
THE ANTIVASCULAR ACTION OF PHYSIOTHERAPY
ULTRASOUND ON MURINE TUMORS

Andrew K. W. Wood*, Sara Ansaloni†, Lisa S. Ziemer*, William M-F Lee‡, Michael D.
Feldman§, and Chandra M. Sehgal†
*Department Clinical Studies (Phila), School of Veterinary Medicine, University of Pennsylvania,
Philadelphia, PA, USA

†Department of Radiology, University of Pennsylvania, Medical Center, Philadelphia, PA, USA

‡Department of Medicine, University of Pennsylvania, Medical Center, Philadelphia, PA, USA

§Department of Pathology and Laboratory Medicine, University of Pennsylvania, Medical Center,
Philadelphia, PA, USA

Abstract
This study was aimed at determining if physiotherapy ultrasound (US) affected the fragile and leaky
angiogenic blood vessels in a tumor. In 22 C3HV/HeN mice, a subcutaneous melanoma (K173522)
was insonated (1, 2 or 3 min) with continuous 1-MHz low-intensity (spatial-average temporal-
average = 2.28 W cm−2), physiotherapy US. Contrast-enhanced (0.1 mL Optison®) power Doppler
US observations were made and histogram analyses of the images were performed. Before
insonation, all but 7% of the tumor was perfused. The avascular area in tumors receiving 3-min
treatment increased to 82% (p < 0.001). A linear regression analysis showed that each min of
insonation led to a 25% reduction in tumor vascularity; the antivascular activity persisted for 24 h.
Histology demonstrated disruption of vascular walls and tumor cell death in areas of vascular
congestion and thrombosis. Physiotherapy US particularly targeted the vascular structures, and the
effects on tumor cells appeared to be secondary to the resultant ischemia.
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INTRODUCTION
For many years, ultrasound (US) has been used for clinical imaging, as well as for its therapeutic
actions in physical therapy. Although the US energy in routine B-mode diagnostic US imaging
causes minimal biologic effects (Barnett et al. 2000), in physiotherapy, it is widely used to heat
periarticular structures and sites at bone-muscle interfaces. The physiotherapy US power levels
generally range from 0.2 to 2.6 W cm−2, the frequencies from 1 to 3 MHz, and in vitro
temperature rises of 1 to 8 °C have been described (Baker et al. 2001; Demmink et al. 2003;
Robertson and Baker 2001). There remains, however, little scientific evidence to support the
clinical effectiveness of such forms of US therapy (Baker et al. 2001; Robertson and Baker
2001). In combination with photodynamic therapy, low-intensity US (0.51 W cm−2, 1 MHz,
10-min treatment time) was also used to inhibit the growth of cutaneous squamous cell
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carcinomas in mice, but the authors concluded that the mechanism of the response remained
unclear (Jin et al. 2000).

In contrast to low-intensity US, beams of high-intensity focused US have been used to treat
benign (Madersbacher et al. 1997) and malignant (Uchida et al. 2002) prostate cancer, as well
as hepatic (Rowland et al. 1997) and esophageal tumors (Melodelima et al. 2003). Concurrent
magnetic resonance imaging has also been used to monitor the rise in temperature during
insonation of implanted carcinomas in rabbits (Palussiere et al. 2003) and fibroadenomas of
the human breast (Hynynen et al. 2001). High-intensity beams cause the tissue temperature to
rise above 60°C, to as much as 90 to 95°C, and cause permanent damage to tissues related to
a localized instantaneous coagulative necrosis (Clement 2004; Diederich et al. 2004; Uchida
et al. 2002). The US intensity generally ranges from 103 to 104 W cm−2 with frequencies of
from 0.5 to 10.0 MHz, although 1.5 MHz is most commonly used for a treatment time of 1 to
30 s (Clement 2004). Some workers, however, have used lower intensities (2.6 to 26.7 W
cm−2) for treatment of experimental canine prostatic neoplasia (Hazle et al. 2002) and human
esophageal cancer (Melodelima et al. 2003). High-intensity beams have also been used in
ultrasonographic probes placed laparoscopically to partially ablate a porcine kidney (Paterson
et al. 2003).

In this study, we explored the effects of physiotherapy US on tumor vasculature. As a tumor
grows, the upregulation of angiogenic factors results in the sprouting of new blood vessels
from pre-existing vessels to supply the tumor, but these new vessels fail to mature into a
normally functioning vasculature (Carmeliet and Conway 2001; Carmeliet and Jain 2000;
Folkman 1971, 2001; Haroon et al. 1999; Jain 2002). The vessels are fragile and leaky; their
endothelial cells remain loosely associated, there is continued degradation of the extracellular
matrix and the basement membrane is discontinuous or may fail to form. The resulting
vasculature is not fully functional, has a nonuniform distribution and demonstrates irregular
branching and arteriovenous shunts (Carmeliet and Conway 2001; Haroon et al. 1999; Jain
2002). We hypothesized that these newly formed unstable vessels supplying a tumor as a result
of angiogenesis may be uniquely sensitive to US intensities identical to those used in routine
clinical physiotherapy.

Using power Doppler US imaging together with an US contrast agent, we investigated the
effect of physiotherapy US on tumor perfusion. In laboratory animals, IV injected US contrast
agents have previously been used to visualize blood flow in tumor microvessels (Chomas et
al. 2003; Fleischer 2000; Forsberg et al. 2004; Kamotani et al. 2003; Krix et al. 2003). Also,
differences in perfusion between regions in a tumor have been demonstrated (Chomas et al.
2003) and have been quantified using image-gating methods (Kamotani et al. 2003).

MATERIALS AND METHODS
Murine tumor model

The animal preparation used in the present study was approved by the University of
Pennsylvania’s Institutional Animal Care and Use Committee and the mice were maintained
in microisolator cages under aseptic conditions. General anesthesia was induced in 22 female
mice (6 to 8 weeks old; 20 to 25 g body weight; C3HV/ HeN strain; Charles River Laboratories,
Wilmington, MA, USA) by the IP injection of ketamine hydrochloride (54 mg kg−1; Abbott
Laboratories, North Chicago, IL, USA) and xylazine hydrochloride (4 mg kg−1; Phoenix
Pharmaceutical Inc., St Joseph, MO, USA). K173522 murine melanoma cells (syngeneic with
C3H/HeN mice) were cultured at 37°C in 5% CO2 maintained in Dulbecco’s modified Eagle’s
medium (Cambrex Corporation, Walkersville, MD, USA) supplemented with 10% fetal bovine
serum (Hyclone Inc., Logan, UT, USA) and 1% penicillin/streptomycin (Invitrogen
Corporation, Grand Island, NY, USA). A total of 1 or 2 million melanoma cells were injected
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subcutaneously in the right flank of each anesthetized mouse. All the animals were imaged
before and after tumor insonation and histology was performed in a selected number (Table
1).

Before the ultrasonographic studies, a tail vein was catheterized (26 gauge, Abbocath, Abbot
Ireland, Sligo, Ireland). Each mouse was transferred to an acrylic box and general anesthesia
was induced with 2% isoflurane (Isosol®, Halocarbon Laboratories, River Edge, NJ, USA)
and air. The animal was then placed on a table under a heat lamp; a facemask was applied and
anesthesia was maintained with 1.5% isoflurane during the periods of ultrasonographic
observation.

Within 30 h of the completion of the experiment, a thoracotomy was performed in 15
anesthetized mice, the right atrium was incised and, to fix the tissues, 10 mL 4% w/v
paraformaldehyde (Fisher Scientific, Fair Lawn, NJ, USA) in phosphate-buffered saline and
sodium hydroxide (20 µL) was injected into the left ventricle. The tumor and overlying
cutaneous tissues, as well as the adjacent thigh muscles, were removed for histopathologic
study. In the remaining 7 anesthetized mice, only the US studies were performed (as described
in the next sections).

Ultrasonography and ultrasonographic contrast medium
In each anesthetized mouse, ultrasonographic observations were made of the tumor before and
after its insonation. A depilatory cream (Surgi-Prep®, Sparta Surgical Corporation, Concord,
CA, USA) was used to remove the hair coat from the tumor site and US coupling gel was
applied to the skin. B-mode ultrasonographic observations (using an identical time-gain
compensation for all animals and including compound imaging) (Shattuck and von Ramm
1982) of the tumor were made (7 to 15 MHz probe; footprint = 10 × 35 mm; HDI 5000 SonoCT,
Philips, Bothell, WA, USA); the dimensions of the tumor were measured. Images were made
in the dorsal and sagittal anatomical planes and recorded on VHS videotape.

At the completion of each B-mode study, an ultrasonographic contrast medium was injected
into the tail vein (0.1 mL perflutren protein-type A microspheres; Optison®, GE Healthcare,
Princeton, NJ, USA), and the enhancement of power Doppler images, using a mechanical index
of 0.9, was recorded on a videotape for quantitative analysis. The microbubbles contained in
the contrast agent were destroyed by the US imaging pulses. To maximize the enhancement
of the power Doppler images, the exposure of the contrast medium to US was reduced by
acquiring the images at a low frame rate of 0.5 Hz (achieved by gating the US scanner at 0.5
Hz). The Doppler US imaging was continued until there was no enhancement in the tumor;
thus, ensuring that no microbubble-related effects occurred during insonation of the tumor.

Tumor insonation
After the tumor had grown (over 3 to 4 weeks) to a minimum size of 1 cm in at least one
dimension, the tumor was insonated with a physiotherapy US machine (1-MHz, continuous
output, power level = 2; D150 Plus, Dynatronics Corp., Salt Lake City, UT, USA). The diameter
of the transducer was 2.5 cm and the manufacturer stated that, utilizing the selected parameters,
the intensity (spatial-average temporal-average, or ISATA), of the US beam was 2.0 W cm−2.
In our laboratory, we measured the effective intensity of the US beam using a radiation force
balance (UPM 30, ultrasound power meter, Ohmic Instruments Co., St Michaels, MD, USA).
The degassed water used in the balance was prepared by boiling 1 L deionized water in a beaker
for 30 min. The beaker was sealed and cooled to room temperature. The measured US intensity
(ISATA) was 2.28 ± 0.02W cm−2.
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To prevent possible interference from the microbubbles in the contrast agent, there was at least
a 5-min period between the completion of the contrast-enhanced Doppler imaging and
insonation of the tumor. So that the animal did not move during insonation, the isoflurane was
increased to 2%. To avoid insonating the normal contiguous tissues, a rectangular-shaped foam
pad (5.0 × 3.0 × 0.7 cm) with a 1-cm diameter hole was applied to the skin of each anesthetized
mouse with the hole centered over the tumor (Fig. 1). The hole was filled with nondegassed
ultrasonographic coupling gel; part of the insonating beam was transmitted through the gel to
the tumor, but other parts of the beam were prevented from reaching the normal tissues
contiguous with the tumor by the air-filled foam. The mouse was placed in ventral recumbency
and a sagittal anatomical plane was used for the insonation. In this anatomical plane, the
insonating beam was directed vertically and passed through the tumor in a dorsoventral
direction toward the table top, and not through the abdominal wall and the adjacent organs in
the peritoneal cavity. The B-mode and power Doppler observations were made in the identical
anatomical plane. Any effects of insonation on the mouse, either locally on the tumor or
generally on the health of the animal, were recorded.

Experimental design
In groups of 6 animals, the tumor was insonated (2.28 W cm−2, 1 MHz, continuous duty cycle)
for either 1, 2 or 3 min. When the insonation time exceeded 1 min, there was a gap of 5 min
between each 1-min period of insonation, during which the face of the probe was cooled in tap
water at room temperature. A further group of 4 animals acted as controls; the sonographic
probe was applied to the tumor for a total of 3 min, with 5-min intervals between each 1 min
of application, as described above, but the machine was not switched on. In each mouse, the
ultrasonographic observations (B-mode and contrast studies) were made before and within 5
min of insonation or sham insonation, and were repeated 24 h later.

Analysis of data
The ultrasonographic images of each tumor, recorded on videotape, were digitized (30 frames
s−1; 24 bit; Adobe Premiere 6.5, Adobe Systems Inc, San Jose, CA, USA) using a digitizer
(MediaConvertor, DVMC-DA2, Sony, Tokyo, Japan) connected to a standard personal
computer and stored in an uncompressed format. Before and after the insonation, B-mode and
power Doppler images of each tumor were selected for analysis. The power Doppler images
were made before and after injection of the US contrast agent; the latter images were chosen
on the basis of the one showing the maximum color enhancement. To accurately locate the
tumor in the postcontrast images, a region-of-interest (ROI) was traced around the boundaries
of the tumor in the precontrast image, and it was then superimposed on the postcontrast image.
The images were analyzed using a custom-made software program written in Interactive Data
Language (IDL, Research Systems Inc., Boulder, CO, USA). The program has been described
(Sehgal et al. 2000, 2001). In summary, it involved using the color palette in the power Doppler
image to form a look-up table for the color scheme in hue-saturation-value space. The lowest
to highest values in the color palette were assigned values between 0 and 100 on a linear scale.
Then, the computer searched for colored pixels within the ROI and assigned each pixel a value
between 0 to 100, depending on the value it corresponded to in the calibrated color palette of
the US image. This analysis provided a histogram of the ROI, where the zero value represented
grey-scale pixels with no Doppler signal, and values 1 to 100 represented the strength of the
Doppler signal.

Cumulative histogram curves were obtained for both the treated and control groups of mice by
plotting the color level against the fraction of colored pixels. Each curve fractionates the area
of the rectangle between (0, 0) and (100, 1) into vascular and avascular components (Appendix
A). Therefore, the difference between the area under the curve after treatment and that before
treatment was used as a measure of the antivascular effect of insonation in the tumor. The null
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hypothesis, that there was no reduction in the vascular area between pre- and posttreatment
groups, was tested with a paired t-test (Medcalc Software, Mariankerke, Belgium); the
difference was considered significant when p < 0.05. An unpaired t-test was used to compare
the posttreatment area of the control animals with the posttreatment areas of each of the three
treatment groups; the difference was considered significant when p < 0.05.

The average difference (mean ± standard error) between the areas under the pre- and
postinsonation histogram curves for the controls and each treatment time was used to evaluate
a dose/response relationship by a linear regression analysis. Tumor vascularity was also
compared (t-test) between observations made immediately after insonation and 1 day later.

Estimation of ultrasound heating
An estimation of the heating of mammalian tissues was provided by observations made in 1-
cm thick slices of fresh bovine muscle. Each of three muscle samples, initially at room
temperature, was subjected to 3 × 1 min periods of insonation, as described above. A digital
thermometer with thermistor sensor (Thermometer 5800, Omega Engineering Inc., Stamford,
CT, USA; diameter = 1.5 mm; response time < 800 ms) was inserted into the muscle before
and after (but not during) each period of insonation, and the temperature was recorded. We did
not use thermocouples (implanted into the tumor) to make in vivo measurements of the
temperature increase in order to avoid the complication of the conversion of acoustic energy
to heat that would occur at a tumorthermocouple interface.

Histologic studies
In 15 mice (3 controls, and 4 for each of the three treatment times), the tumors were fixed
overnight in 4% paraformaldehyde and were then embedded in paraffin, sectioned and stained
with hematoxylin and eosin. Each histologic specimen was viewed under a microscope (Nikon
E600 Eclipse, Nikon, Melville, NY, USA) for qualitative assessment of the tissue changes.

RESULTS
The mice recovered normally from the general anesthesia used during the insonation of the
tumor, were bright and alert, and ate and drank normally. Each tumor was clearly detectable
in the B-mode images. It was generally hypoechoic to the surrounding structures and its
boundaries were distinct (Fig. 2a). Immediately after insonation, the skin overlying the tumor
blanched and, in the mice receiving 3 min of insonation, it was firm to touch. In some animals
(n = 10) a localized area of skin ulceration developed, but there was no apparent correlation
between the treatment time and the presence of ulceration. Histologically, the skin overlying
the tumor was inflamed and there was merging of collagen fiber bundles. In 6 mice, where the
tumor was in close proximity to the femur, there was partial loss of function of the adjacent
pelvic limb. At the bone/soft tissue interface between the femur and proximal musculature of
the pelvic limb, histology demonstrated localized necrosis of muscle with an associated
decrease in muscle striations, interstitial hemorrhage and vascular congestion. The mean peak
rise in temperature after each 1-min sonation was 7.6 ± 2.7°C (n = 9), corresponding to an
average temperature increase of 3.8°C over the duration of each 1-min period of insonation.

Before insonation, the contrast-enhanced power Doppler images clearly demonstrated the
normal vascular perfusion of the tumor; it was highly vascular, as shown by the uniform flush
of color that filled the entire lesion (Fig. 2b); the surrounding healthy tissues were also highly
perfused. The postinsonation Doppler images showed, however, that the contrast medium did
not enter all regions of the tumor, indicating that parts of the tumor were now avascular and
had lost their normal vascular perfusion (Fig. 2d). For each treatment time, these Doppler
observations were quantified by plotting cumulative histogram curves that showed the
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percentage fraction of image pixels that were colored at each color level (Fig. 3). The curves
demonstrated that, with increasing insonation, there were fewer colored pixels in the image
whereas, in the control animals, the number of colored pixels was maintained (Fig. 3 and Fig.
4).

Before insonation, all but 7% of the tumor was perfused (mean of preinsonation data from all
tumors; Fig. 4). After insonation of all mice, there were increases in the size of the avascular
area in the tumor. When the posttreatment control animals were compared with each of the
treatment groups, the differences were highly significant (control vs. 1 min, p = 0.043; control
vs. 2 min, p = 0.002; control vs. 3 min, p < 0.001). The avascular area in tumors receiving 3-
min treatment had increased to 82%. A linear regression analysis showed that each min of
insonation led to a 25% reduction in tumor vascularity, confirming the potent antivascular
effect of insonation. Postinsonation, normal vascular perfusion was maintained in the adjacent
tissues, including the right kidney; the blood vessels adjacent to the tumor had retained their
normal structure and function. One day after insonation, the avascular area in each treated
group increased compared to the avascular area immediately after insonation, but the increase
was small and was not statistically significant (1 min, p = 0.180; 2 min, p = 0.429; 3 min, p =
0.264; Fig. 5). There was also no significant change in the vascularity of the control group (p
= 0.176). The normal perfusion of tissues adjacent to the tumor was again observed.

The histopathologic studies (Fig. 6) showed that the effects of insonation were predominantly
on the vascular structures within the tumor and correlated with the findings in the contrast-
enhanced power Doppler ultrasonographic images. In each of the insonated mice, there was
disruption of the walls of the tumor blood vessels with associated hemorrhage, vascular
congestion and subsequent thrombosis; edema was also present. The hemorrhage was more
prominent in tumors receiving 2 or 3 min of insonation. In each mouse, there were fewer tumor
cells and cell necrosis had occurred in the areas of vascular congestion and thrombosis.

DISCUSSION
A commercially available physiotherapy US machine was used to insonate the murine tumor.
Such machines produce an US beam with a low intensity, are used as a routine in clinical
practice and no adverse bioffects on human tissues have been reported. Our power Doppler
and histopathologic observations showed that tumor blood vessels were disrupted by the beam
of low-intensity US. Doppler observations on the day after insonation demonstrated a
continuing reduction in tumor vascularity, suggesting that the damage to the tumor blood
vessels was long lasting. Also, the postinsonation tumor cell necrosis was probably secondary
to ischemia because it occurred in the areas of vascular congestion and thrombosis. The fragile,
poorly functioning tumor vessels, whose formation is activated by the tumor’s “angiogenic
switch,” are likely to be more sensitive to insonation. Vascular congestion, thrombosis and
rupture similar to that found in our study were reported in murine thigh tumors heated to 44°
C in a water bath for 30 min (Nishimura et al. 1988), and also in rat gliomas treated with
combretastatin A-4 (Eikesdal et al. 2001). Recent studies have shown that the maturity of blood
vessels within a tumor varies and that the more immature vessels are more sensitive to
antivascular therapies (Gee et al. 2003). Because the US-induced antivascular effects are
unlikely to be dependent upon specific biochemical pathways used by various drug therapies,
it is conceivable that US could be used to disrupt vessels of differing maturities. Additional
studies are required to determine if other types of tumors respond to insonation in a manner
similar to that found with the melanomas in this study; any differences in response could, in
part, be related to the maturity of the tumor vasculature.

Because the morphologic changes observed in this study are similar to those caused by
hyperthermia and combretastatin (not involving heat), it is not yet feasible to determine if the
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observed antivascular activity is of thermal origin only. Other bioeffects, including cavitation,
radiation pressure and other nonlinear effects, may also have had a role in disrupting tumor
vascularity and reducing its cell numbers (Barnett et al. 1997, 2000), and also in the blanching
of the overlying skin. Thermal effects, however, explain the postinsonation clinical and
histologic changes observed in the skin overlying the tumor. US is also likely to have been
reflected from the rear skin surface and to have contributed to the heating of the tumor. Whether
the increase in temperature of the tumor is caused by reflected or transmitted US is not known
and requires further investigation. Absorption of the US beam at a bone-soft tissue interface
would also have had a heating effect and resulted in the observed localized muscle necrosis
adjacent to the femur. Optimization of the beam size, frequency, duty cycle and intensity may
further enhance the observed effects on the tumor, while minimizing damage to the surrounding
healthy tissues.

In considering the development of cancer therapies, Folkman (2001) proposed that a tumor
should be considered to have two cellular compartments, one containing the tumor cells and
the other, the endothelial cells of the vascular structures within the tumor. For anticancer
therapy to be effective, each compartment may be selectively targeted. We found that low-
intensity US particularly targeted the vascular structures within the tumor, but the variable
effects on the tumor cell compartment appeared to be secondary to the resultant ischemia. This
raises the future possibility of combining insonation with other forms of therapy that
specifically target the neoplastic cell compartment of the tumor. Such a combination of
therapies may result in a more comprehensive and effective cancer therapy than if either
treatment was used alone.
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APPENDIX A

Cumulative histogram analysis of contrast-enhanced power Doppler US
images

The cumulative histogram is a variation of the conventional histogram, in which each data
point of the curve represents the counts (or fraction) of events for the histogram bin plus counts
of the all the bins of smaller values. The fraction for a given bin in the cumulative histogram
is determined by dividing the number of events for that bin by the total number of events. In
this study, a conventional histogram was constructed by measuring the number of colored
pixels for each color level from 0 to 100; the bin size in each histogram was one. The
conventional histogram was normalized by dividing the number of colored pixels in each bin
by the number of pixels enclosed within the ROI (tumor in the US image). The cumulative
histogram was constructed by adding the fraction of colored pixels for each bin in the
conventional histogram to the sum of the fraction of colored pixels from all the bins of lower
values. Figure 7 shows a family of cumulative histograms in which (a′), (b′), (c′) and (d′)
correspond to conventional histograms (a), (b), (c) and (d). Figure 7 demonstrates how the
shape of the cumulative histogram curve and the magnitude of the area under the curve change
with the nature of the conventional histogram.

When all the pixels within the ROI are grey-scale pixels (color level = 0; Fig. 7, conventional
histogram [a]) and the tissue is thus completely (100%) avascular, the cumulative histogram
curve follows the y-axis until it reaches a maximum value (fraction = 1) and then follows the
horizontal path (Fig. 7, curve [a′]). The area under the cumulative histogram curve for this
100% avascular condition is equal to the area bound by the rectangle (0,0), (0,1), (1,100), and
(100,0) and has a value of 100.
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As the ROI in the image becomes vascular, the fraction of pixels with a color level > 0 will
increase, whereas the fraction with the grey-scale level (color level = 0) will decrease (Fig. 7,
conventional histogram [b]). The cumulative histogram for the conventional histogram will
exhibit a slow increase in the curve before leveling off to fraction = 1 (Fig. 7, curve [b′]). In
this case, the area under the cumulative histogram curve has some value (x), whereas the area
above the curve has a value 100 − x. That is, as the ROI becomes more vascular, the avascular
component represented by the area under the cumulative histogram curve decreases.

A further increase in tumor vascularity (or reduction in avascularity) shifts the conventional
histogram to higher color levels (Fig. 7, conventional histogram [c]). The corresponding
cumulative histogram also shifts accordingly (Fig. 7, curve [c′]) and the area under the curve
(avascular component) decreases, whereas that above the curve (vascular component)
increases.

In the limiting case, when each pixel representing the tumor has maximum vascularity, all the
pixels will have maximum flow (color level = 100; Fig. 7, conventional histogram [d]). In this
case, the cumulative histogram follows the curve (d′) in Fig. 7. The area under the cumulative
histogram curve (avascular component) reduces to zero, whereas that above the curve (vascular
component) increases to a value of 100.

Thus, the cumulative histogram curve derived from the contrast-enhanced power Doppler
image can be viewed as a curve that partitions the vascular and avascular components of the
ROI in the imaged tissue. The area under the curve represents the avascular fraction and the
area above the curve represents the vascular fraction.
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Fig. 1.
Schema of insonation of murine melanoma. The neoplasm (N) is located subcutaneously over
the right side of the abdomen (A) of the mouse. The physiotherapy US probe (P) has been
placed on a foam pad (arrows) with its central hole overlying the neoplasm. The space between
the face of the probe and the skin (S) was filled with US gel.
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Fig. 2.
Power Doppler images of a subcutaneous melanoma in a mouse. In the initial pretreatment
image (a), the boundary of mostly hypoechoic tumor has been traced in red. The green box
superimposed on the image is the region from which Doppler information was acquired (on
right side of image are time-gain compensation numbers, centimeter scale and grey-scale and
color scale bars). CPA = “color power angio.” (b) At peak enhancement after IV injection of
an US contrast agent. (c) Posttreatment (3 min at 2.28 W cm−2), before contrast injection, tumor
is again mostly hypoechoic. (d) After contrast injection, there is almost no tumor enhancement,
but vascular perfusion is still visible in surrounding healthy tissue. Comparing (b) and (d), it
appears that the effect of insonation was to reduce access of contrast medium to tumor blood
vessels, but access was maintained in the blood vessels in surrounding healthy tissues.
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Fig. 3.
Cumulative histograms of colored pixels in power Doppler images. The number of pixels for
each color level (0 = no color, 100 = most brightly colored) was measured from the contrast-
enhanced power Doppler images of all murine tumors. Cumulative histogram curves were
made of colored pixels in control (C) tumors, and those insonated for 1 (T1), 2 (T2) or 3 (T3)
min. In the control animals, 0.94 fraction (94%) of the pixels have a high color level (exceeding
color level 97), indicating the tumor is highly perfused. With increasing treatment times, the
number of pixels at lower color levels increases progressively. For example, after 3-min
treatment, most of the pixels have low color level values (0.72 fraction, 72%, had no color,
0.14 fraction, 14%, had color levels between 1 and 97, and 0.14 fraction, 14%, were between
98 and 100), indicating that the tumor was poorly perfused. The area above each curve measures
the vascularity of the tumor, and the area below represents the extent of avascularity. The area
between the curve for control (C) animals and each of the curves for treated tumors (T1, T2,
T3) represents loss of tumor perfusion after insonation. The area increases progressively with
treatment time. The average SD for each curve was as follows: C = ± 0.02, T1 = ± 0.33, T2 =
± 0.29, T3 = ± 0.19.
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Fig. 4.
Effect of insonation on vascular perfusion in murine tumors. Hatched blocks represent mean
size of avascular area before US treatment and open blocks, that after treatment; the % avascular
area was measured from the areas under the cumulative histogram curves (Fig. 3; bars represent
the standard error of the mean). In control animals (time = 0) there was no significant change
in avascular area but, after insonation, there were highly significant increases in tumor
avascularity. (●) represents the magnitude of increase in avascular area between untreated and
treated groups, used to plot the linear regression. With increasing treatment time, tumors
become increasingly avascular at a rate (slope of the regression line) of about 25% for each
min of insonation.
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Fig. 5.
Tumor vascularity (data from all animals) before insonation, immediately after insonation and
1 day after insonation. The blocks represent the mean size of avascular area measured from
cumulative histogram curves. Bars = standard error of the mean. At 1 day after insonation, the
avascular area in each treated group increased compared to the avascular area immediately
after insonation, but the increase was small and not statistically significant. There also was no
significant change in vascularity of the control group.
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Fig. 6.
Histologic images (hematoxylin and eosin; magnification 5x) of murine melanomas. (a) In an
untreated mouse, the tumor is characterized by tumor cell proliferation with scant edema, intact
vasculature and no evidence of necrosis or hemorrhage. (b) In tumor receiving 3-min
insonation, there is extensive interstitial hemorrhage (○), vascular congestion (thin arrows) and
thrombosis (thick arrow).
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Fig. 7.
Cumulative histogram analyses of contrast-enhanced power Doppler US images, illustrating
the conceptual relationships between the cumulative histograms (curves a′, b′, c′ and d′) and
various corresponding normalized conventional histograms (inserts a, b, c and d).
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