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Purpose: To demonstrate the feasibility and safety of using focused ultrasound planning models to determine the treatment param-
eters needed to deliver volumetric mild hyperthermia for targeted drug delivery without real-time thermometry.

Materials and Methods: 'This scudy was part of the Targeted Doxorubicin, or TARDOX, phase I prospective trial of focused ultra-
sound—mediated, hyperthermia-triggered drug delivery to solid liver tumors (ClinicalTrials.gov identifier NCT02181075). Ten
participants (age range, 49—68 years; average age, 60 years; four women) were treated from March 2015 to March 2017 by using

a clinically approved focused ultrasound system to release doxorubicin from lyso-thermosensitive liposomes. Ultrasonic heating of
target tumors (treated volume: 11-73 cm? [mean = standard deviation, 50 cm® = 26]) was monitored in six participants by using
a minimally invasive temperature sensor; four participants were treated without real-time thermometry. For all participants, CT im-
ages were used with a patient-specific hyperthermia model to define focused ultrasound treatment plans. Feasibility was assessed by
comparing model-prescribed focused ultrasound powers to those implemented for treatment. Safety was assessed by evaluating MR
images and biopsy specimens for evidence of thermal ablation and monitoring adverse events.

Results: 'The mean difference between predicted and implemented treatment powers was —0.1 W * 17.7 (z = 10). No evidence of
focused ultrasound-related adverse effects, including thermal ablation, was found.

Conclusion: In this 10-participant study, the authors confirmed the feasibility of using focused ultrasound—mediated hyperthermia
planning models to define treatment parameters that safely enabled targeted, noninvasive drug delivery to liver tumors while moni-
tored with B-mode guidance and without real-time thermometry.
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Focused ultrasound-mediated hyperthermia has long been
studied as a noninvasive method of clinical targeted
therapy, particularly for ablative applications (1-3).
More recently, the use of ultrasound to induce “mild”
hyperthermia (temperature elevations =6°C) has been
investigated preclinically for targeted drug delivery
through thermally triggered release from liposomal
carriers (4-7). For clinical therapeutic focused ultrasound
systems, MRI and B-mode US methods are the leading
guidance techniques (8). The latter can indicate bubble
formation as a hyperechoic region but does not provide
thermal metrics. Alternatively, MRI guidance offers
real-time thermometry superimposed on cross-sectional
anatomic information, facilitating integration into
treatment planning and control systems (9,10). The

application of MRI-guided focused ultrasound systems is
limited primarily by cost and, to a lesser extent, technical
issues with motion and monitoring in adipose tissue
(11,12).

In its simplest form, treatment planning for therapeutic
ultrasound procedures employs diagnostic imaging to iden-
tify the treatment target and obstacles in the propagation
path (13,14). Mathematic simulations allow prediction
and optimization of physiologic and biologic responses,
including acoustic pressure, corresponding temperature el-
evation (15-18), and drug delivery (19). Simulations may
also greatly extend the understanding of the processes that
occur during treatment (20).

The purpose of this study was to assess the clinical
feasibility and safety of using computational planning
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Summary

In this phase I study, it was feasible and safe to thermally trigger drug
release over oncologically relevant volumes by using extracorporeally
applied US-guided focused ultrasound, with treatment plans based
on patient-specific modelling.

Implications for Patient Care

= Application of focused ultrasound to current and emerging oncol-
ogy therapeutics could significantly improve their intratumoral
dose and distribution for a given systemic dose.

n The pairing of acoustic and thermal planning models with low-
cost B-mode US-based treatment guidance techniques has the
potential to enable safe and effective focused ultrasound hyper-
thermia treatments to trigger and enhance drug delivery.

models to determine ultrasound parameters that facilitate release
from thermally sensitive liposomes in the absence of real-time
thermometry. This approach was motivated by the desire to
investigate procedures that may ultimately be more broadly
accessible and simpler to administer compared with those that
employ MRI guidance.

Materials and Methods

The Targeted Doxorubicin, or TARDOX, study (ClinicalTrials.gov
identifier NCT02181075) was a phase I clinical trial conducted
under regulatory and ethical approval from the Health
Research  Authority National
Research  Ethics = Service, the
Oxford  University Hospitals A
Research &  Development
Department, and the United
Kingdom’s ~ Medicines  and
Health Care Products Regulatory
Agency. Clinical protocol and
oncologic outcome details are
available  elsewhere  (21,22).
Written informed consent was
obtained before study-specific
procedures were performed.
TARDOX was a prospective
nonrandomized cohort study
with the aim of determining
the feasibility, safety, and B
potential  efficacy of drug
delivery to solid liver tumors
triggered by focused ultrasound—
mediated  hyperthermia.  The
therapeutic ~ agent  consisted
of doxorubicin  encapsulated
lyso-thermosensitive
liposome (ThermoDox; Celsion, ¥
Lawrenceville, NJ), which was
systemically administered at 50
mg/m* for 30 minutes (39.5°C
release  threshold).  Celsion
provided ThermoDox at no
cost to the trial. The authors
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had control of the data and the information submitted for
publication.

The study consisted of two parts, which were primarily
differentiated by the use of real-time thermometry. For part
I, direct monitoring of tumor temperature was performed
with use of an implanted device (Cool-Tip E-Series 18-gauge
thermistor [Covidien, Mansfield, Mass] or Accu5i 18-gauge
thermocouple [Angiodynamics, Latham, NY]) inserted
through a coaxial needle that also enabled biopsy collection.
Part II of the study was performed without the use of ther-
mometry. All participants were imaged with contrast mate-
rial-enhanced MRI, contrast-enhanced CT, and fluorine 18
fluorodeoxyglucose PET/CT 1 day before, 2 weeks after, and
4 weeks after intervention to enable radiologic assessment of
therapeutic response, with an additional MRI examination
performed 1 day after treatment to assess for instantaneous
thermal ablation. Treatment was performed with the partici-
pant under a general anesthetic, and high-frequency jet ven-
tilation was used to reduce respiratory motion of the liver.
Participants are identified in this article by study part (I or
II) and index—for example, 11.03 indicates the third patient
treated with the part II protocol.

Inclusion criteria were a life expectancy of at least 3 months,
at least one liver tumor measuring 1 cm or larger, and a left ven-
tricular ejection fraction of at least 50%. Exclusion criteria in-
cluded radiation therapy to the target region in the preceding

Temperature Sensor in
Coaxial Needle (Part |)

Target volume dyera
. / V \
) u ~ Time (min)
4 N
i .I B-mode probe l\lI i
Waterbath _________________ i
Treatment Treatment Treatment Treatment
Line Section Sections Volume

Figure 1: A, Diagram of freatment concept. In frial part | (six participants), target femperature eleva-
tion resulting from focused ultrasound (FUS)-generated heating was monitored with a thermometry device
implanted through a coaxial needle that was also used for biopsy collection before and after focused
ultrasound exposure. In part Il (four participants), no thermometry device was used, and a single biopsy
was performed after focused ultrasound treatment. B, Diagram illustrates target tumor volume coverage.
A focused ultrasound (FUS) beam is moved along a line in linear mode, translating proximally to form a
“section,” then treating the target with multiple sections for complete volumetric coverage.
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Focused Ultrasound Hyperthermia for Targeted Drug Release

Table 1: Summary of Demographic and Tumor Characteristics

Demographic Characteristics

Tumor Treatment Data

Treated Location
Participant No. Age (y) Sex BMI (kg/m?) Volume (cm?) Diagnosed Tumor Type (Segment)*
1.01 50 M 22.6 11 Diffuse multilobular hepatocellular carcinoma VI
1.02 68 F 22.9 26° Metastatic ductal breast carcinoma VIVI
1.03 66 M 25.0 59" Metastatic colorectal adenocarcinoma V/IVI
1.04 64 F 25.7 73 Metastatic colorectal adenocarcinoma VIVI
1.05 49 M 26.3 677 Metastatic colorectal adenocarcinoma VI
1.06 65 M 25.9 52 Metastatic colorectal adenocarcinoma VI
11.01 53 M 37.3 41 Metastatic squamous cell lung cancer VI
11.02 63 F 25.2 50 Metastatic colorectal carcinoma \Y%
11.03 53 F 27.0 31 Metastatic colorectal adenocarcinoma VIII
I1.04 65 M 27.0 54 Metastatic colorectal adenocarcinoma VIII

" Time-averaged over the treatment.

Note.—Part I was performed with invasive thermometry, and part II was performed without thermometry. Participants are identified in this article
by study part (I or II) and index—for example, I1.03 indicates the third patient treated with the part II protocol. BMI = body mass index.

* Liver segments were defined by using the Couinaud classification system.

12 months, a lifetime dose of doxorubicin of more than 450
mg/m?, or another serious illness within the previous 6 months.
Further details on the inclusion and exclusion criteria are pro-
vided in the protocol (22).

Treatment Parameters

Focused ultrasound was administered by using a clinically
approved extracorporeal system (JC200; Chongging Haifu,
Chongqing, China). Focused ultrasound was produced by a
single-element focused transducer (0.96 MHz) with a central
opening that housed a B-mode US probe for treatment guid-
ance and monitoring (Fig 1, A). The focused ultrasound source
and B-mode probe were integrated within a motorized system
that translated in three Cartesian coordinates and enabled
scanning of the ultrasound beam to induce mild hyperthermia
within a prescribed treatment volume.

Treatment planning required specification of ultrasonic
(power, duty cycle) and geometric parameters, with the latter
defining the spatial extents (depth, lateral, superior and/or in-
ferior), speed, and sequence with which the focused ultrasound
beam was moved. Treatment volume coverage (Fig 1, B) was
specified in terms of lines (one-dimensional horizontal plane
beam translation) and sections (sets of lines in a two-dimensional
horizontal-depth plane).

Treatment Planning Model

A model of ultrasound-induced hyperthermia was developed
by using a combination of participant data and finite element
calculations to specify focused ultrasound parameters and to
estimate temperature fields for candidate treatment plans.
Details are presented in Appendix E1 (online). Model
inputs consisted of (#) participant anatomic data, () tissue
acoustic and thermal properties, and (¢) thermometric and
radiologic results from the first two participants from part
I. Tissue types and dimensions were determined from CT
and MRI data after review (EV.G., a senior radiologist with
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46 patients assessed for eligibility

36 patients excluded
19 unsuitable tumor location

10 progressive disease

—
3 recent radiotherapy to liver
3 declined to participate
1 tumor size too small
h 4

10 patients allocated and received intervention

v

1 patient lost to follow-up

1 patient too fatigued to attend final follow-up visit (week 4)

v

10 patients included in intention-to-treat analysis

Figure 2: Diagram of study participant enrollment.

23 years of experience; EW., a focused ultrasound clinician
with 16 years of experience, and P.C.L., a radiology clinical
fellow) to identify a target tumor and a preferred intercostal
route for extracorporeal focused ultrasound access. This
information was used to construct three-dimensional acoustic
and thermal models (M.D.G.). Model outputs for each
participant were (2) a treatment recommendation (focused
ultrasound power, duty cycle, and treatment volume) and
(b) acoustic (pressure, intensity) and thermal (temperature,
cumulative exposure) predictions. The final treatment
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Figure 3: Treatment planning, modeling, and example results from participant .01 (participant 1 from trial part 1), a
50-year-old man with diffuse multilobular hepatocellular carcinoma in segment VL. (a) Left, axial contrastenhanced CT
scan with target tumor volume (white dashed line) and modeled region (blue box). Arrow indicates direction of incident
focused ultrasound. Right, finite element model mesh transverse section corresponding to blue region in CT scan, with tissue
classification labels. (b) Measured thermometry data accompanied by model calculations of treatment volume median tem-
perature (T,). The measurement and T, prediction both lie close to the lysothermosensitive liposomal doxorubicin release
threshold temperature of 39.5°C, which is indicated by black dashed line. PIR = percentage in range (portion of treatment
volume between 39.5°C and 47°C). (c) Treatment median temperature (7) in midaxial transverse plane. Dashed white

line indicates approximate freatment target boundary as in @. Black dashed line indicates a 39.5°C temperature contour.
(d) Axial fluorine 18 fluorodeoxyglucose PET/CT images obtained 1 day before (left) and 17 days after (right) treatment.
Total lesion glycolysis of target tumor (white arrows) decreased by 36.4% (21), whereas there was no substantial change
over the volume of a similarly sized tumor that received drug but no focused ultrasound (black arrows). Color bar indicates
standardized uptake value.
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plan was decided by
consensus (EW., EV.G.,
M.A.,, D.YEC. PC.L,
M.D.G., C.C.C.).

Statistical Analysis
Equivalent

focused ultrasound powers

continuous

(products of power and
duty cycle) predicted for
all study participants were
compared with those used
for treatment by the focused
ultrasound clinician by using
Bland-Altman  graphical
analysis and a paired # test
calculated in  GraphPad
QuickCalcs (GraphPad
Software, San Diego, Calif),
with o = .05. To provide
physiologic context for the
power predictions, custom
Matlab scripts (MathWorks,
Natick, Mass) quantified
the median temperature,
or T, (23), corresponding
cumulative equivalent
minutes of exposure at
43°C, or CEM43, and
uniformity of heating in the
treatment volume.

Results

Ten participants (six men
aged 49-66 years [mean
age, 58.0 years];
women aged 53-68 years
[mean age, 62.0 years];
overall age, 49-68 years
[mean, 59.6 years]) were
treated between March
2015 and March 2017 (Ta-
ble 1, Fig 2). To illustrate
the treatment planning
methods, CT data, model

generation, and resulting

four

thermal predictions for par-
ticipant 1.01, are shown in
Figure 3. The target volume
was centered at a depth of
5.6 cm and treated, as in-
dicated in the axial plane

Table 2: Geometric and Focused Ultrasound Parameters

Equivalent
Power (W) Duty Cycle (%) Power (W)*
Midtarget
Participant No. Depth (cm) Model Actual Model Actual Model Actual
1.017 5.6 53 50 100 100 53 50
1.027 8.5 70 70 100 100 70 70
1.037 12.9 137 100 100 100 137 100
1.04 7.6 130 140 50 43* 65 60*
1.05 5.8 102 120* 50 74* 51 89+
1.06 4.1 116 116 43 43 50 50
I1.01 5.9 118 125¢ 55 55 65 69*
11.02 4.5 114 114 42 42 48 48
11.03 7.0 139 140 44 44 61 62
11.04 4.1 109 110 38 40 41 44

Note.— Participants are identified in this article by study part (I or II) and index—for example, I1.03 indi-
cates the third patient treated with the part II protocol. In-treatment parameter adjustments were made in
five participants. In participant .02, treatment began with a larger volume exposed in dot mode and ended
with a smaller volume exposed in linear mode. In participant 1.03, treatment depth span was reduced by one-
third for the second and third coverage cycles. In participant 1.04, duty cycle was modified between treatment
cycles to assess temperature maintenance after initial heating. In participant 1.05, after successful predrug
infusion testing with model-prescribed parameters (50 W, 48 cm’ volume), the target volume was expanded
to treat over two intercostal spaces, then reduced over the subsequent treatment cycles. In participant I1.01,
power was elevated after the anesthesia system’s indwelling esophageal thermometry indicated slightly low
body temperature, requiring a higher focused ultrasound temperature elevation.

* Equivalent power was calculated by multiplying power by duty cycle.
" Model calculations were run retrospectively.
# Data were time-averaged over the treatment.

Table 3: Results of Thermometry

nean CO) Cumulative Equivalent
FUS Exposure ‘ Minutes of Exposure
Participant No. Time (min) Sensor Model at 43°C*" PIR (%)*
L.01% 33.2 39.8 39.7 0.5 52.2
1.02¢ 74.6 39.3 39.4 2.1 51.1
1.03* 72.4 38.9 38.3 0.1 26.2
1.04 66.0 41.5 40.1 2.3 46.4
1.05 80.0 40.1 38.4 0.2 27.6
1.06 64.5 40.6 40.9 5.7 55.0
I1.01 55.1 41.7 29.2 57.4
11.02 69.8 39.6 1.0 49.5
I1.03 74.6 41.7 21.7 60.0
11.04 72.9 39.4 0.6 47.6

Note.— Participants are identified in this article by study part (I or II) and index—for example, 11.03
indicates the third patient treated with the part II protocol. Model-generated values were calculated on the
basis of each actual treatment. FUS = focused ultrasound, PIR = percentage in range (portion of treatment
volume between 39.5°C and 47°C), T = temperature averaged over treatment time for the sensor and

mean

model (with use of the median of the treatment volume).

* Calculated for the median temperature in the treatment volume as a function of time.
" Model-generated values.

# Model calculations were run retrospectively.

CT image (Fig 3a, left). The blue overlay denotes the region
for which thermal and acoustic models were developed (Fig 3a,
right).

Figure 3b shows the measured target tumor temperature

along with the median temperature prediction. The
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measurement indicates a treatment average of 39.8°C, which
closely matches the predicted treatment-averaged value (39.7°C)
and suggests that the sensor measurement was representative of
the median temperature in the targeted region. Thermal metrics
describing the warmest 10% of the treatment volume at any

radiology.rsna.org = Radiology: Volume 291: Number 1—April 2019
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Figure 4: Bland-Altman display shows predicted and actual ultra-
sound powers. Mean difference in ultrasound powers (model power —
actual power) was —0.1 W (n = 10). Standard deviation (SD) of ultra-
sound powers was elevated by two trial part | freatments: participant 3
(1.03), whose treatment was underpowered and shown to give subopti-
mal drug release (21), and participant 5 (1.05), whose treatment used
a larger treatment volume than planned (see Table 2 footnote).

time (Appendix E1, section 8 [online]) indicated a low risk of
ablative tissue damage. The right ordinate of Figure 3b quantifies
the percentage of the treatment volume in the range of 39.5°—
47.0°C (Appendix E1, section 4.6 [online]), demonstrating that
at least half the prescribed volume is in the safe range for lyso-
thermosensitive liposome release for 21.4 minutes.

The predicted temporal median temperature in the midaxial
treatment plane shown in Figure 3¢ indicates that the region of
temperature elevation was well-contained in the treatment vol-
ume, although it was proximally displaced by approximately
4 mm. This was primarily due to ultrasound beam refraction,
which was accounted for in subsequent treatment plans.

PET/CT images in Figure 3d show a 36.4% reduction in
total lesion glycolysis of the target tumor, whereas there was no
substantial response over the volume of a similarly sized tumor
(black arrows) that received the drug but no focused ultrasound
(21). More broadly, partial responses were seen after a single
treatment cycle in six of the 10 participants according to Choi
criteria or PET Response Criteria in Solid Tumors, or PERCIST,
with each modified for the target tumor alone (21).

The focused ultrasound treatment parameter data for each
participant (Table 2) show that the prescribed power scaled ap-
proximately with target depth, subject to details of tissue mor-
phologic characteristics. For the seven participants in whom
model predictions were available at the time of treatment (partic-
ipant 1.04-1.06, participants 11.01-11.04), the collective differ-
ences between predicted and treatment-averaged implemented
powers were not significant clinically (mean, 3.5 W) and statisti-
cally (P =.33). These results indicate that the model consistently
provided settings deemed safe by the attending radiologist and
focused ultrasound clinician at the time of treatment and agree
with the settings chosen in the presence of thermometry.

Models were run retrospectively for participants 1.01-1.03,
who were treated before model availability. The largest prediction
discrepancy was seen with participant 1.03, where the target depth

Radiology: Volume 291: Number 1—April 2019 = radiology.rsna.org
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was nearly 5 cm deeper than for any other participant. On the
basis of thermometry (Table 3), the treatment for participant
1.03 was substantially underpowered, and the use of the model-
predicted settings (had they been available) should have improved
target heating. Results of Bland-Altman analysis of the ultrasound
power data for all 10 study participants (Fig 4) further reinforce
the validity of the model based on a negligible bias (—0.1 W).

The measured and predicted thermometry data in Table 3
show that the measured treatment-averaged temperature in part
I participants was within 0.1°-0.3°C of the model prediction
(time average of median temperature) for the three participants
with treatment volumes of 52 cm® or less (participants 1.01, .02,
and 1.06). The similarity of these temperatures also suggests that
cavitation (24) was an unlikely heating mechanism. For partici-
pants with larger treatment volumes (participants 1.04 and 1.05),
the time-averaged temperature prediction was 1.4°~1.7°C below
the sensor-based value, suggesting that, as expected, the small
sensor was not a good indicator of the median temperature of
the larger targeted regions.

A review of histologic data (R.G., a histopathologist with 29
years of experience) and day 1 MRI data (EV.G.) showed no
clear evidence of instantaneous tissue ablation. Moreover, there
were no skin burns, off-target tissue damage, or other clinically
significant adverse effects related to focused ultrasound (21).

Discussion

The purpose of this study was to determine the clinical fea-
sibility and safety of using computational planning models
of focused ultrasound—mediated mild hyperthermia for tar-
geted drug delivery. Feasibility was confirmed on the basis
of the negligible mean difference between model-predicted
and actual focused ultrasound powers (—0.1 W) required to
achieve hyperthermia-mediated drug delivery, whereas safety
was confirmed on the basis of a lack of focused ultrasound—
related adverse effects. The proposed model-based treatment
planning approach was demonstrated by comparing model
and thermometry results (part I) and was safely extended to
treatments without thermometry (part II). In addition, the
model-prescribed treatments resulted in similar levels of en-
hanced drug delivery with or without real-time thermometry
(21). These outcomes suggest that it may be feasible to pair
planning models with low-cost (relative to MRI) monitor-
ing techniques such as B-mode US, passive acoustic mapping
(25), or US elastography (26) to guide and ensure the safety
of nonablative treatments.

The performance of the treatment planning models in our
study raises the question as to whether real-time monitoring of
temperature for mild hyperthermia treatments will always be nec-
essary to ensure safety and efficacy. For context, the equivalent
continuous ultrasound powers (watts X duty cycle) used for mov-
ing focused ultrasound beam mild hyperthermia in the TARDOX
study were 44-100 W (mean * standard deviation, 64 W = 18),
whereas ablation procedures at comparable tissue depths have
been carried out by using values as high as 450-545 W (27,28).

Chief among the limitations of our study was the small par-
ticipant cohort. However, the study was designed for feasibil-
ity and safety assessments and was not intended to demonstrate
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statistical significance. Thermometry data were recorded with
a single stationary sensor, with potential errors arising from its
presence in the acoustic field. However, this effect should be
minimal over the majority of the treatment duration wherein
the focused ultrasound beam is not directly impinging on the
sensor (29). Lack of coregistration of ultrasound treatment with
CT or MRI data limited the comparisons of temperature mea-
surements and simulations.

To broaden the oncologic applicability of the radiology-based
targeted drug delivery methods deployed in the TARDOX trial,
systems should be scalable and deployable for numerous daily
treatments in a single center. Such therapeutic scenarios should
remove the need for anesthesia and high-frequency jet ventila-
tion and include reduced-cost targeting and monitoring in place
of bottleneck-inducing modalities.
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