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Zhen Xuc, Paul F. Laesekea, Fred T. Lee, Jr.a,d and Timothy J. Ziemlewicza

aDepartment of Radiology, The University of Wisconsin, Madison, WI, USA; bDepartment of Pathology, The University of Wisconsin, Madison,
WI, USA; cDepartment of Biomedical Engineering, The University of Michigan, Ann Arbor, MI, USA; dDepartment of Urology, The University
of Wisconsin, Madison, WI, USA

ABSTRACT
Introduction: This study was performed to determine the feasibility and safety of creating superficial
histotripsy treatment in a live porcine thyroid model.
Methods: The porcine thymus comparable in size, shape and location to the human thyroid was used
for this study. This model has been used for thyroid surgery studies due to the diminutive size of the
porcine thyroid. Four female swine underwent a total of eight histotripsy treatments performed with a
prototype therapy system (HistoSonics, Inc., Ann Arbor, MI). Two treatments were performed in each
animal: a spherical 1.0� 1.0� 1.0 cm and ovoid 1.0� 1.0� 2.0 cm treatment zones. MRI immediately
post-procedure was evaluated for histotripsy treatment zone size and imaging appearance, followed
immediately by sacrifice. Tissue was then reviewed for percent cellular destruction and precision.
Results: Treatment zones measured on post treatment MRI were similar to prescribed volumes (spher-
ical ¼ 0.60 (þ/� 0.11) cm3, ovoid ¼ 1.23 (þ/� 0.40) cm3, p> 0.05 vs. prescribed). MRI demonstrated
well demarcated treatment zones and imaging findings consistent with cellular destruction. Histology
demonstrated sharp transitions to normal tissue (mean 0.33 (þ/� 0.13) cm), and high degrees of cellu-
lar destruction (mean 76% (þ/� 12.5), range of 50–100%) in the treated tissue. Edema within the over-
lying muscle was seen in 2/8 treatments.
Conclusion: Histotripsy is capable of safely creating precise histotripsy treatments within the superfi-
cial neck of a porcine thyroid model without evidence of considerable complications.
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Introduction

Thyroid nodules are common in the adult population with
an incidence of up to 68% [1–3]. The majority are benign
and indications for treatment include symptom relief and
improved cosmesis. Thyroid cancer is also common with
52,070 cases expected in 2019, but the relatively low number
of associated deaths (3210 in 2019) denotes the indolent
nature of the majority of cases [4]. Current national guide-
lines risk stratify thyroid nodules based on sonographic find-
ings and size, and provide treatment recommendations [5].
However some nodules do not fit nicely into specific catego-
ries and their management can be open ended [5]. Surgical
resection is the gold standard treatment for thyroid cancer
and benign nodules requiring intervention [5–7]. A large
number of thyroidectomy patients experience complications
[8]. Prior studies have shown hypoparathyroidism and recur-
rent laryngeal nerve palsy in 25% and 7.5% of patients
respectively both of which can substantially impact quality of
life [9]. Post-operative bleeding is a life-threatening complica-
tion of thyroid surgery that can occur in 1–2% of patients
[10]. More recently, minimally invasive ablation modalities

such as radiofrequency ablation (RFA), microwave ablation
(MWA), percutaneous ethanol injection (PEI) and high inten-
sity focused ultrasound (HIFU) have been used to treat both
benign and malignant thyroid nodules [11–13]. Despite some
success in decreasing the size of symptomatic and disfigur-
ing benign nodules and early data suggesting efficacy in
treating thyroid cancer, these treatments are associated with
complications including skin burns, voice changes, shoulder
drop, and hematomas [11–13]. A noninvasive, highly effective
treatment option to reduce volume of benign nodules and
treat thyroid cancer would be an important medical advance.

Histotripsy is a noninvasive, non-ionizing, non-thermal
therapy, which uses short pulses of high amplitude focused
ultrasound to produce cavitation and tissue destruction at
the cellular level [14–16]. Histotripsy has been shown in pre-
clinical models to create precise treatments with rapid
resorption in multiple organs [17–22]. Yet the ability to cre-
ate a treatment within the superficial anterior neck has not
been shown.

The purpose of this study was to determine the feasibility
and safety of creating precise histotripsy treatments within
the superficial neck of a porcine thyroid model in

CONTACT Timothy J. Ziemlewicz tziemlewicz@uwhealth.org Department of Radiology, University of Wisconsin, Madison, WI, USA
� 2021 The Author(s). Published with license by Taylor & Francis Group, LLC
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

INTERNATIONAL JOURNAL OF HYPERTHERMIA
2021, VOL. 38, NO. 1, 798–804
https://doi.org/10.1080/02656736.2021.1922762

http://crossmark.crossref.org/dialog/?doi=10.1080/02656736.2021.1922762&domain=pdf&date_stamp=2021-12-06
http://orcid.org/0000-0002-7180-794X
http://orcid.org/0000-0002-7033-1062
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/02656736.2021.1922762
http://www.tandfonline.com


preparation for human clinical translation for the treatment
of benign and possibly malignant thyroid tumors.

Materials and methods

Experimental design

The Institutional Animal Care and Use Committee (IACUC)
approved all animal care and procedures for this study. Four
healthy female pigs (approximately 55 kg, Arlington, WI)
underwent histotripsy treatment in the superficial neck
immediately followed by Magnetic Resonance Imaging (MRI).
Animals were sacrificed immediately following imaging for
necropsy and histopathology.

Animal model, handling and anesthesia

The intracervical pig thymus has been previously used as a
model for the human thyroid in transoral thyroidectomy
studies as well as for other neck surgeries [23,24]. The deci-
sion was made to use this model for the current study due
to the location of the thymus overlying the diminutive por-
cine thyroid in the neck, as well as the similar depth, ana-
tomic location, ultrasound appearance (Figure 1) and size
compared to the human thyroid. The pig thyroid is too small
(�5ml) to be reproducibly targeted for histotripsy, and indi-
vidual thyroid lobes are of insufficient size to contain a 1 cm
histotripsy treatment [23].

Animals were sedated with an intramuscular injection of
tiletamine and zolazepam (Telazol; Zoetis, Kalamazoo, MI),
atropine (Phoenix Pharmaceutical, St. Joseph, MO), and xyla-
zine (AnaSed, Shenandoah, IA). An intravenous catheter was
placed in an auricular vein for administration of intravenous
fluids and MRI contrast. Animals were positioned supine on a
surgical table, intubated, and maintained under general
anesthesia with inhaled isoflurane gas (1.5–2.5%, Halocarbon
Laboratories, River Edge, NJ). Following completion of the
MRI, animals were euthanized with an intravenous injection
of phenobarbital sodium and phenytoin sodium
(Beuthanasia-D; Schering-Plough, Kenilworth, NJ). A focused
necropsy was then performed with removal of the anterior
neck by a certified veterinary technician and radiologist.

Histotripsy

Histotripsy was performed using a research prototype system
(HistoSonics, Inc., Ann Arbor, MI). The system consists of a
1MHz therapeutic transducer (active aperture 4.6� 7.1 cm,
focal length 6.0 cm, and a working distance of 4.6 cm), a 3
degrees of freedom robotic delivery system and a co-axially
aligned 4MHz phased array diagnostic transducer for real-
time continuous visualization, including targeting and moni-
toring the procedure. The therapy transducer was directed
by a proprietary planning software package which can pre-
scribe a treatment of virtually any size, shape, and vol-
ume [17,21,25].

Planning ultrasound was preformed immediately prior to
each treatment to identify an area within the thymus appro-
priate in size to fit the designated treatment and the overly-
ing skin marked. In each animal a spherical 1.0� 1.0� 1.0 cm
(prescribed volume ¼ 0.52 cm3) and ovoid 1.0� 1.0� 2.0 cm
(prescribed volume ¼ 1.046 cm3) treatment was created in
alternating lobes of the thymus. Treatment sizes were cre-
ated to fit entirely within the thymus and be both spherical
and ovoid to account for varying shapes of thyroid tumors.
Once a region was chosen and localization of the planned
treatment volume within the thymus confirmed with the
coaxially-aligned diagnostic transducer, the acoustic power
of the therapeutic transducer was increased incrementally, to
an estimated in-situ peak negative pressure >18MPa, until a
cavitation cloud was observed at the focal point in real-time
by B-mode ultrasound. The treatment plan was defined, and
the focal point moved through the planned treatment vol-
ume by the robot/software. Treatment progress was moni-
tored by real-time B-mode ultrasound as a form of quality
control, ensuring the cavitation cloud was observed within
the planned treatment zone throughout the procedure. As
there is real-time visualization of the treatment effect
throughout the procedure, this was used to monitor for
treatment throughout the planned volume and ensure tar-
geting of sonications within the thyroid. Technical success
was defined as the creation of a histotripsy treatment zone
on post procedural MRI.

Magnetic resonance imaging

Multisequence, multiplanar MR imaging of the neck was per-
formed with and without contrast immediately following
completion of the procedure. MR images were obtained

Figure 1. Axial US images pre (A), during (B), and post (C) histotripsy treatment of the targeted tissue in the anterior neck. The echogenic bubble cloud (blue arrow
in B) is visible during histotripsy treatment for intraprocedural monitoring. Post procedure US image (C) demonstrates a hypoechoic treatment zone.
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using a 3 T MRI (Signa PET/MR, GE Healthcare, Waukesha,
WI). Each animal received an intravenous injection of
0.25ml/Kg gadobenate dimeglumine (MultiHance, Bracco
Diagnostics, Wayne, NJ). MRI sequences included axial T2 fat-
saturated fast spin echo (FSE), axial T2 short T1 inverse
recovery (STIR), axial pre-contrast T1 fat-saturated FSE, axial
post-contrast T1 fat-saturated, coronal post-contrast T1
IDEAL, axial and coronal post-contrast T1 LAVA-flex, axial dif-
fusion weighted imaging (DWI), and axial apparent diffusion
coefficient (ADC) with slice thickness ranging from 2.2
to 4.0mm.

Imaging analysis

All MRI images were analyzed on a PACS workstation by
three radiologists with 5–25 years of image interpretation
experience. Images were evaluated for the treatment zone
size, signal characteristics, presence of injury to the overlying
skin and soft tissues, and abnormal imaging characteristics
to adjacent organs, nerves and vessels to suggest injury. The
T1 hypointense rim around each treatment was measured on
axial and coronal post-contrast T1 LAVA-flex images (repeti-
tion time: 5.08ms; echo time: 1.70ms; flip angle: 15 degrees;
matrix: 320� 224; field of view: 380mm; coil: body medium
5) with of 3.0mm slice thickness. Measurements were made
in the anteroposterior, transverse, and craniocaudal dimen-
sions. Treatment zone volumes were calculated using a dedi-
cated 3D reconstruction software package (Vitrea, Vital
Images, Minnetonka, MN). The mean, (standard deviation),
and 95% confidence intervals are reported for all
measurements.

Histopathology

After the animals were euthanized, a focused necropsy was
completed by a certified veterinary technician and radiolo-
gist. The entire anterior neck was removed, photographed,
and fixed in 10% buffered formalin. The neck was sectioned
along an axial plane similar to that of the MRI images for
radiological-pathological correlation. The entirety of the his-
totripsy zone, the overlying skin and adjacent organs were
sectioned and placed in cassettes. The tissues were then
processed in a Sakura Tissue-Tek VIP (Sakura Finetek,
Torrance, CA) and embedded with a Leica EG 1160 (Leica
Biosystems, Richmond, IL). The sections were cut to 5
microns using a Leica RM2125RT (Leica Biosystems,

Richmond, IL) and stained with hematoxylin and eosin. The
slides were interpreted by a pathologist with 7 years of clin-
ical experience and 2 years of experience evaluating histo-
tripsy specimens. Each zone was evaluated for percent
cellular destruction as estimated by the pathologist and a
measurement (cm) made at the transition between necrosis
and normal tissue.

Results

Histotripsy successfully created treatment zones in 8/8 proce-
dures for a technical success rate of 100%. The embedded
diagnostic ultrasound system was able to visualize the echo-
genic bubble cloud throughout the entirety of the procedure
in all cases (Figure 1). There were no procedural complica-
tions, skin injuries on physical examination or imaging, or
evidence of physiologic distress on cardiopulmonary moni-
toring of the animals during or after treatment.

Treatment results

Each animal had a sphere (1.0� 1.0� 1.0 cm) and ovoid
(1.0� 1.0� 2.0 cm) treatment zones successfully created in
the superficial neck (Table 1). The mean depth of the treat-
ment zone was 1.9 cm (range 1.3–2.2 cm), measured from the
surface of the overlying skin to the superficial aspect of the
treatment zone. Histotripsy treatment times were 8:22 for
the sphere and 17:15 for the ovoid (see Table 1). By MRI, all
treatment zones demonstrated measurements similar to the
prescribed treatment. The mean actual sphere treatment
diameter was 0.95 (0.10) cm in anteroposterior (AP; 95% CI
0.85� 1.05 vs 1 cm), 0.95 (± 0.06) cm in transverse (TR; 95%
CI 0.89� 1.01 vs 1 cm), and 1.1 (± 0.00) cm in craniocaudal
(CC; 95% CI 1.1 vs 1 cm) dimensions. The mean actual ovoid
treatment diameters were 1.13 (± 0.13) cm in AP (95% CI
1� 1.25 vs 1 cm), 1.23 (± 0.10) cm in TR (95% CI 1.13� 1.32
vs 1 cm), and 2.0 (± 0.16) cm in CC (95% CI 1.84� 2.16 vs
2 cm). The measured volumes of the histotripsy treatments
closely matched the planned treatment volumes; actual vol-
ume 0.60 (± 0.11) cm3 vs 0.52 cm3 prescribed for the sphere,
and actual volume 1.23 cm3 (± 0.40) vs 1.046 cm3 prescribed
for the ovoid (Table 2). The prescribed volume of both the
sphere and ovoid treatments were within the 95% confi-
dence interval of the measured treatment zones (sphere:
95% CI 0.492� 0.708 cm3 vs 0.52 cm3; ovoid 95% CI
0.838� 1.62 cm3 vs 1.046 cm3). The actual treatment zone

Table 1. Description of histotripsy treatments.

Animal number

Prescribed
treatment
shape

Dimensions
(AP� TR� CC cm) Volume (cm3)

Skin to superficial
treatment

distance (cm)
Percent cellular
destruction (%)

Treatment
time (min:sec)

1 Sphere 1.0� 0.9� 1.1 0.4 2 80–100 8:22
Ovoid 1.1� 1.1� 1.8 0.8 2.1 80–90 17:15

2 Sphere 1.0� 1.0� 1.1 0.8 1.9 60–80 8:22
Ovoid 1.1� 1.3� 2.2 1.8 2.2 50–60 17:15

3 Sphere 1.0� 1.0� 1.1 0.6 1.9 80–90 8:22
Ovoid 1.3� 1.3� 2.0 1.1 2.1 50–90 17:15

4 Sphere 0.8� 0.9� 1.1 0.6 1.3 70–90 8:22
Ovoid 1.0� 1.2� 2.0 1.2 1.9 50–95 17:15

AP: anterioposterior; TR: transverse; CC: craniocaudal.
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volumes were 26% larger than the prescribed volume for the
sphere and 22% larger for the ovoid.

Treatment characteristics on MRI

MRI images demonstrated well demarcated treatment zones,
with thin transitions from treated to non-treated tissue
(Figure 2). The treatment zones exhibited T2 hypointensity
centrally, with areas of T2 hyperintensity around the treat-
ment secondary to edema. T1 hyperintensity was present
within the treatments, likely due to blood products from
fractured red blood cells from histotripsy. Post-contrast
images revealed a rim of T1 hypointensity outlining the
treatments with non-enhancement within the treatment
zone, suggestive of tissue necrosis. No diffusion restriction
was seen in any of the treatment zones. All treatments dem-
onstrated peripheral perfusional changes, including T1 arter-
ial phase hypoenhancement. In two of eight treatments
there was mild T2 hyperintensity in the musculature overly-
ing the treatment zone, consistent with edema. This occurred
in two separate animals, during the creation of one sphere
and one ovoid treatment zone. The area of edema was
located immediately superficial to the treatment zone. Both

of the areas of muscle edema demonstrated relatively normal
enhancement on post-contrast images. No abnormal MR sig-
nal was identified within the overlying subcutaneous fat or
skin, or within any organ adjacent to the treatments.

Histopathology

On histological review (Figure 3), a high degree of cellular
destruction (mean 76% (± 12.5), range 50–100%) with a
resultant acellular slurry was seen in the center of each treat-
ment (Table 1). The zone of transition between areas of nec-
rotic tissue and normal tissue outside the treatment zone
was thin with a mean width of 0.33 (± 0.13) cm (range
0.2–0.5 cm). The transition zone demonstrated partial cellular
destruction with hemorrhage and congestion within cells.
Cellular swelling and interstitial edematous changes were
identified in the muscle overlying treatment zones in 2/8 ani-
mals, correlating to those in which the T2 edema was noted
on MRI (Figure 3). The muscle cell membranes remained
intact with normal nuclei present. There was no evidence of
treatment effect or change in any of the adjacent glandular
tissue. Neurovascular bundles within the overlying muscle

Table 2. Actual treatment zone sizes vs prescribed (n¼ 4).

Prescribed Actual Mean variation from prescribed value

Sphere
Anterioposterior (cm) 1 0.95 ± 0.10 0.05
Transverse (cm) 1 0.95 ± 0.06 0.05
Craniocaudal (cm) 1 1.1 ± 0 0.1
Volume (cm3) 0.52 0.6 ± 0.11 0.1

Ovoid
Anterioposterior (cm) 1 1.13 ± 0.13 0.13
Transverse (cm) 1 1.23 ± 0.1 0.23
Craniocaudal (cm) 2 2.0 ± 0.16 0
Volume (cm3) 1.046 1.23 ± 0.4 0.13

Data are measured in mean ± standard deviation; n: number of measurements.

Figure 2. Post treatment MR (T1, T2 STIR, and T1 post-contrast) and gross pathology images from two experimental animals. Row A demonstrates observed histo-
tripsy treatment changes including T2 hypointensity and non-enhancement of the treatment zone (arrow), with a rim of T2 hyperintensity around the treatment.
Areas of intrinsic T1 intensity are likely due to blood products. Row B shows mild T2 intense edema (asterisk) and evidence of treatment effect in the overlying
muscle (M). Gross images show treatment effects within the targeted thymus tissue (T). Note the diminutive thyroid gland (Th) deep to the thymus (T).
Measurements were completed on MR images in anteroposterior, transverse, and craniocaudal dimensions.
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and tissues adjacent to the treatment zones were intact and
demonstrated no treatment effect or change.

Discussion

The results of this in vivo proof of concept study demon-
strate that it is possible to noninvasively and safely create
histotripsy treatments in a human-scale live pig thyroid
model. The treatment zones closely adhered to the pre-
scribed size and shape, and had a high degree of targeted
cellular destruction. Importantly, there was only minor
edema seen within the overlying muscular tissue in two of
eight cases. There was no evidence of injury to adjacent neu-
rovascular bundles on MRI or pathology, no evidence of car-
diopulmonary distress on physiologic monitoring, and no
other complications during or immediately follow-
ing treatment.

National guidelines suggest that minimally invasive tech-
niques can be used to treat symptomatic benign nodules
and for the treatment of thyroid cancer in some settings [5].
Minimally or noninvasive therapy options for treatment of
benign and malignant thyroid nodules includes RFA, MWA,
PEI, and thermal HIFU [11–13,26]. All currently available min-
imally-invasive therapies are associated with incomplete
treatments and complications [11–13,26]. Specifically, RFA
has shown therapeutic success ranges from 75% to 97% and
a mean reduction of tumor volume of 8.4–50.9%, while PEI
has shown therapeutic success ranges from 70.8% to 98%
and a mean reduction of tumor volume of 37.5–96% [11].
Additionally, local cancer recurrence rates of 0–25% for RFA
and 3.2–33% for PEI have been reported [11]. In this study
there was incomplete treatment in the treatment zones with
a variable amount of post-procedure viable tissue, ranging

from 50% to 100% in the treatment zone. In addition, the
treatment volume exceeded that prescribed. These are likely
a reflection of using a generic pulse path and treatment
dose along with a transducer which was not of an optimal f
number for treatment in the neck. In prior pig liver and kid-
ney studies, there was complete necrosis of targeted tissue
despite the increased depth and inferior ultrasound window
[17,21,25]. It is expected that complete necrosis would be
seen with either more pulses per treatment point (i.e., higher
dose) or increased overlap between adjacent focal points,
two parameters that are readily programmed into the treat-
ment algorithm. For treatment of benign nodules, the
destruction of every cell will be less important than for thy-
roid cancer, and so it is possible that two different strategies
would ultimately be programmed into a clinical system. It’s
unlikely that the thymus model was an important reason for
the residual viable cells seen in this study. Prior work has
demonstrated that cellular tissue is vulnerable to treatment
with histotripsy, and the degree of cellularity of the pig thy-
mus and thyroid is similar [27]. Neither structure is composed
of a high degree of fibrous tissue or a collagenous matrix,
both of which are more resistant to damage from histotripsy
compared to highly cellular organs or tumors [28,29].

Injury to the nerves within the anterior neck is a signifi-
cant concern with currently available non/minimally invasive
treatment options. Injury to the recurrent laryngeal nerve
can cause voice changes and vocal cord paralysis, with voice
complications seen in up to 6.2% of patients treated with
RFA, 2.7% of patients treated with PEI, and 4% of patients
treated with HIFU [9,11]. Importantly, no injury or treatment
effect was seen within neurovascular bundles adjacent to
treatment zones on MRI or pathology. RFA in particular has
been shown to cause mild/moderate pain in the all patients,

Figure 3. Microscopic images (hematoxylin and eosin) at 100� magnification. Thin transition zones (A & B) were seen between treated and normal tissue. Areas of
complete and partial necrosis were seen within the treatment zone (C, D, E). Swollen muscle cells with interstitial edematous changes (E) were seen overlying two
treatment zones, however their nuclei remained intact.
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as well as lower incidence of shoulder drop, hematomas, and
skin burns due to the need for tissue puncture, lack of preci-
sion, and heating of vulnerable off-target tissues [12,26].
Histotripsy may have decreased complications in the adja-
cent nerves and glandular tissue due to the noninvasive and
precise nature of the treatment. The rapid involution of treat-
ment zones seen in prior studies may be an advantage in
treatment of benign nodules for symptom relief or cosmesis
[17,21]. No significant hemorrhage was identified on MRI or
pathology post treatment. Bleeding has not been associated
with histotripsy in multiple prior studies, even in anticoagu-
lated animals, and it is expected that anticoagulation will not
be a contraindication to histotripsy treatment in humans
[17,21,25,30]. However, all of these potential advantages will
ultimately need to be confirmed in a human clinical study.

Histotripsy is different than thermal HIFU in several
important respects. HIFU directs high energy, high duty-cycle
(ultrasound on-time/total treatment time >10%), ultrasound
along a treatment path to create focal heating >60 �C and
tissue ablation at a small target [13]. While the highest tem-
peratures are typically found at the focal point, tissue heat-
ing along the beam path is a substantial problem and can
result in skin burns and collateral damage to vulnerable
structures [31]. In contrast, histotripsy creates cavitation in
the target tissue by directing high-amplitude, short ultra-
sound pulses to a focal point, while minimizing the heating
using a low duty-cycle (<1%). Histotripsy is a binary thresh-
old effect [27,32,33]. If the cavitation threshold of a particular
tissue is not reached, there is no tissue damage, leading to
highly precise treatments and minimal off-target damage
[27,32,33]. Because of this, skin burns and collateral injuries
are felt to be less likely with histotripsy than with HIFU [34].
In the current study, which employed a non-optimized ther-
apy transducer and treatment protocol, there were no skin
injuries, and only mild muscle edema immediately overlying
the treatment in 2/8 cases. Previous histotripsy work within
the liver (with a markedly inferior ultrasound window and
deeper targets than the current study) demonstrated mild
body wall edema which was eliminated with optimization of
the treatment protocol for the liver [21,25]. Similar optimiza-
tion of the treatment protocol, such as reduction of the
time-average intensity of energy delivery, can be done and
may eliminate any overlying edematous changes.

There are several limitations to the current proof of con-
cept study. The thymus pig model used in this study was
chosen due to its prior use in surgical studies as a thyroid
surrogate, and a similar size, shape, cellularity and location
compared to the human thyroid [23,24]. Prior ex vivo work
on excised human tissue shows the potential for histotripsy
to create effective thyroid treatment zones [27]. Importantly,
there is the paucity of other human-scale readily translatable
in-vivo animal thyroid models. Ideally, pig thyroid would
have been used as a target, but it is too small to contain
even a 1 cm treatment and is located deeper than in most
humans–posterior to the upper border of the thymus and
immediately superficial to the trachea (Figure 2). Human-
scale thyroid nodule or cancer models are also not readily
available. Other limitations include the relatively small

sample size and lack of longitudinal survival data to evaluate
more than the most acute effects. Both of these choices
were made as the study is intended as proof of concept with
further work planned to increase cellular necrosis and
decrease muscle injury prior to survival studies. Evaluating
the evolution of the treatment zones, the transition zones,
precision of treatment location, and edematous changes is
needed, and will be a focus of future studies. Only two sizes
and shapes of treatments were chosen, limited by the size of
the pig thymus. On the technical side, a small aperture pedi-
atric cardiac transducer was used for this study due to the
ability to create a superficial treatment as well as to allow
more optimal acoustic coupling and procedure workspace.
The treatment protocol was also modified from prior work
[17,21,25]. A multi-element purpose-built transducer with an
iteratively designed treatment protocol could potentially
improve the speed and efficacy of the treatment. However,
despite the above limitations this study demonstrated the
potential of histotripsy to create effective and highly precise
treatments in a short period of time in a human-scale model.

In conclusion, histotripsy was able to create precise treat-
ments in a human-scale porcine thyroid model without evi-
dence of considerable collateral injuries in this proof of
concept study. Additional research on histotripsy of the thy-
roid appears warranted to bring the technique closer to
application in humans.
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