exponential recovery.43 Similarly, T2

maps were computed from multi-slice mutli-echo (MSME)
images by fitting each voxel magnitude in a least squares
sense to an exponential decay.44

2.G. Histopathological analysis

Prostate specimens were submitted for gross and histo-
logic examination. All prostates were fixed in 10% buffered
formalin (Fisher Scientific, Hampton, NH) and sectioned
axially at 4-mm thickness to match 9.4 T MRI slices. Pro-
cessed paraffin blocks were sliced at 4-lm thickness and
stained with hematoxylin and eosin (H&E). Slides of the
whole mount prostate sections were reviewed by a board-
certified pathologist, who delineated the outer boundary of
the thermal coagulation zone. Slides were then imaged with
a high-resolution desktop scanner and lesion sizes were
computed as the entire area within the thermal coagulation
boundary. Errors in lesion size, T1 CNR, and TEq are given
in Table S1. Errors in lesion sizes determined via thermal

dose, 55°C isotherms, DCE NPAs, and histology are given
in Table S2.

2.H. Statistical analysis

Maximum CNRs across axial sections, lesion areas
determined from histology, and equilibrium temperatures
(TEq) calculated as described above were compared
between lesions generated at saline, sUPE, and sUPE with
Optison injection sites using Wilcoxon signed-rank tests.
Correlation between areas measured with histological visu-
alization of the lesion, DCE NPAs, 55°C isotherms, and
thermal dose maps was assessed using Pearson’s correla-
tion coefficient. Differences between areas measured using
imaging metrics and the ground truth area measured via
histology (i.e., bias in the imaging estimates) were assessed
using Wilcoxon signed-rank tests. Correlation between
related variables (such as a and TEq) was also assessed
using Pearson’s correlation coefficient, and variables found
to be significantly correlated with another were excluded
from Wilcoxon tests. Canine 3 was excluded from all anal-
ysis as a notably higher Gd2O3 concentration was employed
than in other subjects. The overall significance level for sta-
tistical analysis was chosen as a = 0.05. Bonferroni correc-
tion for multiple comparisons was applied to all pairwise
tests among the three treatment arms and the repeated com-
parisons between histology and methods of ablation mea-
surement (NPAs, 55°C isotherms, and thermal dose
boundaries), resulting in a corrected significance level of
a = 0.0167 for these tests.

3. RESULTS

3.A. Insonation

A total of 15 insonations (one per administered injection
listed in Table III) were performed in six canines. Three to
five active elements were utilized with 3.7 W to 4.2 W
acoustic power per element (spatial peak, temporal peak neg-
ative pressures of 2.5–2.8 MPa). The pulse duration was
between 2 and 10 min depending on the prostate size and tis-
sue heating rate. The time required to heat the control point
to 56°C for the first excitation was set as the pulse duration

FIG. 3. Timeline of typical canine experiment, including setup, injections,
treatments, and image acquisitions. All posttreatment images were acquired
5 min after temperatures in the treatment zone had returned to 37–39°C. 3T
MR scan parameters are given in Table I.

TABLE II. MRI scan parameters for ex vivo imaging at 9.4 T.

Sequence TR/TE (ms)
In-plane

resolution (lm2) Array size
Slice

thickness (mm)
Slice

gap (mm) NSA
RARE
factor b-values (s/mm2)

FLASH tri-pilot 100/2.2 312.5 9 312.5 256 9 256 1 N/A 1 N/A N/A

T2W turbo-RARE 5000/30 215 9 215 256 9 256 0.5 0 2 4 N/A

T1W FLASH 420/3.0 215 9 215 256 9 256 1 0 4 N/A N/A

T2 mapping MSME 10,000/10a (32 TEs) 430 9 430 128 9 128 2 0 1 N/A N/A

T1 mapping VTR RARE 280a/5.95 (10 TRs) 430 9 430 128 9 128 2 0 1 2 N/A

DWI 4000/40 430 9 430 128 9 128 2 0 1 N/A 0, 150, 500, 1000, 1500

FLASH, fast low-angle shot; RARE, rapid acquisition with refocused echoes; MSME, multi-slice multi-echo; VTR, variable TR; DWI, diffusion-weighted imaging; TR,
repetition time; TE, echo time; NSA, number of signal averages.
aSmallest TR/TE.
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for a given canine. Pulse durations were capped at 5 min to
avoid wear on the applicator for subjects 2–6.

3.B. Histopathology

Ultrasound-induced lesions were clearly demarcated in
stained histological slides of the prostates (Fig. 4). Treat-
ments including sUPEs often exhibited a thermally coagu-
lated rim of nearly complete epithelial sloughing and cell
death surrounding a heat-fixed central area39,45,46 that
showed little to no epithelial sloughing, where all cells
appeared nucleated. The frequency of thermal fixation
among different treatment arms was compared using Fish-
er’s exact test. Fisher’s exact test was also used to assess
the relationship between incidence of thermal fixation,
hypointensity on in vivo T2W imaging, and ring-shaped

restricted diffusion on ex vivo diffusion-weighted imaging.
Differences in T1 contrast, the temperature parameter TEq,
and the histological lesion size between non-heat-fixed
and heat-fixed lesion groups were analyzed using Mann–
Whitney U tests. Although thermal fixation was more
common in the two experimental treatment arms, no sig-
nificant difference in frequency of thermal fixation was
observed between the three arms (P > 0.0167). Heat-fixed
lesions had significantly larger histologic areas (P =
0.002) and greater temperature parameters TEq (P =
0.004) but did not differ significantly in T1 contrast
(P > 0.05).

3.C. 3T MRI and iSuite

The alternating real-time acquisition of orthogonal image
planes via the iSuite interface enabled accurate placement of
both the US applicator and the needle tip in the prostate
(Figs. S1 and S2). Treatment monitoring via the iSuite inter-
ventional imaging system allowed real-time tracking of tem-
perature and thermal dose. Interactive adjustment of image
slice positions and orientations enabled easy alignment of
image planes with the applicator and ultrasound beam path.
Placement of reference markers at injection sites and control
points allowed tracking of exact temperatures and thermal
doses in real time, ensuring timely shutoff of the applicator.
MR thermography images and dose maps showed that heated
areas corresponded well to the positions of therapy markers
placed prior to treatment (Fig. 2). Temperature uncertainty
was �1°C.

Injection boluses were not visible on T2W-imaging in 12
of the 15 insonations [Fig. S3(e)] or on T1W-imaging post-
injection for any insonation. The appearance of treatment
zones on post-insonation MR images varied with treatment
arm. Table IV summarizes the qualitative observations from
3T imaging, 9.4 T imaging, and histological assessment of
treated tissue. Uniform hyperintensity or no change was
observed in insonation zones in posttreatment T1W images
for all treatment arms [Figs. S3(a), S3(b)]. Hyperintensity or
no change was observed in T2W images for saline sham treat-
ments. T2W image hypointensity at the centers of ablation
zones only occurred in the experimental arms and was more
frequent among lesions with heat-fixed tissue [Figs. S3(c),
S3(d)]. In the saline sham arm, ADC was either uniformly

TABLE III. Details of experimental and injection parameters for each procedure.

Canine
sUPE % Gd
by weight (%)

sUPE injection
concentration (mg/mL)

sUPE-only
injection administered?

sUPE + Optison
injection administered?

Sham (saline)
injection administered?

1 5.4 1.2 Yes No Yes

2 5.4 1.5 Yes Yes Yes

4 5.4 1.2 Yes Yes Yes

5 5.0 1.6 Yes Yes Yes

6 4.0 2.0 Yes Yes Yes

All injections were 1 mL in volume. sUPE with Optison and sUPE-only injections had the same sUPE concentration when both were administered. Canine 1 was adminis-
tered only saline and sUPE-only injections. Canine 3 was excluded from all analysis, as it was only administered one injection with a notably higher Gd2O3 concentration
than the other subjects.

(a) (b)

(c) (d)

FIG. 4. H&E stained histologic slides from central slices of (a) subject 5 and
(c) subject 6. Coagulative necrosis zones (outlined with dashed blue marker)
were apparent as pale regions (yellow arrow in d) that sometimes surrounded
heat-fixed areas, where little to no epithelial sloughing or cell death was
apparent (red arrow in d). Near-complete cell death and epithelial sloughing
were visible in non-heat-fixed coagulative necrosis zones. A hemorrhagic
area is visible as a magenta-stained region (yellow arrow in b). [Color figure
can be viewed at wileyonlinelibrary.com]
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decreased within the treatment zone or unchanged after inso-
nation. In some experimental treatments, small areas of
unchanged diffusion [red arrow in Fig. 5(b)] could be seen at
the center of regions of restricted diffusion [yellow arrow in
Fig. 5(b)]. This feature tended to correspond with heat-fixed
lesions. Uniform areas of restricted diffusion exhibited ADC
values of 1.0 � 0.1 mm2/ms, compared with
1.6 � 0.2 mm2/ms in uniform areas of untreated tissue. In all
treatment arms, non-perfused regions were clearly delineated
in DCE images through a distinct lack of contrast uptake
[Fig. 5(a)]. Delayed enhancement was often seen in the
periphery of NPAs as the DCE sequence progressed. Areas
surrounding the non-perfused tissue showed increased con-
trast agent uptake compared with untreated prostate tissue,
suggesting a hyperemic rim surrounding the acute area of
thermal necrosis.18 Good agreement was observed qualita-
tively between the positions of lesions in histological slides,
NPAs on DCE imaging, areas of reduced diffusion on DWI,
and thermal dose maps produced by iSuite (Fig. 5). There
was no qualitative difference in detectability of the treated
region between treatment arms for any post-therapy 3T MR
imaging modality.

3.D. Ex vivo 9.4 T MRI

High-resolution 9.4 T MR images of the ex vivo
canine prostate tissue indicated increased T2, decreased
T1, and reduced diffusion in the TULSA lesions com-
pared with untreated tissue (Fig. 6). Spatially varying
changes indicating a subtle ring shape were observed in
T1 and T2 maps for 8 and 4 of 14 cases, respectively.
Spatially varying changes were more frequent in the
experimental treatment arms and in heat-fixed lesions.

For 6 of 14 cases, the ADC at the lesion center was
unchanged or increased compared with untreated tissue,
while the ADC at the lesion periphery was reduced
[Fig. 6(c), red and yellow arrows]. This feature was only
observed for lesions generated with TULSA insonation of
sUPEs or sUPEs with Optison, and was significantly
more frequent among heat-fixed lesions (P = 0.005). In
these cases, ADC values outside of treatment zones var-
ied depending on tissue structure and fluid content, but
ADCs in heat-fixed areas (0.73 � 0.13 mm2/ms) were rel-
atively uniform and consistently larger than those in non-
heat-fixed coagulation zones (0.40 � 0.13 mm2/ms). In
canine 4, lesions exhibited small central regions of very
high diffusion, high T2 and low T1, which histology con-
firmed to be hemorrhagic.

3.E. Comparison of sUPEs, sUPEs with Optison,
and saline sham

Three metrics were compared among treatment arms: T1

CNR, area of ablation, and equilibrium temperature [TEq in
Eq. (2)]. For each individual metric, no significant differ-
ences were observed among treatment arms (Fig. 7; Fig. S4).
Treatment arms containing sUPEs had a wider range of
lesion sizes and temperatures than the saline sham arm.

3.F. Comparison of lesion areas using histology,
DCE MRI, and MR thermometry

Table V lists the measured areas of histological lesions,
DCE NPAs, 55°C isotherms, and 240 CEM43 dose bound-
aries. Table VI gives Pearson correlation coefficients (r)
computed between histology and the three imaging-based

TABLE IV. Key qualitative observations from histology, in vivo post-therapy 3T MR imaging, and ex vivo 9.4 T MR imaging for each treatment.

Histological observation

Untreated tissue Non-heat-fixed lesions Heat-fixed lesions

Appearance on H&E stain Nucleated cells, intact epithelium Contiguous region of near-complete
epithelial sloughing and cell death

Heat-fixed area resembling untreated tissue,
surrounded by boundary of near-complete
epithelial sloughing and cell death

Appearance on 3T post-therapy imaging (compared with pre-therapy imaging)

T1W imaging No change Hyperintense or no change Hyperintense

T2W imaging Slightly hyperintense or no change Hyperintense or no change Hypointense (or hypo- and hyperintense) or no change

ADC No change Decreased or no change Decreased; central area of unchanged
ADC in some cases

Appearance on 9.4 T imaging, (compared with untreated tissue)

T1 N/A Decreased; spatially varying
changes in some cases

Decreased; spatially varying changes in some cases

T2 N/A Increased or no change; spatially
varying changes in some cases

Increased or no change; spatially
varying changes in some cases

ADC N/A Decreased or no change Decreased or no change; ring-shaped area
of reduced ADC in most casesa

All 3T post-therapy imaging was acquired 5 min after MR thermometry indicated that the treatment zone had returned to 37–39°C. MR scan parameters for 3T and 9.4 T
imaging are given in Tables I and II, respectively.
aFeature is significantly more frequent in heat-fixed lesions.
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methods of ablation zone measurement. The computed corre-
lation coefficients between the histological lesion area and
MR imaging metrics (DCE NPAs, 55°C isotherms, and
CEM43 dose boundaries) ranged from 0.91 to 0.99 for arms
containing sUPEs (N = 4 per arm). For sham arms lacking
sUPEs, these correlations ranged from 0.50 to 0.69 (N = 4).
For any given treatment arm (N = 4), the lesion areas ascer-
tained via H&E, NPAs, 55°C isotherms, and thermal dose
were not significantly different.

When combining all treatment arms (N = 12), signifi-
cant correlations were observed between areas measured
via histology and each of the three imaging metrics exam-
ined: DCE MRI, 55°C isotherms, and thermal dose
(P < 0.002). Areas measured via histology and DCE MRI
were not significantly different when combining all treat-
ment arms (P = 0.47). Areas of 55°C isotherms were
1.4 � 0.8 times larger than histological areas (P = 0.009).
Areas measured via thermal dose were 2.2 � 1.1 times lar-
ger than those measured via histology (P = 0.003). Fig-
ure 8 plots the areas measured with histology, DCE MRI,
55°C isotherms, and thermal dose for each treatment arm
and gives linear fits and correlation coefficients between
each pair of methods.

4. DISCUSSION

The purpose of this study was to quantify TULSA inso-
nation of sUPEs via T1 contrast, morphology of prostate
ablation, and imaging-based treatment assessment in a
canine prostate model. To assess transition of the sUPEs,
the MR contrast agent Gd2O3 was incorporated into the
PFP liquid. No significant differences in T1 contrast were
observed in the insonation zone between treatment arms,
indicating limited transition of the sUPEs, although the
sample size limits interpretation of these results. Qualita-
tively, no clear enhancement in T1W images was observed
that was specific to the experimental arms and could be
attributed to MR contrast from transitioned sUPEs.
The transition of phase-shift emulsions is a threshold
phenomenon.47 The spatial peak, temporal-peak negative
pressure of the ultrasound array used in this study was
approximately 2–2.2 MPa. This pressure is near the thresh-
old to transition protein-shell UPEs,47 but the silica shell
may act to increase the threshold for sUPE transition. T1

contrast is highly dependent on the concentration of Gd,
and hence, a limited number of transitioned sUPEs would
not be apparent on T1W images.

Physical properties of the MR contrast particles can affect
the T1 contrast. Park et al.

48 and Rahman et al.49 showed that
Gd2O3 nanoparticles with diameters in the range of 1–
2.5 nm exhibit the greatest T1-relaxivity. Ahr�en et al.
explored surface functionalization and dialysis of Gd2O3

nanoparticles and found that PEGylated Gd2O3 nanoparti-
cles, when dialyzed for 6 days, exhibit T1-relaxivities over
twice as high as uncapped nanoparticles and over four times
higher than Gd-DTPA chelates.50 Although the nanoparticles
used in this study were approximately 2 nm in diameter, the
lack of surface ligands may have allowed for surface charge
and consequent particle aggregation, reducing the effective
T1-relaxivity. Furthermore, the nanoparticles may sinter with
one another and with the inner wall of the silica shells during
the calcination process. The MR contrast formulation encap-
sulated by the sUPEs should be refined in future work to
maximize T1 contrast efficiency (and thus minimize the dose
required per procedure) and establish an acceptable toxicity
profile. The presence of residual microbubbles following
insonation and sUPE transition may also have introduced
confounding susceptibility effects,51,52 masking signal
enhancement from exposed Gd2O3. A bubble-deleting pulse
of ultrasound applied between ablation and MR imaging may
help to mitigate this effect.53

Only minimal movement of sUPEs was expected in tissue,
as similar sUPEs were found to persist spatially in flank
tumors in vivo for four days, even after multiple Doppler
imaging acquisitions with peak negative pressures of approxi-
mately 5 MPa.26 In contrast, the studies here were conducted
over the course of several hours. Some degree of diffusion or
washout of the particles may have still taken place during
therapy and imaging, reducing the concentration present in
the tissue. Radiation force from the TULSA insonation may
have exacerbated this effect, pushing and dispersing the

(a) (b)

(c) (d)

FIG. 5. 3T in vivo posttreatment imaging and histology for evaluation of ther-
apy. MR scan parameters for (a) the DCE 3D FFE sequence, (b) the DWI EPI
sequence, and (d) the 2D FFE temperature mapping sequence are given in
Table I. (a) DCE image: Non-perfused region is noted via a red arrow.
Enhancing rim surrounding the lesion is noted via a yellow arrow. (b) ADC
map (scale 0–3 mm2/ms): Restricted diffusion is marked by a yellow arrow.
Small region of unaffected diffusion (possibly indicating thermal fixation) is
marked by a red arrow. (c) H&E stained prostate section: Area of thermal fix-
ation at center of lesion with normal stained appearance is indicated by a red
arrow. The area of apparent coagulative necrosis (non-heat-fixed) is charac-
terized by a pale color and exhibits epithelial cell sloughing and death, indi-
cated by a yellow arrow. (d) Thermal dose map (scale 0–240 CEM43): Dark
red corresponds to a dose of 240 CEM43 or greater. Treatment arm is sUPEs
only. All posttherapy imaging was acquired 5 min after MR thermometry
indicated the treatment zone had returned to 37–39°C. [Color figure can be
viewed at wileyonlinelibrary.com]
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injection bolus.54 This dispersion could explain the apparent
nonlocalized enhanced heating in the experimental treatment
arms. Difficulties in visualizing and confirming injection
sites also underscore the need for an IV injection and targeted
sUPEs that accumulate preferentially at tumor locations. A
study involving intravenous injection of similar 500-nm parti-
cles has demonstrated uptake and retention in LnCAP

prostate tumors implanted in the flanks of mice for an aver-
age of 3.3 days.55 When tumor-specific folate functionaliza-
tion was added, the particles’ in vivo lifetime was extended to
12 days.55

To increase the likelihood of sUPE transition with the
TULSA device, a treatment arm combining sUPEs with Opti-
son microbubbles was explored. Ultrasound exposure of
microbubbles induces strong cavitation activity.56 Under the
proper insonation conditions,57 inertial cavitation associated
with strong acoustic emissions can be induced58 that may
trigger sUPE transition. No change in T1-signal, heating rate,
or ablation zone size was observed in this study in the pres-
ence of sUPEs or Optison, although experimental arms
exhibited a wider range of lesion sizes and temperatures.
Observations of thermal fixation were more frequent in
sUPEs and sUPEs with Optison treatment arms, possibly
indicating an enhanced heating mechanism resulting from
cavitation activity of microbubbles or transitioned sUPEs.
Limited microbubble activity likely occurred temporally
throughout the insonation, however, as the pressure amplitude
was sufficient to result in rupture of the shelled microbub-
bles.57 The onset of shell rupture is concurrent with
microbubble dissolution and loss of echogenicity,59 indicat-
ing loss of prompt cavitation nuclei to induce inertial cavita-
tion. Further studies are required to quantify the type and

(a) (b) (c)

(d) (e) (f)

FIG. 6. 9.4 T ex vivo MRI images of canine prostate after in vivo treatment. MR scan parameters for (a) the T2W TURBO-RARE sequence, (b) the T2 mapping
MSME sequence, (c) the DWI sequence, (d) the T1W FLASH sequence, and (e) the T1 mapping VTR RARE sequence are given in Table II. (a) T2W TURBO-
RARE image, (b) T2 map (scale 0–120 ms), (c) ADC-map (scale 0–2 mm2/ms), (d) T1W FLASH image, (e) T1 map (scale 0–2500 ms), and (f) H&E stained his-
tological slide of the same axial prostate section. The three lesions are located roughly at the 5 o’ clock (sUPE with Optison injection), 7 o’ clock (sUPE injec-
tion), and 11 o’ clock (saline sham injection) positions in the prostate, indicated by the red arrows in f. The red arrows in c indicate lesions with rims of reduced
ADC surrounding central regions of unchanged ADC; the yellow arrow indicates a lesion with uniformly reduced ADC. [Color figure can be viewed at wileyon
linelibrary.com]

FIG. 7. Comparison of treatments administered with saline, sUPEs only, and
sUPEs with Optison (sUPEs + Opti). (a) Largest CNR in lesion ROI over all
axial slices, as defined in Eq. (1). (b) Histological lesion size at most promi-
nent axial slice. Red lines indicate medians, and blue boxes indicate
interquartile ranges for each treatment group. Data points from the same
canine are connected with black lines. No significant differences were
observed between the three groups for CNR or lesion size. Only canines
receiving all three treatments are included. [Color figure can be viewed at
wileyonlinelibrary.com]
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dose of cavitation activity from TULSA exposure of
microbubbles, and to devise insonation schemes for sustained
cavitation activity.60,61

While a limited number of sUPEs were likely transitioned,
they had a marked effect on the lesion morphology. All
lesions consisted of contiguous areas of nonviable tissue. Six
of nine treatments including sUPEs and one of five saline
sham treatments exhibited tissue that was thermally
fixed.39,45,46 This “heat-fixed” tissue has a paradoxically
untreated appearance on H&E staining. In contrast, other
biomarkers such as triphenyl tetrazolium chloride (TTC) or
cytokeratin 8 (CK8) have been shown to indicate nonviability
of heat-fixed tissue.39,62 In addition to being more frequent in
the experimental treatment arms, the presence of thermal fix-
ation correlated significantly with larger lesions and higher
therapeutic temperatures, indicating that the presence of
sUPEs could enhance heat deposition with TULSA. Intra-
venous injection of functionalized or ligand-targeted sUPEs
may improve the specificity of sUPEs for prostate cancer
tissue,55,63 enhancing TULSA ablation of target areas.

Increased absorption by sUPEs would also shield distal struc-
tures, allowing extension of treatment margins around the tar-
get. However, the wide range of lesion sizes and temperatures
observed for the experimental arms indicates that therapeutic
enhancement imbued by sUPEs may come at a cost of
reduced consistency in treatment outcome. This inconsis-
tency may stem from the stochastic nature of droplet transi-
tion or from excess shielding of the acoustic field from
transitioned droplets or microbubbles.29 Such variable thera-
peutic efficacy could increase the risk of untreated residual
disease, although the areas of ablation zones are still reliably
assessed via MR imaging metrics (see Fig. 8). Previous stud-
ies have found that bubble activity from droplets or
microbubbles can provide controlled heating21,23,24,29,64 and
can be monitored with passive ultrasound imaging tech-
niques.65 In order to reduce the inconsistencies in the experi-
mental treatment arms observed in this study, the acoustic
output should be modulated based on feedback of cavitation
activity via passive cavitation imaging,66–68 plane wave B-
mode imaging,69–71 or color Doppler imaging.72,73

The observation of thermal fixation with histology was
related to some qualitative features of T2W and diffusion-
weighted imaging, suggesting that such enhanced heating
could be ascertained in vivo, independently from histopatho-
logical analysis. In particular, both in vivo and ex vivo ADC
maps indicated that heat-fixed tissue did not always exhibit
reduced diffusion as non-heat-fixed ablated tissue did. ADC

TABLE V. Lesion areas as determined by histology, DCE NPAs, 55°C
isotherms, and thermal dose.

Treatment Canine

Histological
lesion

area (cm2)
Non-perfused
area (cm2)

55°C
isotherm
area (cm2)

240
CEM43

area (cm2)

Saline 2 0.48 0.41 0.85 1.27

4 0.20 0.29 0.34 0.60

5 0.35 0.27 1.03 1.64

6 0.32 0.21 0.01 0.15

sUPEs
only

2 1.05 1.04 1.48 1.97

4 0.15 0.13 0.22 0.49

5 0.23 0.36 0.30 0.37

6 0.90 0.84 1.00 1.05

sUPEs +
Optison

2 0.93 1.06 1.66 1.89

4 0.03 0.03 0.00 0.04

5 0.48 0.64 0.88 1.05

6 0.69 1.11 1.28 1.48

Only canines receiving all three treatments are included.

TABLE VI. Pearson correlation coefficients (r) from tests of correlation
between lesion sizes from histology, DCE NPAs, 55°C isotherms, and
thermal dose measurements.

Saline
(n = 4)

sUPEs
(n = 4)

sUPEs +
Optison (n = 4)

All arms
(n = 12)

Histology/DCE NPA

r (Pearson) 0.69 0.99 0.96 0.93a

Histology/55°C isotherm

r (Pearson) 0.54 0.98 0.99 0.89a

Histology/thermal dose

r (Pearson) 0.50 0.91 0.99 0.81a

Values are separated by treatment arm (injection). Only canines receiving all three
treatments are included.
aSignificant correlation between the areas computed using the two listed methods.

FIG. 8. Correlation of measured ablative areas from histology and 3T in vivo
MR imaging estimates. (a) Non-perfused area in DCE images as a function
of histological lesion area. (b) Area within 55°C isotherm as a function of
histological lesion area. (c) Area of thermal dose ≥ 240 CEM43 as a function
of histological lesion area. Slopes of linear fits are given as the fitted slope
and 95% confidence interval (in brackets). Error bars in histological areas
and NPAs are standard deviations of triplicate measurements. Error bars in
55°C isotherms and thermal dose measurements were computed by propagat-
ing the temperature uncertainty, as described in the methods. Only canines
receiving all three treatments are included. [Color figure can be viewed at
wileyonlinelibrary.com]

Medical Physics, 46 (2), February 2019

784 Anthony et al.: Insonation of phase-shift emulsions 784

www.wileyonlinelibrary.com


values for both untreated and thermally necrosed tissue
in vivo agreed with those reported by Chen et al.74 and Pauly
et al.41 However, the observed pattern was contrary to these
studies, in which contiguous regions of reduced diffusion
were observed post-therapy, even when thermal fixation was
present.41,74 Decreases in T2W image intensity have been pre-
viously reported following thermal ablation of the prostate
but with little consistency across treatments, and no clear
delineation of treatment boundaries.18 The results of this
work suggest that T2W image hypointensity corresponds with
thermal fixation and is therefore only likely to be observed
for rapid heating of tissue to high temperatures. However,
T2W images were difficult to interpret in highly cystic pros-
tates.

In this study, we observed a significant correlation
between standard imaging benchmarks (DCE NPAs, 55°C
isotherms, and thermal dose boundaries) and histology when
considering all treatment arms together. Correlation coeffi-
cients ranged from 0.50 to 0.69 for the sham arm, and
0.91–0.99 for arms involving sUPEs. The areas of lesions
generated in the saline sham arm were within 0.20–0.48 cm2,
providing a smaller range over which to compute the correla-
tion in comparison to arms including sUPEs (0.03–
1.05 cm2). In a similar study, Partanen et al. found a signifi-
cant correlation between the ablation zone, DCE NPA, and
thermal dose induced via TULSA in the absence of any pre-
treatment injection.13 However, Partanen et al. stained pros-
tate tissue samples with CK8, which would modify the
observed lesion morphology compared to the H&E stain uti-
lized in this study.75

MR thermometry measurements in this work exhibited
some discrepancies with previous studies. When considering
all treatment arms, non-perfused regions were only 10%
larger on average than ablated areas on histology, while
estimates of lesion sizes based on 55°C isotherms and 240
CEM43 dose boundaries were approximately 1.4 and 2 times
as large as histological measurements, respectively. Several
studies in canines have reported good agreement between
240 CEM43 dose boundaries, 52°C isotherms, and thermal
coagulation assessed histologically, but many observations
are only qualitative.41,76 Previous studies have also denoted
an outer boundary of delayed cell kill in histopathological
sections of prostates treated with TULSA, suggesting a time
dependence for complete lesion formation.12,38,39 These
works report agreement between histologically necrotic
tissue, 240 CEM43 dose boundaries, and lower temperature
isotherms (50–52°C) 24–48 h after treatment in canines.
Burtnyk et al.12 list 240 CEM43 as the thermal dose corre-
sponding to delayed cell kill, rather than acute coagulation.
Therefore, some discrepancy between acute histology and
240 CEM43 of thermal dose is expected. While the 55°C iso-
therm has been shown to accurately predict the extent of ther-
mal coagulation in the prostate,11,12,38 some degree of
patient-specific variation has been observed. Chopra et al.
showed agreement between 103.9 CEM43 dose boundaries,
56.2°C isotherms, and the coagulation boundary in canines.38

Chopra et al. also reported average peak temperatures

ranging from 49 to 56°C and doses of 110–17,000 CEM43 at
the acute damage boundary across only eight human sub-
jects.11 In the work presented here, non-rotational ablations
were applied, which may complicate thermometry estimation
compared with ablation of large sectors or whole glands.
Indeed, a similar overestimation of statically ablated volume
was recorded by Partanen et al.,13 in which thermal dose esti-
mates were 1.5–2 times greater than histological volumes,
DCE NPVs, and volumes of reduced diffusion on DWI. The
histological measurements in the current study did not
account for shrinkage of the excised tissue, which may have
resulted in smaller histological lesion areas. Additionally,
during some insonations, slight prostate displacements
occurred due to peristalsis, which could induce errors in tem-
perature measurement. No apparent sudden changes in the
temperature distribution of the treatment zone were observed
during these movements.

The presence of an MR contrast agent can produce local
susceptibility effects, confounding the estimated tempera-
ture measurement.77,78 No discrepancies between MR ther-
mometry and other methods of treatment assessment that
were specific to the experimental arms were observed in
this study. For the concentrations of Gd2O3 employed in
this study, the error in the temperature measurements would
be less than 1°C based on data reported by Hijnen et al.77

However, these results refer to aqueous contrast agent and
do not necessarily reflect the errors associated with the use
of Gd2O3 nanoparticles.

The frequency of the 3.75-MHz prototype TULSA sys-
tem employed in these studies could not be modified due
to hardware limitations. Simulation and phantom studies
have demonstrated that dual-frequency transducers offer
better coverage and more precise, rapid ablation than sin-
gle-frequency devices.79 Previous canine studies have pri-
marily utilized frequencies ranging from 6 to 9 MHz to
achieve successful ablations with minimal far field heat-
ing.13,14,38,41 Inhomogeneous ablation can be observed for
static 4-MHz excitations (20 W/cm2 acoustic power) when
treating prostate radii less than 16 mm.80,81 This, combined
with the known decrease in droplet transition threshold
pressure with increasing frequency,47 indicates that the use
of a low frequency device may have contributed to the vari-
ability observed in this study. The use of higher frequency
or multifrequency devices would likely improve treatment
consistency and more effectively transition sUPEs for ther-
apeutic enhancement.47,81 Future studies should explore the
most clinically appropriate acoustic field based on the dis-
ease morphology.

Treatment planning and monitoring were conducted via
the iSuite interventional system, which has not previously
been utilized with a TULSA device. The iSuite prototype
was designed for device guidance during interventions.
Simultaneous temperature mapping can be achieved in up
to three parallel slices. To better monitor and estimate the
entire volume of ablative thermal dose, processing of flexi-
ble arrangements of multi-slice thermography sequences
should be implemented. Currently, most therapy guidance
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platforms cannot be immediately integrated with TULSA
treatment planning software and delivery systems, requiring
manual adjustment of therapeutic insonation. Such integra-
tion would allow automatic modulation and shutoff of
applicator elements based on temperature feedback from
the thermometry measurements, ensuring safer, more con-
formal delivery of thermal dose to the prostate. Nonethe-
less, the iSuite platform enabled easy localization of the
TULSA applicator and injection needle and effective treat-
ment planning and monitoring. In the clinic, iSuite could
be utilized to guide placement of the TULSA applicator
and endorectal cooling device in real time, or to guide
prostate tissue biopsies.

This study contains several limitations. The small number
of subjects used (six animals, 15 insonations) limits the relia-
bility of statistical analysis. For all applications of the TULSA
device (ten insonations in six subjects), appreciable change in
T1 contrast was not observed and a lack of consistency in
therapeutic outcome was noted. Thus, studies were sus-
pended. This work reports the results of TULSA ablation of
healthy canine prostate tissue, which may not reflect treat-
ment response in a cancer model. The direct injection of
sUPEs also does not replicate an IV infusion, in which case
the sUPEs may require surface modification and additional
delay time between injection and therapy in order to ensure
sufficient accumulation in the target tissue.

While insonation of sUPEs in this work may indicate ther-
apeutic enhancement, further study is required to optimize
sUPEs’ therapeutic and contrast properties. Some MR imag-
ing features in this study suggest that enhanced heating and
thermal fixation could be visualized in vivo, even if sUPE
transition is not directly apparent. The differences observed
between histological measurements of the lesion area and
MR thermometry-based metrics in this study indicate a need
for more robust tools for TULSA treatment monitoring and
assessment. Future studies should investigate sUPE transition
with TULSA insonation schemes to determine the optimal
parameters for consistent droplet transition and therapeutic
outcome. This study nonetheless shows promise for sUPE-
enhanced TULSA and demonstrates the utility of the iSuite
interventional system in TULSA procedures. This work also
suggests that MR imaging metrics for TULSA treatment eval-
uation are not compromised when performed in tandem with
sUPE injection.

5. CONCLUSION

Silica-shell phase-shift emulsions were insonified in a
canine prostate model to test their effect on therapy and on
the ability to assess treatment outcome of TULSA prostate
ablation. A novel MR interventional suite was used for image
guidance and treatment evaluation. A significant correlation
between histologically nonviable areas, MR thermometry-
based estimates, and DCE NPAs was observed when examin-
ing all treatment arms together. The presence of sUPEs did
not diminish the accuracy of these metrics in estimating abla-
tive areas. DCE NPAs provided the most accurate estimate of

acute cell death following TULSA therapy, with 55°C iso-
therms and 240 CEM43 dose boundaries overestimating histo-
logical lesion sizes by a factor of 1.4 and 2.2, respectively. The
lesion morphology was also modified for arms containing
sUPEs compared with saline alone, indicating more frequent
thermal fixation due to rapid heating that correlated with some
imaging metrics. While this may indicate enhanced heat depo-
sition by sUPEs, lesion sizes and temperatures were less con-
sistent in these arms and did not indicate more localized
heating than the saline arm. T1 contrast indicating sUPE transi-
tion was also not apparent. Further studies are thus required to
ascertain the mechanism of action of these particles and
optimize their therapeutic and diagnostic properties. However,
these results indicate that an exogenous agent may be a key
element in the improvement of TULSA therapy.
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Additional supporting information may be found online in
the Supporting Information section at the end of the article.

Fig. S1. Orthogonal in vivo 3T MR images [(a) axial, (b)
coronal, and (c) sagittal] showing placement of ultrasound
applicator using iSuite interface.
Fig. S2. Orthogonal in vivo 3T MR images [(a) axial, (b)
coronal, and (c) sagittal] from iSuite interface showing inser-
tion of biopsy needle for particle injection into the prostate.
Fig. S3. 3T in vivo T1W and T2W images of the prostate
before and after therapy.
Fig. S4. Comparison of TEq as defined in Eq. (2) for treat-
ments administered with saline, sUPEs only, and sUPEs with
Optison.
Table S1. Errors in histological lesion size (standard devia-
tion of triplicate measurements), T1 CNR (standard deviation
in CNR over slices with apparent T1 enhancement), and fitted
parameter TEq (standard deviation over all fitted pixels).
Table S2. Lesion areas as determined by thermal dose, 55 °C
isotherms, DCE NPAs, and histology.
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