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Sound speed and attenuation of human pancreas and
pancreatic tumors and their influence on focused
ultrasound thermal and mechanical therapies
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constituent tissues, but the literature contains no data for the human pancreas.
Purpose: This study presents the first acoustic property measurements of
human pancreatic samples and provides examples of how these properties
impact a broad range of ultrasound therapies.

Methods: Data were collected on human pancreatic tissue samples at physio-
logical temperature from 23 consented patients in cooperation with a hospital
pathology laboratory. Propagation of ultrasound over the 2.1-4.5 MHz fre-
quency range through samples of various thicknesses and pathologies was
measured using a set of custom-built ultrasonic calipers, with the data pro-
cessed to estimate sound speed and attenuation. The results were used in
acoustic and thermal simulations to illustrate the impacts on extracorporeal
ultrasound therapies for mild hyperthermia, thermal ablation, and histotripsy
implemented with a CE-marked clinical system operating at 0.96 MHz.
Results: The mean sound speed and attenuation coefficient values for human
samples were well below the range of values in the literature for non-human
pancreata, while the human attenuation power law exponents were substan-
tially higher. The simulated impacts on ultrasound mediated therapies for the
pancreas indicated that when using the human data instead of the literature
average, there was a 30% reduction in median temperature elevation in the
treatment volume for mild hyperthermia and 43% smaller volume within a 60°C
contour for thermal ablation, all driven by attenuation. By comparison, impacts
on boiling and intrinsic threshold histotripsy were minor, with peak pressures
changing by less than 15% (positive) and 1% (negative) as a consequence of
the counteracting effects of attenuation and sound speed.

Conclusion: This study provides the most complete set of speed of sound
and attenuation data available for the human pancreas, and it reiterates the
importance of acoustic material properties in the planning and conduct of
ultrasound-mediated procedures, particularly thermal therapies.
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1 | INTRODUCTION

The pancreas has long been an intriguing target for
ultrasound therapies, both as a potential replacement
for surgery and as a means of enhancing drug-based
treatments used in neoadjuvant or palliative care set-
tings. Regardless of therapeutic approach, the anatom-
ical location of the pancreas creates challenges for
safe delivery of ultrasound. It is one of deeper loca-
tions within the body that can potentially be treated
with ultrasound, with propagation depths that could
exceed 10 cm.! Distinguishing it from the inferior bor-
der of the stomach can be difficult due to the lack
of pancreatic capsule? Ildentifying tumors accurately
within the pancreas can be complicated by the vary-
ing echogenicity associated with age and adiposity.
Once visualized, delivery of ultrasound to pancre-
atic ductal adenocarcinomas (PDAC) must consider
adjacent gas-filled structures such as the proximal duo-
denum and stomach, whilst avoiding critical vasculature
such as the splenic artery crossing the pancreatic tail.
Although a retroperitoneal organ, the pancreatic head
may move cranio-caudally up to 7.6 mm + 3 mm during
respiration.*

High-intensity focused ultrasound has long been con-
templated as a non-invasive alternative to high-risk
surgical resection. Despite its retroperitoneal position
and proximity to major structures, the pancreas can
be directly targeted with focused ultrasound, and abla-
tion of pancreatic tumors has been performed safely®
This approach uses the thermal and cavitational effects
of focused ultrasound (FUS) beams with powers in
the hundreds of Watts for direct tumor destruction.
More recently, the potential of purely cavitation-based
tumor liquefaction, also known as histotripsy, has been
explored pre-clinically® and is highly likely to translate
clinically in the near future.” Even though it presents sub-
stantial advantages in terms of the absence of thermal
effects and the ease of real-time treatment monitoring
using conventional B-mode imaging, histotripsy of the
pancreas presents the additional challenge of needing
to deliver much higher pulse average powers of over
1 kW and peak negative pressures up to 28 MPa? ren-
dered difficult by non-linearity in the lengthy tissue path
and the limited acoustic window through the abdomen.

Ultrasound also has a significant role to play as
an adjunct to drug delivery. In the very difficult-
to-treat PDAC, systemically administered intratumoral
drug delivery is limited by abundant desmoplastic
stroma, which raises interstitial pressure to cause
vascular collapse and limit tumor perfusion? The
combination of systemically administered microbub-
bles with chemotherapy has been recently shown
to enable increased penetration of cancer therapeu-
tics through the stromal layer, potentially demonstrat-
ing the value of these drug delivery strategies and

leading to enhanced therapeutic outcomes.'® Ther-
mal effects of ultrasound can also be exploited
to improve blood flow through tumor vasculature
vasodilation induced by localized heating has demon-
strated enhanced drug delivery in animal models and
human trials."'='# 1> Combining hyperthermia with ther-
mosensitive drugs for targeted release of cytotoxic
agents is helping to address limitations of PDAC
therapy.'>16

Trials of generating hyperthermia in PDACs have
included radiowave,'” microwave,'® and focused ultra-
sound guided by magnetic resonance imaging (MRI)'?
or diagnostic ultrasound ?? Brief temperature increases
up to 42°C can be generated by FUS, with spa-
tial peak temporal average intensities (lspa) between
50-500 W/cm?2'" The benefits of FUS for warming
tissues compared to other approaches is that it is
relatively quick, inexpensive, and less invasive. Tem-
perature elevations can be anatomically registered
using an MR guided system.?2?3> However, MR-guided
FUS systems are expensive and have limitations
with respect to motion and monitoring in adipose
tissue*?° An alternative is to use an ultrasound-
guided system, but there is no clinically reliable
way to accurately measure the modest temperature
elevations.

FUS-mediated mild hyperthermia can be combined
with invasive thermometry monitoring, and this has
been used to validate predictive models defining treat-
ment parameters in the treatment of liver tumors
as part of the TARDOX trial2® In that first-in-human
study, focused ultrasound coupled to a B-mode US
system simultaneously delivered treatment and guid-
ance to investigate the safety and feasibility of drug
release from thermosensitive liposomes (ThermoD-
ox®, Celsion Corporation, USA) to tumors in the liver.
Treatment plans were constructed using anatomical
data from radiological imaging along with acoustic and
thermal properties for the constituent tissues. With
these inputs, the model predicted acoustic pressures
and temperature maps in the target tumor and gen-
erated personalized ultrasound treatment plans for
enhanced localized drug delivery?’” The TARDOX ftrial
compared patients monitoring with invasive thermom-
etry to those treated using a modelling-only approach
and observed comparable enhancements in drug
delivery.

The PanDox trial’® was a Phase | trial investigating
delivery of ThermoDox® to non-resectable PDACs,
using FUS-induced mild hyperthermia (>39.5°C).
The treatment concept was ultrasound guided and
thermometry-free, so it was critical that the model
incorporate accurate acoustic and thermal properties
in order to maximize the likelihood of a safe and effi-
cacious treatment without the need for invasive or MR
thermometry. The PanDox trial therefore required a
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modified version of the validated TARDOX treatment
planning model to translate FUS exposure parameters
for hyperthermia from the liver to the pancreas. Unfor-
tunately, review of the relevant literature showed scarce
data availability for the pancreas, primary in bovine and
porcine samples 293"

Pancreas acoustic properties may influence candi-
date ultrasound-mediated therapies in several ways.
Sound speed contrast with surrounding tissues may
manifest through refraction and modest amplitude
changes in the transmitted sound. Attenuation may alter
the amplitude of the transmitted beam, although given
the depth of the organ, lower frequencies are likely to
be used for extracorporeal sources and the attenuation
losses should be modest through the relatively small
thickness of the organ. A greater effect may appear in
the linear heating rate for a target at a distance z inside
the pancreas:

g = 2al = (2a/pc) (p2) e=2% (1)

with defining parameters of density (p), sound speed
(c), time-average of the squared pressure transmitted
through the pancreas (pzT), attenuation («), and absorp-
tion (a). To first order, the latter two are approximately
equal, with the justification that the scattering contribu-
tion to total attenuation may be locally absorbed.3? For
numerical example, if the attenuation/absorption was
lowered from 0.10 np/cm to 0.05 np/cm without chang-
ing any other values, the heating rate would drop by a
factor of 1.81 for a 1-cm propagation distance through
the pancreatic tissue. By comparison, the sound speed
would not be expected to vary beyond 3%, and its
impact on Equation (1) is effectively neutralized between
the transmission coefficient for adjoining tissues and
the explicit speed in the denominator. The absorption-
driven change in heating rate will also be present in the
generation of radiation force per unit volume®® (F, =
a/c).

When the ultrasound field is nonlinear, the influence
of attenuation may be even greater due to enhanced
energy absorption at harmonic frequencies. This in turn
leads to increases in heating®* and force generation,3°
and in the case of boiling histotripsy, facilitates vapor
bubble formation from shock front heating3%3’ In
intrinsic threshold histotripsy,”® higher attenuation may
inhibit the ability to achieve the rarefactional pressures
required to initiate cavitation.

Given the potential impact of the acoustic proper-
ties on pancreatic therapies and the dearth of relevant
results in the literature, a study was undertaken to collect
data on freshly excised human tissues. This manuscript
describes methods for data collection, presents results
for sampled tissues, and demonstrates the impact of the
newly gathered information on both mild hyperthermic
and ablative therapies.

MEDICAL PHYSICS -2
2 | METHODS

21 | Protocol

Human pancreatic tissue samples from consented
patients were obtained post-surgery in co-operation with
a hospital pathology laboratory and tissue bank (project
number 19/A100, under Oxford Radcliffe Biobank
Research Tissue Bank ethical approval). Anonymized
resected specimens were provided within 3 h of exci-
sion and remained unfixed. They were first prepared by
a trained pathologist, initially with gentle palpation and
visual assessment. The organs were then stained to
mark key structures for later orientation during histologi-
cal evaluation and partially sliced for further examination
and biopsy collection. Slice separations were typically
10-20 mm thick, making for convenient cross sectional
ultrasonic scans (Section 2.3). Data collection was non-
destructive, and no additional procedures were required
from patients, surgeons, or pathologists.

2.2 | Instrumentation

A set of ultrasonic callipers®”-3® (Figure 1A) was devel-
oped for characterizing attenuation and sound speed.
The design features a pair of %4” diameter, 3.5 MHz
centre frequency unfocused transducers (Panametrics
V384, Keymed, Southend-on-Sea, UK) that are coax-
ially aligned when mounted on linear digital calipers
(CD-15DAX, Mitutoyo, Andover, UK). During each mea-
surement, one of the transducers was driven with a
pulser/receiver (Panametrics 500PR, Olympus NDT),
and the signal transmitted through the material sample
was received with the other transducer. Received signals
were amplified and filtered by the pulser before digitiza-
tion on a USB oscilloscope (HS5, TiePie Engineering,
Sneek, Netherlands) and storage on a laptop computer.
Acquisition timing was triggered using the sync output
from the pulser. Sample surface temperature was mon-
itored with a K-type thermocouple integrated into the
caliper system and tracked using a digital thermome-
ter (model 52 Il, Fluke, Stockton-On-Tees, UK). Material
sample thicknesses were reported by the calipers with
0.01 mm resolution.

The use of short, broadband pulse signals pro-
vided by the ultrasonic pulser was expedient relative
to making equivalent measurements with a series of
tone pulses whilst eliminating potential complexities
from reverberation. The combined compactness of the
system and the speed with which a data set could be
collected were both highly advantageous for enabling
this study to take place in a busy pathology department
that needed to process and store samples with minimal
interruption. The pulser was driven at its lowest level
to minimize the likelihood and influence of nonlinearity
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FIGURE 1 Instrumentation for (A) caliper and (B) long path measurements. The sample and the transducers are all immersed in a warm
water bath (not shown). Digitizer signals were saved on a laptop computer for subsequent analysis.

on the measurements, as assessed by reviewing the
signals in water. Calibration of the transmitted field in
water with a needle hydrophone showed peak negative
pressures no larger than 0.17 MPa.

2.3 | Measurement procedures

Once sectioning and sampling were completed by the
pathologist, the pancreas specimen was placed in a bath
of warm tap water maintained between 36-38°C as
monitored with a digital thermometer (TP3001, METRIA,
China). The pancreas was allowed to acclimatize for
at least five minutes. It was lightly palpated to purge
any gas released due to autolysis, although in practice,
evidence of gas was rarely seen. A section of tissue
was placed between caliper-mounted transducers, gen-
tly agitating to dislodge any trapped air, and taking care
to avoid any punch biopsy sites (where tissue had been
removed).

Transmission data through the tissue was collected,
noting the tissue temperature and sample thickness
for each reading. All measurements were performed in
pairs, with each tissue acquisition followed by a com-
panion measurement in the bath water using the same
distance between transducers. Collection of data to
include a reference water path allows for minimization of
internal system biases in the calculation of sound speed

and attenuation that may otherwise be present if making
absolute level measurements with the tissue samples
alone. The water was refreshed when the temperature
fell below physiological range or when the presence of
tissue debris interfered with the signal path.

2.4 | Data processing

Sound speed estimates for each sample were calcu-
lated as a function of frequency using:

-1

e ()= (Vo + ) @

where ¢4t is the water sound speed at the measured
temperature, found from a published speed-temperature
relation®® h is the sample thickness reported by the
callipers, and Af,, is the delay between the water and
tissue received signals. This delay is found from a
cross correlation of both signals after filtering with a
1-MHz bandpass of center frequency f,,. The filtra-
tion step is intended to mitigate timing errors due to
degraded signal coherence that could arise from cor-
relating unattenuated (water) and attenuated (tissue)
signals. Calculations were performed for a range of
center frequencies spanning the receive band of 2.1 —
4.5 MHz in 100 kHz steps. In practice, the frequency
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dependence was found to be negligible, and for this rea-
son sound speed is reported as a band average for each
sample.

The frequency range mentioned above was applied
across all data sets as a trade-off between errors at the
ends of the band, where there is already signal roll-off
due to the finite bandwidth of the transducers. At higher
frequencies, thicker samples will have poor signal to
noise ratio, and at low frequencies, thinner samples will
be insensitive to the small through-transmission losses.

Attenuation estimates for each sample were made as
a function of frequency using the magnitude ratio of the
water Sy4t0,(f) and tissue Sys5e(f) signal spectra:

Aissue (F) = In (|Swater (f) /stissue (f)l) /h+ ayater (F) (3)

where a,,q:-(f) is the attenuation in water*? The signal
spectra are calculated with a Fourier transform after high
pass filtering at 300 kHz to remove any DC offset and
windowing around the direct path to minimize noise in
the pulsed signal analysis.

The attenuation spectra were fitted to a power law
expression ( az = apf") both to extend the data lower
in frequency to the fundamental of the PanDox system
(model JC-200 with 0.96 MHz, 200 mm diameter, fixed
focus source, Haifu Technology Company, Chongqing,
China) and to numerically check for evidence of trapped
gas or other strong path aberrations. Fit functions with
R? values above 0.88 were retained as an automated
analytical means of excluding aberrant measurements.
Data failing this criterion reliably showed acute spectral
features that suggested strong internal scattering which
could be explainable by entrapped gas rather than any
configuration of aqueous/fibrous tissue.

2.5 | Caliper nearfield simulations
Ultrasonic measurements of acoustic properties are
often performed in the acoustic far field of the transduc-
ers employed®®*' by introducing water or agar standoffs
between the sample and transducer faces. In the current
study, the samples were placed in direct contact with
the transducer faces in order to keep the device more
compact and easier to deploy in the hospital pathology
lab where measurements were made. This configuration
therefore placed the samples in the transducer nearfield.
With the aim of quantifying what errors may therefore
be encountered, the behavior of the transmit-receive
measurement system was simulated numerically.

The transmit and receive transducers were modelled
as circular baffled pistons with equal radii. The pres-
sure field produced by the transmitter was evaluated
in the frequency domain using a scaled version of
the frequency-domain Rayleigh integral,*? with leading
terms irrelevant to the frequency dependence of the
results omitted:

TABLE 1 Material parameters used in nearfield simulations.
Medium c (m/s) a (np/cm)¢
Water, 37.0 C 1524 0
Pancreas, normal® 1550 0.067 f 1-51
Liver tumour® 1568 0.100 f 147
Generic tissue 1540 0.060 f 1-00
Fat-like phantom® 1469 0.035 190
aBased on preliminary results from this study.

PRef. 33.

°Unpublished data.
9Frequency in MHz.

g(x2) = / / V(xe, ys) R-1eMRe~Ralxydy,  (4)

where x and z are lateral and axial field coor-
dinates, respectively, v(xs, ys) is the normal veloc-
ity on the surface at z;=0, k=2xf/c=w/Cc is
the acoustic wavenumber, «a is attenuation, and R =

\/(xS - x)2 + (Vs — y)2 + 22 is the slant range between
each point on the source and each field computation
location. Taking the velocity distribution to be uniformly
unity makes Equation (4) an integration over free space
Green’s functions in an attenuating medium. The field
points (x, z) were computed on the face of an equally
sized circular piston parallel and co-axial to the source,
noting that the axisymmetric nature of the field does not
require additional computations for y # 0.

Calculations were performed for the cases listed
in Table 1 and consisted of a 37°C, lossless water
reference case used for calculation of attenuation
and sound speed in combination with simulations per-
formed in materials emulating tissue and phantom
values. Spatially integrated values in water (p,aze,) and
tissue/phantom materials (p,,5;) were then used to esti-
mate speed and attenuation at each source-receiver
separation distance z = h:

Amat (f,Z) =1In (|gwater (f, 2) /Gmat (F, Z)l) /h (5)
Crat (f2) = (Vcwate, — @ (Qwater (£2) /Gmar (1, 2)) /wh)_1 (6)

where ¢(-) indicates the unwrapped phase angle of the
water and material complex spectra.

The availability of this model allows for sample-
specific correction for diffraction effects, if warranted.
Specifically, the above calculations can be used to define
a correction factor y between the calliper-generated
estimates and the actual material parameters:

Y (£2) = amat (f, 2) /acalliper (f, 2) (7)
So that the diffraction-corrected measurement is:

Kcalliper, diffcorr (fz)=y(f 2) Kcalliper,meas (f2) (8)
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2.6 | Validation experiment

A series of tissue phantom experiments was performed
to validate the proposed methods. An agar-based phan-
tom seeded with silicone carbide and aluminum oxide
particles was chosen for its soft tissue-representative
speed, attenuation, and scattering properties*> Sam-
ples were prepared by pouring into a single cylindrical
mold and subsequently cutting the cured cylinder into
three disks of thickness ranging from 14 —21 mm, which
were typical of the range encountered with the human
pancreatic samples.

The samples were first interrogated with a ‘long path’
configuration shown in Figure 1B. This configuration
consisted of a 12.7 mm diameter, 2.25 MHz center fre-
quency unfocused transducer (Panametrics V306) used
as a source, and a coaxially-aligned needle hydrophone
(200 um, Precision Acoustics, Dorchester, UK) placed
18 cm downrange. The use of a long water path
between the source and the sample was intended to
reduce incident field complexity, and the use of a needle
hydrophone was intended to minimize receiver spatial
integration. In the absence of any sample, a planar scan
was performed with the hydrophone at a distance of
15 cm from the source to confirm the smoothness of the
pressure amplitude and phase where the samples would
subsequently be placed. For each sample, through-
transmission data were collected at three independent
sites. Caliper and ‘long path’ data were processed using
the expressions in Section 2.4.

2.7 | Therapeutic ultrasound simulations
The impact of the measured pancreas properties on
ultrasound mediated heating was assessed using a
combination of linear and nonlinear finite element cal-
culations based on the operation of the JC-200 clinical
HIFU system employed for targeted drug delivery?® and
ablation* studies.

For assessments of mild hyperthermia, a clinically
validated planning model was utilized?’ having been
recently modified for examining technical challenges
in the treatment of pancreatic tumours*® Briefly, a
three-dimensional acoustic model (Figure 2A) was con-
structed in PZFlex (v2015, OnScale, Redwood City, CA)
based on segmented contrast CT image data from
one patient, and the linearly propagating pressure field
resulting from sonication with a 0.96 MHz, 200-mm
diameter, 170-mm radius of curvature source was cal-
culated. For the relatively low powers (30-50 W) and
resulting focal pressures used for mild hyperthermia,
nonlinear contributions are minimal and were neglected.
Therefore, the linearly calculated pressures were used
to determine heat generation terms from:

G =2aly, 9)

1 / )
lha = dt 10
pa 0ty /iy P (10)

where the intensity /,, is calculated over the record
time 7 containing a single pulse of duration 7,. Here,
the attenuation is taken at the fundamental frequency
of the HIFU system (0.96 MHz). The heat generation
terms in Equation (9) were then applied to a bioheat
transfer*® finite model calculation in PZFlex, where tem-
perature elevations were found for a 20-ms drive pulse
corresponding to the shortest employed with the clini-
cal system. The resulting temperature fields were used
to simulate moving beam hyperthermia in an elliptical
target volume with PDAC properties using procedures
described previously*® The final form of the simulation
is a volumetric temperature history from which cumula-
tive metrics were computed to describe the median tem-
perature (Tso) as well as the temperature exceeded in 10
and 90% of the treatment volume (T g, Tgg, respectively).

To simulate thermal ablation treatments where non-
linear contributions to heating from harmonic absorption
are expected, the JC-200 source model was driven with
an input power of 300 W in a nonlinear formulation of
PZFlex utilizing a simplified axisymmetric layered tis-
sue geometry (Figure 2B). The use of an axisymmetric
model enabled the calculations to run with a mesh suffi-
cient for capturing high frequency harmonics on existing
computational hardware in a manageable time frame.
Although clearly lacking the spatial complexity of the
linear 3D model, the emphasis here was on the impact
of local tissue properties which could be captured for
this fixed (rather than scanning) beam scenario. Heat-
ing terms were calculated using frequency-integrated
intensities and attenuation power law fits up to the
6th harmonic, where the mesh density of 14 um was
confirmed to be adequate through evaluation of conver-
gence, and beyond which the contributions to heating
were less than 1%. The property values used for all
therapeutic simulations are listed in Table 2.

Finally, for higher power drive conditions required for
boiling and intrinsic threshold histotripsy, axisymmet-
ric pressure and heating rate calculations were carried
out using the HIFUBeam*’ nonlinear ultrasound simu-
lation code. Here, the source and tissue configurations
were the same as used for thermal ablation simulations,
with the exception that the pancreas and PDAC struc-
tures were implemented as planar layers defined by the
outer envelopes of the elliptical shapes in Figure 2B
(20 mm PDAC tumor thickness within a 30 mm thick pan-
creas layer). These simulations were intended to assess
changes in required input power to reach a desired pres-
sure as the pancreas ultrasonic properties were varied.
As these models represent all materials as fluids, they do
not include shear stiffness effects on probability of cav-
itation or bubble growth,*® although the former appears
to be minimally sensitive to background elasticity*°
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Model geometries for simulation of ultrasonic fields and resulting heat generation. (A) Central slice through the 3-D linear model.

In this model, the spleen and duodenum were given properties of the fluid background for simplicity. (B) Axisymmetric nonlinear model. Red
dashed lines indicate the outer ‘cone’ of the FUS field, and the PDAC target is outlined in dashed black.

TABLE 2 Properties used for acoustic and thermal simulations.
Sound Thermal Specific
Density Speed Attenuation B/A Conductivity Heat Perfusion

Tissue (kg/m3) (mls) (np/cm) (-) (W/m/°C) (J/kg/°C) (kg/s/m?)
Pancreas

Literature, Normal 108750 159129 0.091 f1.1330.31 8.0° 0.45851:52 3188°" 14.95%-57

Literature, Tumour 108750 159129 0.091 f1.1330.31 8.0° 0.47852 3188°" 5.253-57

Human, Normal 108750 1547.82 0.074 f 1422 8.0° 0.45851:52 3188°1 14.953-57

Human, PDAC 108750 1546.42 0.060 £ 1652 8.0° 0.478% 31885 5.253-57
Abdominal muscle 105058 154758 0.59 f 1-5359-61 7.862 0.5563 352463 0.48%
Abdominal fat 950%8 147858 0.59 f 1-5359-61 9.965465 0.1953 235363 0.56%3
Skin 112058 161358 1.57 f1.0058 7.8756 0.4087 339150 0.00
2This study.
bAssumed value in the absence of available data.
TABLE 3 Material parameter estimation results.

Sound speed Attenuation
Actual Calliper Actual Caliper

Medium (ml/s) (mls) Error?(%) (np/cm) (np/cm) Error? (%)
Pancreas 1550.0 1550.0 3e-3 0.067 f 1:51 0.063 f 1:54 2.9
Liver tumour 1568.0 1568.1 5e-3 0.100 f 147 0.092 f 1:52 3.6
Generic tissue 1540.0 1540.0 2e-3 0.060 f 1-00 0.056 f 103 3.7
Phantom 1469.0 1469.0 6e-4 0.035 190 0.037 £ 1:66 22

2Error is averaged for sample thicknesses between 10 and 20 mm.

3 | RESULTS

3.1 | Caliper nearfield simulations

Simulated examples of caliper attenuation and sound
speed estimation errors are summarized in Table 3 and
shown in Figure 3 for the media listed in Table 1. For
sample thicknesses in the 10—20 mm range, where most
measurements in this study were performed, the atten-
uation estimation error ranges from 4.4—1.9% for the
human pancreas case and is consistently biased below

the actual values. Sound speed errors were much lower
and appear to be negligible.

Similar outcomes were seen across the simulated tis-
sues in Table 3. For the pancreas, liver, and generic
tissue cases, the effect of the nearfield caliper measure-
ments is to slightly elevate the frequency exponent and
slightly decrement the attenuation coefficient. The trend
is reversed for the ‘phantom’ case, whose sound speed is
more indicative of fatty tissue. Although all the errors are
small, suggesting that “nearfield effects” are limited in
this configuration, it was judged preferable to remove the
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FIGURE 3 Attenuation and sound speed estimates and errors in a homogeneous medium mimicking normal human pancreas. (A)
Attenuation estimates as a function of frequency for two tissue thicknesses. Frequency averaged estimation error (B) as a function of sample
thickness, where a negative value means that the estimated attenuation was lower than the actual value. (C) Sound speed estimates as a
function of frequency for the thicknesses in (A), and corresponding estimation errors (D). Legend values in (A) and (C) are root-mean-square
errors between actual and estimated attenuation over the full frequency range.
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FIGURE 4 Tissue phantom attenuation estimates. Dashed lines
and open circles indicate mean values (N = 9), while error bars
show + 1 standard deviation. The hydrophone and caliper data sets
covered different transducer frequency ranges (see Sections 2.2
and 2.6).

biasing errors seen here by using the correction process
described in Section 2.5.

3.2 | Validation experiment

Results of the validation experiment are shown in
Figure 4, where the attenuation in a tissue mimicking
phantom is displayed as a function of frequency for ‘long

path’and calliper-based measurements. The root-mean-
square differences between measurement types were
found from:

€=rms (1 - <x(f)caliper/Oc(f)longpath) (1 1)
and were 6.7% with processing as described in Sec-
tion 2.4, reducing to 2.4% with a diffraction correc-
tion using the measured sound speed. Sound speeds
(mean =+ standard deviation, N = 9) were 1527.8 + 1.9
and 1524.0 + 1.5 m/s for the long path and calliper
measurements, respectively, corresponding to a mean
difference of 0.25%. These results serve to validate

the proposed methods for calliper measurement and
diffraction correction.

3.3 | Patient specimen information

A total of 23 surgical specimens were available for this
study (Table S-1), of which 20 contained pancreas tissue
initially thought to be suitable for ultrasound measure-
ments. The mean patient age was 67 years and mean
BMI (Body Mass Index) was 26.23 kg/m?, consistent
with clinical experience and published data on char-
acteristics of the average patient undergoing resection
for pancreatic cancer®® The specimens had a vari-
ety of background pathologies including PDAC, Neu-
roendocrine tumors, PanIN (pancreatic intra-epithelial
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FIGURE 5 Pancreatic tissue sound speed estimates for ‘Distal’

and 'PDAC'’ tissue groups. Within each tissue group, symbols indicate
individual patients, where colors and shapes were changed for ease
of visualization. Solid horizontal lines indicate group means,
displayed numerically at the bottom of the plot along with the
standard deviation, number of measurements (N), and number of
patients (M). The dashed black horizontal line is the literature value
for ovine pancreas from Ref. 20.

neoplasia) and IPMN (Intraductal papillary mucinous
neoplasm). However, the final pathologist reports clas-
sified 16 of the tumors as PDAC. Of these, two were
not adequate for ultrasound data collection due to their
small size and irregular geometry, and data were not
successfully collected due to operator error in two other
cases. Data from the small remainder of non-PDAC
tumor cases did not meet the post-processing accep-
tance criteria, and there were no specimens deemed
‘normal’. Results are therefore presented in two tissue
groups: ‘PDAC—consisting solely of confirmed PDAC
tumor tissue, and ‘Distal—consisting of tissue at least
1 cm from the tumor periphery and having no visible or
tactile pathology.

As expected for surgically resectable PDAC, most
tumors were located in the head and ampulla and were
at an early T stage (maximum diameter less than 4 cm.)
Between 2 and 15 measurements were made per spec-
imen depending primarily on the quantity of available
tissue, with the calipers moved to a new location for each
measurement. Across the full data set, the mean and
median tissue thicknesses interrogated by the calipers
were 15.3 mm and 12.1 mm, respectively, spanning a full
range of 5.4-65.9 mm.

3.4 | Sound speed

Sound speed data averaged over the 2.1-4.5 MHz anal-
ysis band are shown in Figure 5. Group mean values
were within 1.4 m/s of each other, without a statisti-
cally significant difference. All but one of the sample
values was below the lone literature report?® shown
with the dashed black line. A notably low departure was
observed in the ‘PDAC’ group for a sample designated

by the examining pathologist and visibly confirmable as
‘fatty’. This sample had a sound speed of 1451.4 m/s.

3.5 | Attenuation

Attenuation coefficients and frequency exponents are
shown in Figure 6. Visibly there is much greater
spread in the attenuation data as quantified by mean-
normalized standard deviations: ~1.6% for sound speed
and 43.9% for attenuation coefficient in the PDAC group.
The effect of diffraction correction (Figure 6B,D) is to
raise the attenuation coefficient by 10.0-13.9% for the
Distal and PDAC groups, but the majority of the data
points remain below the range of the prior literature.
There was no statistical significance between the tissue
groups.

In contrast to the attenuation coefficients, frequency
exponents decreased after diffraction correction, again
consistent with the results in Sections 3.1 and 3.2. PDAC
tissues have higher exponents, and the trend is for the
present study values to generally exceed those in the
pancreas literature.

Fitting a power law for each of the three data groups
after diffraction correction yields the summary results
shown in Figure 7 and listed in Table 2. Note that at
1 MHz, each power law fit will yield the attenuation coef-
ficient value, so the low frequency fit projections are
consistent with the human data that was characterized
by lower attenuation coefficients than in the literature.
All data fits had R? values exceeding 0.998. Again,
the human data have lower attenuation coefficients
and higher frequency exponents than the literature
values.

The two prior pancreas studies have notably diver-
gent trends, with data from the present study most
closely resembling the results from Ref. 31 The lit-
erature average (0.091 f 773) yields an attenuation
coefficient substantially larger and a frequency expo-
nent substantially smaller than the values from the
present study. These differences have important impli-
cations for ultrasound therapies, as discussed in the next
section.

3.6 | Acoustic and thermal simulations

Acoustic and thermal simulations were carried out
using ‘Distal’ group properties to represent ‘normal’
pancreatic tissue, and ‘PDAC’ group properties for the
tumor target. Results of mild hyperthermia simulations
are shown in Figure 8, where the HIFU system input
power was set with the goal of reaching a median tem-
perature elevation of 41.0°C in the target volume and
under the assumption that literature values were correct
(taken here as sound speed from ref. 29 and the mean
attenuation of Refs. 30, 31). Temperature elevations
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Pancreatic tissue attenuation frequency dependencies for (A) ‘Distal’ and (B) ‘PDAC’ tissue groups, shown with available

literature values. Solid lines are in the measurement range of each study, and dashed lines are extensions using the power law fits down to
1.0 MHz. Results are displayed in log-log format to improve visualization at lower frequencies. Legend entries include power law fits (np/cm).

after a single 20-ms ultrasound pulse (Figure 8A) show
a weaker effect with the human properties than with
the literature, as expected from the lower attenua-
tion/absorption at the drive frequency of 0.96 MHz. The
variability in the human PDAC data set is evident in the

range of elevations when assuming human properties
within one standard deviation of the mean, and the “+
std”case is nearly equivalent to the literature mean. Peak
temperatures occur ~2.5 mm short of the geometric
HIFU focus because of refraction in the tissue path.

5U80| 7 SUOWIWOD 3AIEaID 3|qedljdde au Aq pausencb a1e sajolie O ‘8sn 4O Sa|nJ 10} Areiqi8UlUO A1 UO (SUOIPUOD-PUE-SLUBYW0D A 1M Ale.q)1BUI|UO//:SANY) SUORIPUOD PUe swid 1 8Ly 88S *[202/50/02] Uo Ariqiauliuo A8|im ‘881 Ad 2z99T dw/z00T 0T/I0p/w0d A im Are.q i puljuo-widee// sty wouy papeo|umod ‘g ‘v202 ‘602vELrZ



PANCREAS ULTRASONIC PROPERTIES

MEDICAL PHYSICS 22

(a)
20 T
human mean, 0.59°C
15 — — —human mean - std, 0.37°C
————— human mean + std, 0.78°C
10 === |iterature mean, 0.81°C

(¢)]

Anterior-Posterior (mm)
o

0.2 0.4 0.6 0.8
AT (°C)

FIGURE 8

(b)
441 human mean, 39.8°C
| — — —human mean - std, 38.8°C
430 |——o human mean + std, 40.8°C
m—— |iterature mean, 41.0°C
42t
8 417 &
T3} L
- 40
39 e,
el e ARAAANAT AN
™ N N\
38t
37 FUScyclei | [ FUScycle2 | |

0 2 4 6 8 10
Time (minutes)

Linear 3-D simulations of ultrasound-mediated mild hyperthermia. (A) Anterior-posterior temperature elevation along the lateral

centerline of the model after a single 20 ms exposure, with peak values in the legend. (B) T50 histories over two treatment cycles indicated by
orange bars. Cycle 2 mean Ty values are listed in the legend, and the dashed green line indicates the threshold for drug release from
ThermoDox®. This figure is an update to Figure 7 of Ref. 45 now using the full pancreas data set with diffraction-corrected attenuation.
Literature mean refers to the mean of Refs. 30, 31 for attenuation and using sound speed from Ref. 29.

These trends translate directly to the median tempera-
tures in the treatment volume after two cycles of moving
beam hyperthermia as shown in Figure 8B. While the
literature-based simulation reaches the target tempera-
ture of 41.0°C, the human mean simulation has a cycle-
2 mean Tsg of 39.8°C, which is just above the ThermoD-
ox® release threshold (39.5°C). Therefore, assumption
of literature mean values in these simulations could
result in conditions that are borderline sufficient for drug
release. The range of outcomes resulting from a single
standard deviation of the human data span minimal (*-
std”) to ideal (“+ std”) drug release conditions.

Results from the nonlinear heating simulations show a
more nuanced picture. The spatial peak pressure spec-
tra in Figure 9A show strong harmonic generation, as
expected. The higher harmonic levels in the human set
suggest that nonlinear generation occurs at the focus
rather than in the path, since the human pancreas atten-
uation of the fundamental is lower and yields a higher
pressure at the target. The spectrum data are cut off at
6 MHz because for the prescribed drive power of 300 W,
harmonics at higher frequencies contribute less than 1%
to the power deposition (§) (Figure 9B) at any spatial
location.

The power deposition spectra in Figure 9B show the
human data to have a weaker fundamental contribution
to heating and a stronger harmonic contribution, which
in turn implies a physically narrower heat deposition pat-
tern. This is verified in the thermal contours (Figure 9C)
calculated at the end of the ultrasound exposure time.
While both property sets yield similar peak temperatures
(82.1 vs. 81.2°C, respectively for human and literature),
the human data give a substantially smaller 60°C spot
volume (2.2 vs. 3.7 mm?3, respectively). This suggests
that lesion volumes would be smaller than expected if

taking the literature mean property values to be correct,
and the discrepancies could be greater if higher system
drive powers were used. Note that refraction shifting of
the heating pattern in these examples is weaker than in
the 3D models because of the reduced path complexity
in the nonlinear calculations.

Results of the higher power simulations related to
histotripsy are shown in Figure 10, where the dif-
ferential effects of changing tissue properties are
muted compared with earlier hyperthermia examples. In
Figure 10(A/B) the source drive power was set to provide
pressures that were appropriate for histotripsy via boil-
ing or shock front scattering, while the power specified
for Figure 10(C) was intended to provide a peak negative
pressure capable of intrinsic threshold histotripsy.

The change from literature to human average prop-
erties slightly (~14.7%) reduced the peak positive
pressure and had no meaningful impact (<1%) on the
size of the peak negative pressure for either of the
drive powers evaluated. The fields appear to be satu-
rated, as the driving pressure ratio between 10(A) and
10(C) was 2.2, but the peak pressure ratio was 1.4 for
both tissue sets. In Figure 10(B) the peak heating rate
at 1 kW was 23.4% lower with human properties than
with the literature values — closer to the literature result
than in the linear heating example (34.1%) -and illus-
trative of the impact of the higher attenuation exponent
in the human data set. This is also the cause of the
suppressed diffraction shock peak*’ 5 mm proximal of
the geometric focus in Figure 10(C). Overall, it appears
that the effects of attenuation changes from literature to
human (stronger expected shock absorption) may have
been partially offset by the changes in sound speed
(weaker nonlinear waveform enhancement®) for this
particular long-focus source geometry and propagation
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pressure. (B) Power deposition spectrum (q) corresponding to the pressures in (A). (C) Temperature contours at 60°C after 300 W exposure,
with spot volumes noted in the legend. Literature mean refers to the mean of Refs. 30, 31 for attenuation and using sound speed from Ref. 29.
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FIGURE 10 Nonlinear simulations using human and literature mean acoustic properties. (A) Envelopes of on-axis peak pressures for

1.0 kW source drive power. (B) Power deposition corresponding to (A). (C) Envelopes of on-axis peak pressures for 5.0 kW source drive power.
The displayed depth range bounds the pancreas, and green shading bounds the tumor. Depths are shown relative to the HIFU geometric focus.
Literature mean refers to the mean of Refs. 30, 31 for attenuation and using sound speed from Ref. 29.

environment. This is in contrast to the thermal therapies,
whose results were predominantly modified by atten-
uation. Further studies are needed to understand the
impacts over a broader range of target depths, tumor
sizes, and source configurations.

4 | DISCUSSION

This study shows that the sound speeds and attenua-
tion coefficients in pathological human pancreata were

lower than data available in the literature for large
animal samples (Figures 5-7), highlighting the need
for well-documented and validated measurements on
human tissues to be targeted in candidate therapies.
The impacts on ultrasound-mediated heating varied
by application, with the lower attenuation coefficients
leading to reduced heating rates in mild-hyperthermia
simulations near 1 MHz (Figure 8) and the higher fre-
quency exponents leading to reduced thermal spot sizes
in nonlinear ablation simulations (Figure 9) where heat
deposition is strongly impacted by harmonic absorption.
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There are a great many ways in which methodologi-
cal differences and measurement errors can contribute
to differences in reported tissue property values’°
The processing, validation, and diffraction correction
methodologies employed in this study (Figure 4) are
intended to give the most accurate results possible with
a physically compact system that is suitable for data
collection in a busy hospital laboratory environment.

The lone pancreas sound speed data in the
literature?® were collected at 100 MHz for ovine samples
examined at 23—26°C. Sample thicknesses were on the
order of 0.1 mm, although it was separately reported
for this technique’® that thickness could only be mea-
sured within 10%, and by using such thin specimens,
the heterogenous nature of the tissue may not be fully
appreciated.”! In the present study, measurements were
conducted at physiologic temperature and with thick-
ness measured to within less than 1% of the smallest
samples collected (5.4 mm).

Two prior literature sources have reported pancreas
attenuation data. In the first?? the incident field was
transmitted through bovine samples at 1.4 MHz and its
3rd, 5th and 7th harmonics in turn as part of a radia-
tion force-based measurement system. There was no
report of the spectral purity of the transmissions, which
is important since the radiation force measurement inte-
grates all spectral components and could be skewed
by inadvertent harmonic generation. The reported data
fit of 0.119 f %78 (np/cm) was notable for its unusu-
ally small frequency exponent relative to the soft
tissue literature. There was no report of methodologi-
cal validation, and measurements were made at room
temperature (24°C).

In the second source for pancreas data®' the field
incident on the porcine tissue samples was swept over a
broad range of frequencies, allowing analysis in 0.1 MHz
bands. Tissues were placed in a sealed bag and hung
between transducers, but it was unclear what thickness
was measured or to what accuracy. The process for
including data in group averages was subjective and
based on the user’s interpretation of consistency with
the set as a whole. By contrast, the present study used
a user-independent calculation to assess measurement
validity, and thickness measurement was made directly
on the sample during ultrasound exposure. That report
also featured data for one human pancreas whilst noting
that it was very difficult to determine sample thickness,
and the results are therefore not thought to be reliable.

The existing literature values were taken on tis-
sues within 3—5 h post-mortem. Our results were
collected within a similar timeframe and therefore cannot
account for the differences in acoustic values. Studies
of short-term post-mortem changes in acoustic proper-
ties suggest a minimal impact®” and therefore we would
expect our results to reflect in vivo measurements. How-
ever, there will always be uncertainty with ex vivo data
without direct validation on human tissues in situ.

The differences between the human and large ani-
mal data may perhaps be explained by a difference in
composition between the human organs in our samples
and that of the healthy mammalian organs. A high-fat
diet is a known risk factor for pancreatitis and pancreatic
cancer, and pancreatitis was reported in the background
tissue of several organs in our study. We observed a
lower sound speed in one organ noted to have a par-
ticularly fatty histological appearance and it is certainly
possible that all our human specimens had a higher fat
content than that of the animal samples in the existing
literature. Hydroxyproline concentration, as a surrogate
marker for tissue protein content, has been measured in
other studies involving mammalian tissues and no statis-
tically significant relationship with frequency-dependent
ultrasonic attenuation coefficient was observed.®° It may
be that the type of protein, rather than total protein con-
tent,is more important as relative proportions of globular
and structural proteins may correspond to ultrasonic
propagation properties.’?

Within our data we found no significant difference in
speed or attenuation between PDAC and Distal tissue
groups (Figures 5 and 6). This is consistent with work
comparing distinct pancreatic regions, where similar
sound speeds were measured in soft exocrine pancreas
and firmer Islets of Langerhans2° Future work should
include quantification of total protein, collagen and fat
content to accompany acoustic property data collection.

The attenuation data in our study showed substan-
tial variation (Figure 6), with mean-normalized standard
deviations on the order of 50%, which is higher than
reported in a recent study on liver tumor and peritumoral
tissue*' showing mean ranges of 30%—44%. This,along
with the trend toward higher attenuation frequency expo-
nents in the pancreas data sets may be attributable
to the relatively high morphological complexity in com-
parison to liver. There may be a comparable effect
when comparing different sections of kidney.>° but more
effort is needed to understand the observed trends. The
limited sample size in this study may also have con-
tributed to the noted variability, although a high degree
of variation was also observed within individual patients.

The large range in measured attenuations raises a
question of the data’s value for treatment planning. Cer-
tainly, patient specific in vivo estimates would be best,
but in their absence, an awareness of the property
averages and ranges could still allow for justifiable sce-
nario planning, particularly for thermal therapies. Clinical
experience®® and related simulations?”-*° have shown
that mild hyperthermia of tumor target volumes is rel-
atively tolerant of local tissue property variability. This
is thought to be because the heat deposition at any
one sonication location is not solely responsible for
sustained heating of that location—instead heating is
provided over most of the exposure time by diffusion
from neighboring regions. In a spatial and temporal aver-
age sense, the importance of local tissue properties
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tends to be reduced for this type of therapy, but the
large range of measured attenuation values suggests
a greater need for temperature monitoring in pancreas
treatments than for those in the liver?® By contrast,
ablation therapies that treat a volume through a series
of fixed position sonications may be more sensitive
to the local tissue properties. However, the efficacy of
these methods can be more readily tracked with exist-
ing real time modalities such as B-mode (via echo
enhancement) or MR thermometry.

The diffraction correction applied during data pro-
cessing adds negligible time to the computations and
appears to yield improved results in a homogeneous
tissue phantom (Figure 4). However, potential compli-
cations of making measurements in the transducer
nearfield remain. Refraction, diffraction and scattering
effects in real, complex tissue structures could influ-
ence any measurement whether in the nearfield or not,
and every system leaves its ‘fingerprint’ on the collected
and processed data.*? The significance of tissue struc-
ture and application of diffraction (or other) corrections
for tissue property measurements are the subjects of
ongoing research.

As simulated in this study, mild hyperthermia relies pri-
marily on the fundamental frequency for heating, and in
the case of the JC200 clinical system, the attenuation
differences at 0.96 MHz were considerable in com-
parison to the literature (Figure 7) and led to reduced
heating with the human values. A different choice of
fundamental frequency may show a weaker or stronger
influence of tissue properties whether from our study or
the literature. For example, at 5 MHz—a frequency rele-
vant for endoluminal devices,'” the attenuation values
would project to 0.56 and 0.84 np/cm for the litera-
ture and human PDAC average data sets, respectively.
The 50% higher human attenuation would enhance path
and local absorption while reducing transmitted inten-
sity to the targeted region. These effects may largely
offset each other in a linear thermal scenario, leading
to a net reduction of heat deposition rate 1-cm into
the PDAC target of only 17% when using the human
properties. For nonlinearly enhanced thermal ablation,
the higher human data frequency exponent would likely
counteract the linear trend above and lead to more
pronounced and spatially concentrated heating from
harmonic absorption at the target.

In contrast, pancreas ultrasonic properties had a rel-
atively minor impact on pressure field generation for
histotripsy, especially in the intrinsic threshold scenario.
Even if this had not been the case, cavitation emissions
generated by this class of techniques may provide the
basis for treatment guidance’®’% and safe ramping of
drive powers to generate the desired effects.

The mild hyperthermia calculations in this study
were motivated by concepts for ultrasound-mediated
drug release from thermally sensitive liposomes, where
temperature-related effects on the quantity of bioavail-

able drug and its distribution are of interest. As the
temperature is lowered towards the liposome release
threshold, lower amounts of bioavailable drug will
become available, as was quantified in simulations and
measurements of ultrasound mediated hyperthermia in
a rabbit thigh model that considered perfusion, transvas-
cular transport, and intracellular uptake.®> Treatments
suffering from incomplete drug release at lower temper-
atures may also lose therapeutic synergy from increases
in perfusion and permeability of tumor vasculature’® at
42°C.

In the case of overheating to higher temperatures,
there is increased risk of vascular shutdown,”” which
would inhibit transport of free drug to the targeted
cancer cells. These factors have motivated the devel-
opment of MR-guided control algorithms which can
provide highly precise and stable temperature control
in targeted regions, as recently demonstrated in muscle
tissue of a porcine model.”® The degree to which such
enhanced temperature control translates to improved
therapeutic outcomes in the pancreas is currently
unknown.

In the absence of available data, the high-power simu-
lations employed for thermal and mechanical ablation all
used a single assumed value for the parameter of non-
linearity. Future investigations of high power treatments
should include measurements of this parameter for the
targeted and peripheral tissues, and notably, the basic
caliper design used in this study was originally intended
for that purpose.®’

Finally, the histotripsy simulations were presented
to demonstrate limited examples of material property
impacts, but these calculations certainly do not span
the range of clinical possibilities. For example, boil-
ing and intrinsic threshold histotripsy systems may
operate at considerably different frequencies’ than
the 0.96 MHz value used here, and their vastly dif-
ferent pulse lengths may lead to distinct nonlinear
pressure waveform shapes.”® Moreover, the material
assignments for each tissue were defined as homo-
geneous within planar layers, which is a convenient
but restrictive approach, especially when the results
may be sensitive to refraction in the propagation
path. More detailed and accurate models are of inter-
est across the fields of radiology and oncology with
the aim of accurately representing real treatment
scenarios.

5 | CONCLUSIONS

Ultrasonic characterization measurements on human
pancreatic tissues were performed using validated
experimental and post-processing procedures and
indicated generally lower sound speeds and attenua-
tion coefficients and higher power law exponents than
the available large animal literature. In the resulting
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simulations, the reduced attenuation coefficient led to
substantially reduced ultrasound heating in a linear
regime, the elevated frequency exponent led to a sig-
nificantly reduced spot size for thermal ablation, but
the combined effects of attenuation and sound speed
changes for histotripsy-like conditions were relatively
minor. Researchers should seek the best available data
for target tissues in candidate therapies and should
endeavor to collect the required data if little is available.
This study may serve as a renewed warning of the
risks that may be incurred if overly reliant on literature
results, as well as of the variability in pancreas tissue
attenuation that may make treatment planning in this
complex organ particularly challenging.
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