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Abstract

The feasibility of using subharmonic aided pressure estimation (SHAPE) to noninvasively
estimate interstitial fluid pressure (IFP) was studied. In vitro, radiofrequency signals, from 0.2 ml/I
of Definity (Lantheus Medical Imaging, N Billerica, MA) were acquired within a water-tank with
a Sonix RP ultrasound scanner (Ultrasonix, Richmond, BC, Canada; f1/g=6.7/3.35 MHz and fT/R
=10/5 MHz) and the subharmonic amplitudes of the signals were compared over 0-50 mmHg. In
vivo, five swine with naturally occurring melanomas were studied. Subharmonic signals were
acquired from tumours and surrounding tissue during infusion of Definity and compared to
needle-based pressure measurements. Both invitro and in vivo, an inverse linear relationship
between hydrostatic pressure and subharmonic amplitude was observed with r2=0.63-0.95;
p<0.05, maximum amplitude drop 11.36 dB at 10 MHz and -8 dB, and r as high as 0.97; p<0.02
(10 MHz and -4/-8 dB most promising), respectively, indicating that SHAPE may be useful in
monitoring IFP.
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1. Introduction

Neoadjuvant chemotherapy (systemic preoperative chemotherapy) of breast cancer is often
given before primary surgical treatment as it can offer considerable benefits to the patient by
shrinking the tumour and even in some cases offer complete pathologic response, i.e. no
tumor was detected [1, 2]. Neoadjuvant chemotherapy can also offer an early indication of a
patient’s response to chemotherapy, thereby distinguishing responders and non-responders
and allowing for further personalization of treatment. Consequently, monitoring breast
cancer response to neoadjuvant therapy provides the possibility of adjusting the treatment if
the patient is responding poorly or not at all [1, 3].

One of the indicators that have been suggested for monitoring neoadjuvant chemotherapy is
interstitial fluid pressure (IFP) [4]. Generally, IFP is 10 to 30 mmHg higher in cancerous
tissue than in normal tissue, although values up to 107 mmHg have been recorded in
melanoma [4, 5]. This increase is attributed to leaky and collapsed vessels, fibrosis, high cell
density and a defective lymphatic system in the tumour [5-7]. Due to the abnormal
vasculature, tumour microvascular pressure (MVP) has been shown to be equal to IFP [8, 9].
Currently, IFP can only be measured with invasive wick-in-needle or micropuncture
techniques [5]. IFP studies using the wick-in-needle technique have been conducted in
cancers of the breast, cervix, head, neck, skin, lymph nodes and more [4, 7, 10-12].
Moreover, high IFP in tumours may lead to reduced drug delivery to the tumour and,
therefore, it has been suggested that using IFP lowering drugs can further improve
neoadjuvant chemotherapy [12].

Vascular ultrasound contrast agents are gas-filled microbubbles (diameter generally less
than 8 um) that improve the depiction of vascularity in ultrasound images by enhancing the
difference in reflectivity between tissue and the agent [13]. Due to their small size, these
microbubbles can traverse the entire capillary bed [13]. The idea of using microbubbles to
monitor pressure was first suggested by Fairbank and Scully [14]. Given the difference in
compressibility between the surrounding medium and a microbubble any changes in
hydrostatic pressure induce changes in the size of the microbubble [15]. This in turn affects
the reflectivity and resonance frequency of the bubble [15, 16]. The methods studied to date
for pressure measurements with microbubbles include (1) utilizing changes in resonance
frequency [14, 16], (2) employing the disappearance time of the microbubbles [17, 18] and
(3) using the pulse echo amplitude of a single bubble [19]. However, these methods have not
been tested for in vivo use due to lack of accuracy (errors > 10 mmHg) under ideal, in vitro
conditions.

At higher acoustic pressures (>200 kPa) ultrasound contrast agents act as nonlinear
oscillators producing harmonics, ultra- and subharmonics in the received signals. In
subharmonic imaging pulses are transmitted at a frequency fp and the echoes are received at
half that frequency (fo/2). Subharmonic imaging has been shown to be a feasible option for
contrast enhanced breast imaging due to marked subharmonic generation by contrast agents
relative to limited subharmonic generation in tissues [20]. Our group developed a novel
technique termed subharmonic aided pressure estimation (SHAPE; U.S. Patent 6,302,845)
utilizing the subharmonic amplitude of the scattered signal from the microbubbles for
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pressure tracking [15]. Using the contrast agent Levovist (Schering AG, Berlin, Germany)
and a pulse-echo setup with single-element transducers in a water tank, we demonstrated
that the relationship between subharmonic amplitude and acoustic pressure can be described
by a characteristic sigmoidal curve with 3 different stages of subharmonic generation
depending on the acoustic power: i.e., occurrence, growth and saturation. The occurrence
and saturation stages are not favourable for pressure estimation as the subharmonic response
to hydrostatic pressure changes is weak in these stages. However, in the growth stage there
was an inverse linear relationship (9.6 dB decrease in subharmonic amplitude over 0 to 186
mmHg, r = 0.98, p < 0.05) between the hydrostatic pressure and the subharmonic amplitude
that can be used as a scale to estimate the hydrostatic pressure [15]. This inverse linear
relationship has also been confirmed for other contrast agents and over different frequencies
(2.5 -6.6 MHz) and acoustic pressures (0.35 - 0.60 MPa) showing a decrease of 10-14 dB
over a pressure range of 0 to 186 mmHg for all agents (r2 > 0.97, p < 0.05) [21].

Furthermore, our group has also looked at a variety of pressure estimation applications. An
in vivo proof of concept for cardiac SHAPE was established by measuring the aortic
pressure of two dogs (using two single element transducers to implement SHAPE) [22]. As
that setup is not clinically acceptable, a Sonix RP scanner (Ultrasonix, Richmond, BC,
Canada) was modified for SHAPE and initial studies in canines showed that left ventricular
pressures could be estimated in vivo with errors as low as 0.19 mmHg [23]. Moreover, a
Logiq 9 scanner (GE Healthcare, Milwaukee, WI) was modified for portal vein studies in
canines (n = 14). These studies confirmed the inverse linear relationship (r2 > 0.90; p < 0.01)
between the subharmonic amplitude and the pressure in the portal vein [24]. Cardiovascular
applications for SHAPE are conducted at a lower transmission frequency than would be
needed for tumor SHAPE on or close to the surface of the skin and therefore the method
needed to be developed further for this application.

Our group has proposed that SHAPE can potentially be used to estimate the IFP in tumours,
thus making it possible to noninvasively monitor the tumour response to neoadjuvant
chemotherapy. Hence, this method would be a considerable improvement over the wick-in-
needle method currently used for IFP measurements and would potentially increase the use
of IFP as a biomarker for neoadjuvant chemotherapy. Ultimately, tumor SHAPE would be
used to monitor cancer therapy and therefore absolute pressure values are not needed, only a
relative value to the baseline taken at the beginning of treatment. To test this hypothesis, the
feasibility of using SHAPE to noninvasively estimate tumour IFP was studied in vitroin a
water tank pressurized to simulate the IFP range in tumours. Furthermore, an in vivo proof
of concept investigation of IFP measurements with SHAPE in swine melanoma was
conducted. In this paper we report, first the in vitro water tank experiments designed to
optimize the frequency and acoustic output for SHAPE over a hydrostatic pressure range of
50 mmHg and then move on to an in vivo proof of concept, or feasibility study, of the
SHAPE method using these optimized acoustic parameters in swine melanoma.

Ultrasonics. Author manuscript; available in PMC 2015 September 01.



Halldorsdottir et al. Page 4

2. Materials and methods

2.1. In vitro experiments

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Two different sets of experiments were conducted in vitro; a) the acoustic power levels were
varied and the hydrostatic pressure held constant at 0 mmHg to establish the optimal
acoustic power levels for pressure estimation (in the growth zone; [15]) and b) the
hydrostatic pressure was varied from 0 to 50 mmHg at the optimal power levels selected in
the previous experiments.

An acrylic water-tank (inner dimensions after lining: 11.75 cm x 8.26 cm x 8.26 cm) that
can withstand pressures up to 100 mmHg was custom-built and used to investigate SHAPE
at the IFP levels encountered in breast tumours (Figure 1 a) — b)). The tank was lined with
25.4 mm of Sorbothane (McMaster-Carr, Atlanta, GA) to eliminate effects from standing
waves and 9.5 mm of gum rubber (McMaster-Carr) was used to couple the Sorbothane to
the isotonic diluent used for the experiments. A digital pressure gauge (OMEGA
Engineering, Stamford, CT) was used to monitor the pressure values. A commercial
ultrasound scanner, Sonix RP (Ultrasonix, Richmond, BC, Canada; Software version 3.2.2)
operating in the Research mode with a high frequency linear array probe L14-5 (nominal
BW 5-14 MHz; actual BW 3- 12MHz ), was positioned at a 45° angle to a thin plastic
acoustic window (0.1 mm) in the tank. The water-tank was filled with isotonic diluent (800
ml) and immersed in a larger water-bath also filled with isotonic diluent. Measurements
were made at room temperature (25°C). The contrast agent Defnity (Lantheus Medical
Imaging, N Billerica, MA) was injected through an inlet on the tank (dose: 0.2 ml/I) and
kept in suspension using a magnetic stirrer. To ensure an even concentration of agent within
the tank, 30 s of mixing was allowed before starting measurements. Two transmission
frequencies, 6.7 MHz and 10 MHz (subharmonic signals received at subharmonic
frequencies 3.35 and 5 MHz, which are around 10 and 12 dB down from peak intensity
respectively) were considered. These frequencies were selected as they fall within the
frequency band of the transducer and can be used for clinical breast imaging, since
ultimately the goal is to employ SHAPE for human breast cancer IFP estimation. Pulse
inversion was implemented on the scanner to minimize scatter from tissue and increase
sensitivity to bubble signals [13] and each measurement was taken with the scanning depth
fixed at 6 cm (frame rate 9 Hz) and the focus at 4.25 cm (positioned approximately 1.5 cm
within the water tank; Figure 1 c)).

In order to establish the optimal acoustic power setting for pressure measurements, the
hydrostatic pressure was kept at 0 mmHg and the acoustic power varied with a step size of 2
dB from —20 dB to 0 dB (relative levels - full range of the system), equivalent to 0.24 to
2.05 MPa peak to peak, measured with a 0.2 mm needle hydrophone (Precision Acoustics,
Dorchester, Dorset, UK). The subharmonic signals were plotted as a function of acoustic
power. The acoustic power levels within the growth zone (of the characteristic sigmoidal
curve) were then selected for further SHAPE investigation with varying hydrostatic
pressure.

The hydrostatic pressure within the tank was varied from 0 to 50 mmHg (in steps of 10
mmHg, n = 3) by pumping air with a 100 ml syringe through a one-way valve attached to an
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inlet on the tank (Figure 1 a) — b)). Pressure values were then compared using linear
regression to the radiofrequency (RF) data acquired with the Sonix RP.

The RF data were extracted using programs obtained from Ultrasonix and processed offline
on a PC computer using Matlab (Mathworks, Natick, MA) programs developed by our
group. A region-of-interest (ROI) of 4 by 4 mm was selected (Figure 1 ¢)). The Fourier
Transform of each vector within the ROl was computed and the subharmonic amplitude
extracted from the spectra over a 1 MHz bandwidth around the subharmonic peak. The
subharmonic amplitude was then averaged over all the vectors in the ROl and in frames
corresponding to 2 seconds to eliminate effects from noise. Then linear regression analysis
was used to determine the relationship between the hydrostatic pressure and the change in
subharmonic amplitude. All statistical analyses were conducted using Stata 9.0 (Stata
Corporation, College Station, TX).

2.2. In vivo experiments

As an initial proof-of-concept, SHAPE was tested on five Sinclair swine (weight: 9.5 + 4.1
kg; Sinclair Bio Resources, Columbia, MO), with naturally occurring melanomas (similar to
malignant melanomas in humans) [25, 26]. Tumour volume was estimated using the formula
for an ellipsoid where length, width and height were measured from B-mode images of the
melanoma.

The animals were sedated with an intramuscular injection of 0.04 mg/kg of Atropine (Med-
Pharmex Inc, Pomona, CA) and 5 mg/kg of Telazol (Tiletamine/Zolezepam, Pfizer, New
York, NY). General anaesthesia was then maintained with 2-4% of Isoflurane (Iso-thesia;
Abbott Laboratories, Chicago, IL) through an endotracheal tube during the procedure. Body
temperature was kept steady with a heating pad and after the procedure the animals were
euthanized with an intravenous injection of 0.25 ml/kg of Beuthanasia. All experiments
were supervised by the Laboratory Animal Services Department and conducted in
agreement with a protocol approved by Thomas Jefferson University’s Institutional Animal
Care and Use Committee.

To ensure constant concentration of microbubbles throughout the experiment, 3 ml of
Definity were injected into a 50 ml saline bag and the agent-saline mix was then infused
through an ear vein at a rate of 6.25 ml/min. The presence of Definity in the melanomas was
confirmed visually by a radiologist before data acquisition. A needle based pressure monitor
system (Stryker, Berkshire, UK) was used as a reference standard to measure IFP within the
tumours and 3 to 5 cm from the tumour periphery in the surrounding normal tissue (Figure
2). For this pressure monitor, 1 ml of saline is injected into the tissue and then the monitor
stabilizes at the IFP level of the tissue (stabilization time < 30 s). Pressure measurements
were taken in triplicate both in normal tissue and in the melanoma (one after the other),
while simultaneously acquiring ultrasound RF data. Field of view varied from 2.0 to 4.0 cm
depending on tumour size and location (frame rate 12-13 Hz depending on depth). Two
transmission frequencies 6.7 MHz and 10 MHz were considered (subharmonic frequency at
3.35 and 5 MHz, respectively). The optimal acoustic power setting could not be determined
in vivo due to time constraints, but acoustic power levels of -4 dB, —8 dB and —12 dB were
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used as they showed the most promise in vitro. Moreover, the melanomas were on the skin
surface so ultrasound attenuation was, therefore, assumed to have minimal impact on results.

RF data were processed offline using the same algorithms as in vitro with the ROI selected
close to the tip of the pressure monitor needle. The location of the needle tip was verified by
a radiologist (Figure 2). Frame rate was 9 fps, pulse length of 5 and the number of scan lines
within the ROI was 22. Linear regression analysis was conducted with Stata 9.0 (Stata
Corporation, College Station, TX) to compare the subharmonic amplitude extracted from the
RF data with the pressure values acquired with the Stryker pressure monitoring system. We
used the regress command in STATA to make a linear regression model of the data. The
regress command gives the p-value from the F-test that is used to determine the statistical
significance of the model and r2 as well as the results of the t-test for the data.

3.1. In vitro experiments

An approximate sigmoidal curve for the relationship between the subharmonic amplitude
and the acoustic power showed the three stages of subharmonic generation: i.e., occurrence
(20 dB to —16 dB) where there was minimal change in the subharmonic amplitude; growth
(-16 dB to —4 dB) where there was a sharp rise in subharmonic amplitude and the
subharmonic is most sensitive to pressure changes, and finally saturation (-4 dB to 0 dB)
where again there is minimal subharmonic amplitude change (Figure 3). Based on this
relationship four acoustic power levels covering the growth stage and its boundaries were
chosen for further investigation of hydrostatic pressure estimation using SHAPE; -16, -12,
-8 and -4 dB (corresponding to 0.33, 1.06, 1.33, 1.68 MPa and 0.24, 1.21, 1.52 and 1.78
MPa peak to peak for 6.7 MHz and 10 MHz, respectively). No fundamental peak was
observed as it was cancelled out by the pulse inversion implemented. Normalised acoustic
power is scaled so that 1.0 refers to the highest acoustic power level and the remaining
power levels are normalized to that value as such: normalized acoustic power level =
acoustic power level/highest acoustic power level.

In the water-tank an inverse relationship was seen over a pressure change from 0 to 50
mmHg at both 6.7 MHz and 10 MHz transmission frequencies and all acoustic power levels
-16 dB to -4 dB (r? = 0.63; p < 0.05; Figure 4). The r2 values from the linear regression
analysis were consistently higher for a transmission of 10 MHz (receiving the subharmonic
at 5 MHz) than for 6.7 MHz (receiving at 3.35 MHz). Moreover, pressure estimates obtained
at —16 dB (start of the growth phase) showed limited sensitivity compared to the higher
acoustic power settings likely due to a lack of subharmonic generation (still in the
occurrence phase). The largest drop in subharmonic amplitude (corresponding to the
maximum sensitivity for pressure estimation), 11.4 dB over 50 mmHg, was seen at 10 MHz
and -8 dB (r2 = 0.95; p < 0.01; Figure 5).

Ultrasonics. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Halldorsdottir et al.

Page 7

3.2. In vivo experiments

For the swine the IFP was always lower than 21 mmHg in normal tissue and in the
melanomas IFP was higher than 16 mmHg (Figure 6). No significant relationship was
observed between tumour volume and tumour IFP (r2=0.08, p=0.07).

Table 1 lists the results of all the measurements taken in vivo. In all cases but one an inverse
linear relationship was observed. In the case where the subharmonic amplitude increased
with higher IFP there was no statistically significant relationship (Tumour 4, 10 MHz, -8
dB; p=0.054). Only one melanoma showed statistically significant results for IFP at the
transmission frequency of 6.7 MHz (at —8 dB acoustic power; —2.88 dB over 40 mmHg
change, r2 = 0.91, p = 0.02), presumably due to the subharmonic frequency (3.35 MHz)
lying at the lower end of the linear array’s bandwidth. However, for 10 MHz transmission
frequency the relationship between the subharmonic amplitude and the IFP had a higher
correlation for all animals. Data from one swine were eliminated due to technical difficulties
with the Stryker pressure monitor. Due to time limitations imposed by the infusion of
Definity (only 2 vials were available to use for each swine allowing less than 8 minutes of
infusion) not all frequency/acoustic power settings were evaluated for each swine. However,
the slope for three of the four swine was very similar to each other (-0.19 £ 0.07 dB/mmHg)
and to the in vitro slope (-0.22 dB/mmHg) whereas one melanoma showed a large spread
within the normal tissue IFP subharmonic amplitude. In vivo, the best acoustic parameters
for SHAPE using Definity in this parameter space were 10 MHz and acoustic power settings
of -4 or -8 dB (Figure 6). An infusion was employed to minimize any timing effects and no
trend as a function of time was seen in the signals. The subharmonic signals were steady
during the in vivo measurements (average standard deviation 0.39 dB; Range: 0.25 - 0.69
dB, data not shown). There is a statistically significant difference (p<0.01) in slopes and
offsets between tumours and for the offset depending on power level (p=0.05). However,
there was not a significant difference in slopes with power level (p=0.16) nor a significant
difference between the slopes and offsets and frequency (p>0.05).

4. Discussion

An inverse linear relationship between changes in hydrostatic pressure and subharmonic
amplitude (r? as high as 0.97, p < 0.05) over the IFP pressure range found in tumours (0 — 50
mmHg) was confirmed in vitro. This study has established that for the contrast agent
Definity and the acoustic parameters tested, a transmission frequency of 10 MHz (receiving
at 5 MHz) and acoustic power of —8 dB offer the greatest sensitivity for pressure estimation.
In addition, in vivo proof-of-concept for SHAPE as a noninvasive monitor of IFP has been
provided in four swine with naturally occurring melanoma. In vivo the IFP was always lower
than 21 mmHg in normal tissue and in the melanomas IFP was higher than 16 mmHg, as
expected from the literature [4, 7, 10-12]. SHAPE showed excellent correlation with IFP
values obtained in normal tissues and in the tumour using the Stryker needle-based pressure
measurements (r2 = 0.67 — 0.96, p < 0.01) with optimal sensitivity at a transmission
frequency of 10 MHz and acoustic power settings —4 or —8 dB. These results suggest that
SHAPE may be useful as a noninvasive pressure monitor of IFP in tumours. Due to
attenuation and differences there will not be one global relationship between IFP and the
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subharmonic amplitude applicable to all animals. However, from the in vitro study it is clear
that an inverse linear relationship can be arrived at and in vivo the slopes and offsets give an
indication that this holds true even with individual differences between animals. In clinical
practice a calibration method would need to be implemented alongside the IFP pressure
estimation. As this is a proof of concept study no such method was employed for this
project. We are currently exploring what method can be used for calibration in IFP
measurements.

The main limitation of this study is the small sample size in vivo (only four swine).
Nonetheless, this still constitutes a proof of concept for SHAPE for estimating tumour IFP
and studies in a nude athymic rat model with human breast cancer xenografts are currently
being performed to further investigate the ability of SHAPE to monitor treatment response.
Furthermore, correlation between IFP and subharmonic amplitude was generally lower when
transmitting at 6.7 MHz and this setup may have been pushing the bandwidth limitations of
the probe as the subharmonic received at 3.35 MHz is at the lower end of the probe’s
bandwidth (5 - 14 MHz). Additionally, a potential criticism is that only one location within
each melanoma was considered. However, studies by Jain et al. [12] show that tumour
pressure is typically homogenous in the tumour itself, but rapidly drops at its periphery so
this should not affect SHAPE (Less et al. 1992). The subharmonic signal in vivo did not
vary greatly with time (maximum standard deviation 0.7 dB). This suggests that SHAPE is
independent of the concentration within the ROI, as was also shown by Shi et al. (1999).

Taghian et al. [27] used a wick-in-needle technique to monitor the IFP of breast cancer
before and after neoadjuvant chemotherapy with two drugs used consecutively. When used
as a first drug, paclitaxel decreased the IFP by 36 % (p = 0.02) whereas with doxorubicin as
the first drug there was only an 8 % reduction (p = 0.41). As this was a hypothesis-
generating study they did not show any outcome related to the relationship between IFP and
therapy response [27]. However, the level of IFP has been shown to predict disease free
survival (DFS) for cervical cancer (34 % DFS if IFP > 19 mmHg, 68% DFS if IFP < 19
mmHg; p = 0.002) [10]. Boucher and Jain’s (1991) group successfully concluded that the
wick in needle technique can be used for IFP measurements in human melanomas. Thus, the
level of IFP in tumours could potentially be used to monitor the response to neoadjuvant
chemotherapy and offer early adjustment of therapy for non-responders. Moreover, Less and
colleagues (1992) have suggested that IFP could be helpful for localization of tumours as
there is a sharp drop in IFP at the tumour periphery.

Several other groups have reported a relationship between subharmonic amplitude and
hydrostatic pressure, using both single-element transducers and commercial ultrasound
scanners in vitro [28-30]. One group studied the response of the subharmonic, fundamental
and second harmonic signals to a change in hydrostatic pressure with the contrast agent
Optison (GE Healthcare, Princeton, NJ). They showed that an increase in hydrostatic
pressure leads to a time-dependent decrease in subharmonic amplitude (r > 0.71) [28-30].
Andersen and Jensen [31] investigated the ratio between the energy of the subharmonic and
the fundamental amplitudes to estimate pressure using the contrast agent SonoVue (Bracco,
Milan, Italy) and determined that there was an inverse linear relationship between this ratio
and hydrostatic pressure changes; albeit with a high standard deviation. Frinking and
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colleagues [32] have shown that depending on the acoustic power level the subharmonic
amplitude either decreases with increasing hydrostatic pressure (as determined by our group
and others), or increases with hydrostatic pressure. As an example, at 50 kPa an increase of
18.9 dB in the subharmonic amplitude was seen over a 40 mmHg increase in hydrostatic
pressure, but at 400 kPa a decrease of 9.6 dB was seen over 185 mmHg. However, they used
an experimental phospholipid shell agent and our setup has not been able to distinguish a
subharmonic response from noise at acoustic pressures lower than 100 kPa using
commercial agents [21]. Faez et al. (2011) observed both an increase and a decrease in the
subharmonic amplitude with increasing hydrostatic pressure using BR14 microbubbles
(Bracco Research S.A., Geneva, Switzerland). They reported a maximum of 8 dB increase
in subharmonic amplitude over 15 kPa when transmitting at 10 MHz and 240 kPa acoustic
pressure. Potentially, these discrepancies are due to differences in experimental setup or the
properties of the contrast agents used.

5. Conclusions

Results from this study demonstrate that SHAPE may be useful for the noninvasive
monitoring of IFP. If proven viable, SHAPE has the potential to provide benefits for cancer
therapy as it is noninvasive and thus, there is less risk and more comfort for the patient than
with the wick-and-needle method. Moreover, it would make it easier to customize individual
patient treatment if SHAPE were found to be able to monitor neoadjuvant treatment
response throughout the chemotherapy cycles.
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Figure 1.
a) — b) Water tank and acoustic setup with the L14-5 transducer. Notice the digital pressure

gauge on the top of the tank and the syringe to alter the hydrostatic pressure. ¢) B-mode
image of the water tank. The region of interest used for SHAPE is indicated with a red
square.
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Figure 2.
An example B mode image from one of the swine melanomas. Tumour periphery is

indicated by a blue dashed line, ROI for SHAPE with a green box and the location of the
Stryker pressure monitor needle is indicated with a red circle

Ultrasonics. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Halldorsdottir et al.

Page 15

=2}
o

Occurence Growth Saturation

o
(=}

IS
=)

w
(=]

+-6.7 MHz
-=-10 MHz

N
(=]

-
o

Relative Subharmonic Amplitude [dB]

(=]

0 0.1 0.2 03 04 05 06 07 08 0.9 1

0
-
(=]

Normalized Acoustic Power

Figure 3.
Subharmonic response to changes in acoustic power with the occurrence, growth and

saturation phases. The relative subharmonic amplitude is scaled so that 0 dB refers to the
lowest measured subharmonic amplitude and the remaining values are then scaled to that
point as such: relative subharmonic amplitude = measured subharmonic amplitude — lowest
measured subharmonic amplitude .
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Figure 4.

Decrease in subharmonic signal amplitude for Definity as a function of frequency and
acoustic power (n = 3) when hydrostatic pressures were varied from 0 to 50 mmHg.
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Figure 5.

Inverse linear relationship between pressure and subharmonic signal amplitude for Definity
at 10 MHz and -8 dB acoustic output power (n = 3).

Ultrasonics. Author manuscript; available in PMC 2015 September 01.

60



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Halldorsdottir et al.

w w P
o (3,1 o

N
(3}

Relative Subharmonic Amplitude [dB]
o o o S

o

Page 18

+Swine 1: -4 dB
= Swine 2: -8 dB

Swine5: -8 dB
e Swine 4: -8dB

70

| Tissue | Tumour 2= 0.64-0.97
™ | p=0.05
i |
BE 4 I
|
| I
Is -
2 |
|
1 |
| |
.._\!\..
0 10 20 30 40 50 60
Interstitial Fluid Pressure [mmHg]
Figure 6.

Best fit in vivo measurements showing SHAPE results compared to the pressure monitor for
10 MHz. The difference between tissue and tumour IFP is clearly captured by SHAPE. Note
that for a clearer comparison of best fit results, relative values for subharmonic amplitude (0
dB corresponding to the lowest dB value and then subharmonic amplitude difference
relative to that value is reported) are used in the figure whereas actual values are used in

table 1.

Ultrasonics. Author manuscript; available in PMC 2015 September 01.



Page 19

Halldorsdottir et al.

66y T0°0- Zvs0°0T’0 0 07 0t ST0- 68°¢C 6L°€Y vee ¥6°CY ¢1- o
T€'0S 0T'0- €000 ‘16'0 0 074 0t 88'C- o 8Y'9y 180 9g'6% 8- ©)s
(14574 10~ 8G0'0 ‘€90 0 0] 8 19'¢- L€°0 68'8E 122 0S¢y 4% 0
T
86'GY 0¢°0- €000 ‘260 0¢ 07 L L9- 12T ¥8'.¢ €T'T 9S'vY 8-
£€€°9¢ T0°0- G20 °LT'0 43 TL 8T 09°0- 6TV €5'GE €60 €T'9e 4% o &)
4
19'7€ L0°0 9500 ‘90 €e 69 0¢ L1Ze 60T T2'6€ 150 ¥6°GE 8-
6T°CL S20- T00'0 'L6°0 €S 19 8 8¢ eT- 10C 06'9S 06°0 8T'0L 8- ot )
86'89 10~ G000 ‘68°0 €5 19 8 ge'L- 190 2509 yANA 18'19 I
68'89 8¥'0- 102°0°L€0 ST LT 4 STV ¥Z'8 1909 980 26'L9 8- o
07'89 8¥'0- LLT'0 0’0 ST LT 4 yT'L- €0’L T€09 [*YAr4 S¥'L9 e @
T
15°29 T19°0- ¥00°0 ‘06°0 97 LT T TL6- 69T 6T°LS cce 06'99 8- ot
€219 0L°0- 2100 ‘280 97 LT T 9CTT- 06T LTSS 80Y 2599 -
[ap]
[ap] [BHWw/ap] @) [BHww] [BHww] [BHww] apnmyjdwe [ap] [ap] L:OMCDH [ap] [ap] w:Mw_u _”nm&_B [ZH] (ouImg)
1da0u91U] ado|s [4 ddi ul ddl ddl aluowreyqgns ASp- Ul sprijdwe - ASp - Ul spnijaure mnaino fousnbai4  anown)
abueyp Jnown]  anssil ur abueyd 1S dluowJdeygns 1S dluowdeygns - 213snody

"SJUIRAISUOD BWIY 0] B3NP S[BWIUE || J0) PaIaPISU0I 819M SUOIIIPUOI [[B 10U pue Joluow ainssaid ay) yum
S31NI1IP [221UYD3) 0] BNP PSJBUIIS SeM [ewIUE 3UQ "J0JIUOW 31nssaid ay) 0] pasedwod S)Nsal IdHS BUIMOYS SJUSWSINSEAW OAIA U JO ATeWWNS

T alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Ultrasonics. Author manuscript; available in PMC 2015 September 01.



