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Ultrasound-induced blood stasis has been observed for more than 30 years. Most of the literature
has been focused on the health risks associated with this phenomenon and methods employed to
prevent stasis from occurring during ultrasound imaging. To date, experimental observations have
been either in vitro or invasive. The current work demonstrates ultrasound-induced blood stasis in
murine normal leg muscle versus tumor-bearing legs, observed through noninvasive measurements
of optical spectroscopy, and discusses possible diagnostic uses for this previously undesirable effect
of ultrasound. We demonstrate that, using optical spectroscopy, effects of ultrasound can be used to
differentiate tumor from normal leg muscle tissue in mice. Finally, we propose a novel diagnostic
algorithm that quantitatively differentiates tumor from nontumor with maximum specificity 0.83,
maximum sensitivity 0.79, and area under receiver-operating-characteristics curve 0.90. © 2006

American Association of Physicists in Medicine. [DOI: 10.1118/1.2198196]

I. INTRODUCTION

Stationary sound waves have long been known to create
banding effects when solid particles are suspended in liquids;
sand in air (in a cylinder), bubbles in water, etc. In 1971,
Dyson et al. reported that stationary ultrasound waves can
create bands of red blood cells in vivo, using chick embryos
removed from the egg shell but kept alive in saline solution.’
Later, ter Haar and Wyard reported that the banding was due
to the standing pressure wave created by the ultrasound.”
Nyborg demonstrated that even a traveling pressure wave,
with small amounts of reflection at the tissue boundaries can
cause banding of blood cells in the plasma medium.’ Many
have continued to study the diagnostic limits and dangers of
ultrasound and ultrasound-induced stasis,4_7 but to the best
of our knowledge, no one has investigated the diagnostic
potential.

A limiting factor in studying this ultrasound-induced phe-
nomenon has been the difficulty of measuring the blood flow
alterations. Previous works have required the blood vessels
to be exteriorised from the abdomen of mice’ or the removal
of chick embryos from their shells' so as to be seen with
microscopes and stereoscopes. The phenomenon has only
been observed invasively and only in a few vessels immedi-
ately on the tissue surface or in vessels separated from the
surrounding tissue. Methods have been suggested to avoid
prolonged blood stasis during diagnostic imaging4 and ultra-
sound intensity limits have been established to avoid tissue
damage and to allow the blood flow to rebound.
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It has been shown that oxy and deoxyhemoglobin have
signature absorption and scattering effects visible in steady-
state broadband diffuse reflectance optical spectroscopy.8
Furthermore, oxyhemoglobin saturation can be determined
using spectroscopic measurements of light reflected from tis-
sue and analyzed with the diffusion approximation or the
higher order Pj approximation.9’10 Spectral analysis per-
formed with a P; approximation fit has been shown to be
sensitive to dynamic changes in hemoglobin oxygen satura-
tion due to changes in oxygen content of air inhaled by
mice."!

Cells require a constant supply of oxygen for metabolic
processes. Normally, as the cells consume oxygen, hemoglo-
bin molecules in the blood continually replenish the oxygen
supply as the blood flows through the vessels. When standing
wave ultrasound is used to slow or stop the blood flow, the
oxyhemoglobin saturation decreases as the available oxygen
is depleted. When the blood flow is stopped or slowed for
short periods of time, the oxyhemoglobin saturation can be
observed to decrease, using optical spectroscopy measure-
ments, and return to preultrasound levels shortly after the
ultrasound radiation is stopped.

The current experiments combine focused standing wave
ultrasound-induced blood stasis and optical spectroscopy to
develop a noninvasive imaging tool with potential use in
tissue diagnostics. In this paper we demonstrate that optical
spectroscopy measurements of ultrasound-induced blood sta-
sis can be used to qualify tissue type noninvasively.
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FiG. 1. Experimental setup, with the mouse leg located in the focal region of
the ultrasound.

Il. METHODS
A. Experiment setup

Ultrasound was generated by a 1 MHz piezoelectric ce-
ramic crystal (Channel Industries) mounted behind a concave
aluminum lens with a focal length of 7 cm. At 1 MHz the
—6 dB focal zone diameter was 3 mm and the focal zone
length was 30 mm. The ultrasound signal was created by a
function generator (Agilent 33250A) and amplified by a rf
amplifier (Amplifier Research 25A250A), monitored and re-
corded by an oscilloscope (Tektronix TDS 2022). The ultra-
sonic field was measured and characterized using a hydro-
phone (Onda Co. HNR 500) with spatial sensitivity of
0.5 mm. The hydrophone was calibrated with a steel ball
radiometer.'” The intensity of the ultrasound was maintained
at spatial peak temporal average intensity (Igpra)
~0.7 W/cm?, averaged over the pulse sequence and
summed over two oppositely traveling acoustic waves. The
current experiments were conducted within the Food and
Drug Administration (FDA) diagnostic ultrasound limits
(Ispra=0.720 W/cm?) and blood stasis and banding have
been observed to be reversible under these conditions.

All experiments were conducted in a Plexiglas water tank.
Distilled water was autoclaved for 45 min to remove ions
and microbubbles in order to prevent cavitation and scatter-
ing of the acoustic field. A 2.5 cm thick piece of aluminum
was used for the acoustic reflector and a 2.5 cm thick rubber
block was placed behind the aluminum to absorb any spuri-
ous acoustic energy, energy scattered by the tissue water
boundary and in the side lobes of the imperfect focused ul-
trasound field. During experiments the water was heated to
37 °C using a circulating water heater and the rubber block
was positioned to shield the data collection area from most
of the water currents since moving water can interfere with
spectroscopy measurements (Fig. 1).

Diffuse reflectance spectra were collected with a single
600 wm fiber, numerical aperture (N.A.)=0.22, residing at
the center of a seven 600 um fiber probe (Ocean Optics,
R600-7-VIS/NIR). The center collection fiber was connected
to a 2048 pixel room temperature spectrometer (Ocean Op-
tics, USB 2000-VIS/NIR) fitted with a grating for spectrum
analysis between 200 and 1100 nm. The outer six fibers were
connected to a broadband halogen light source (Ocean Op-
tics, HL 2000). The source detector separation was 1 mm,
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resulting in a semidonut inspection volume of ~6 mm?, di-
rectly under the probe and mostly within I mm of the tissue
surface.

B. Experimental procedure

Six to eight week old C3H/Hej mice were inoculated in-
tramuscularly to the right thigh with 105 MCa-35 mammary
carcinoma cells, with the left hind leg muscle tissue used as
control for the diagnostic portion of this experiment. To dem-
onstrate the absence of experimental artifacts, the right leg
muscle tissue was used as control and the left thigh was
inoculated in two mice. To avoid scattering of the acoustic
field, hair was removed from the hind legs using a depilatory
agent (Nair ®) one day prior to the experiment.

The mice were sedated using a Ketamine (60 mg/kg) Xy-
lazine (4 mg/kg) mixture injected intraperitoneally and
placed in a Plexiglas restraint which positioned the leg to be
examined away from the body. The probe was then fixed on
the skin of the mouse leg using a positioning arm, ensuring
contact but without skin compression. During data collec-
tion, the probe was held stationary, maintaining a constant
pressure on the mouse skin. Optical spectroscopy measure-
ments of hemoglobin in vivo are highly dependent upon sur-
face pressure since any changes will affect the blood/
hemoglobin volumes.

Once a baseline spectrum was achieved (=4 min), the
mouse and probe were moved such that the focus of the
ultrasound was =2 mm directly under the location of the
optical probe. The direction of propagation of the ultrasound
and light were kept orthogonal so that the metallic probe did
not enter the focus of the ultrasound and obstruct or scatter
the standing acoustic wave. Also, this increased the probabil-
ity of intersecting the acoustic focal region with the volume
of optical inspection.

During each experiment, ultrasound was administered in
5 s bursts, with 55 second relaxation periods between bursts
and a total of six bursts per leg per experimental collection.
For each mouse, both legs, one with a tumor (diameter
=~ 10 mm) and one without, were subjected to ultrasound and
optical spectroscopy to compare the effects in tumor versus
normal leg muscle tissue. The order of inspection of the legs
was altered to diminish the possibility that the results were
influenced by the depth of the anesthesia, which can directly
affect the blood velocity.

Ultrasound pulse information for each experiment was
monitored and collected with the oscilloscope and stored for
later signal correlation studies. Optical spectra were collected
with the supplied Ocean Optics software at 500 ms intervals
in order to increase the signal-to-noise ratio (SNR) by reduc-
ing the appearance of unwanted higher frequency signal fluc-
tuations and quantum noise.

The raw optical spectra were corrected for the curvature
of the light source intensity, which was a function of wave-
length specific to the halogen source. The intensity curve of
the light source was obtained using a diffuse reflectance stan-
dard. The optical signal then was cropped to avoid the spec-
tral regions of low light levels (<400 nm) and regions near
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the end of the spectrometer’s sensitivity
(>1000 nm), regions where noise is especially high. Ulti-
mately, the spectra were cropped to regions between 475 and
650 nm where significant optical absorption occurs due to
oxy/deoxyhemoglobin  presence, especially in short
(=1 mm) source detector separation configurations, and few
other absorbers (i.e., water) exert significant effects.

The spectra were analyzed using a P; approximation
method detailed in Refs. 10 and 11 to gather oxy/
deoxyhemoglobin concentrations, as well as scattering infor-
mation, before, during, and after ultrasound pulses.

In addition to the Pj; fitting algorithm, several isolated
wavelengths were initially considered (515, 528, 540, 560,
579, and 578 nm), due to the characteristic effects of oxy/
deoxyhemoglobin shifts at these points, but ultimately the
ratio of intensities (I) at two wavelengths, 560 and 540 nm,
was chosen. The ratio of Is4y/154, was observed to be signifi-
cantly affected by the presence (or absence) of the ultra-
sound. The intensities at 560 and 540 nm are dependent upon
the oxy/deoxyhemoglobin saturations, at 560 (540) nm the
reflected signal increases (decreases) as the oxyhemoglobin
concentration increases.

C. Inmunohistochemistry and image analysis of
vascular spacing and area

To visualize blood vessels open to flow, an intravenous
(i.v.) injected stain DiOC, was injected one minute prior to
tumor freezing, which preferentially stains cells immediately
adjacent to the vessels."” Tumor and muscle sections were
imaged using a 20X objective, digitized, background-
corrected, and analyzed using Image-Pro software.” Color
images were acquired and digitally combined under two
staining conditions. First, images of the DiOC; were ob-
tained immediately after cryostat sectioning. Following
staining, the sections were returned to the same stage coor-
dinates, and antipanendothelial antigen (Pharmingen, San
Diego, CA) images were acquired to mark total anatomical
vessel locations. Vessels were quantified using automated
image analysis techniques.'4 Briefly, distance map filters
converted pixel intensities of the vessel images to intensity
levels proportional to the distances between tumor cells and
the nearest vessels. This distance map was multiplied by an
image of white grid points on a black background to obtain a
spatial sampling of the distance map intensities, which are
proportional to the distances to the nearest vessel (vessel

spacing).

D. Signal/ultrasound correlation

A computer algorithm was written to speed the data
analysis. In order to demonstrate the effects of the ultrasound
on the optical signal, a correlation model was adapted. Using
the stored ultrasound pulse data, the algorithm calculated the
degree of correlation with the Is4y/ 154, data.

Correlation between the Isq)/Isy, ratio and ultrasound
bursts was visually evident in most normal leg muscle tissue
samples. The bursts of ultrasound caused pronounced drops
in the observed Isqy/1549 signals. This correlation was quan-
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FIG. 2. Illustration of a typical ultrasound pulse sequence (US) and its cor-
responding “boxed” representation (BUS).

tified and demonstrated to be significantly different for probe
readings of tumor versus normal leg muscle tissue responses.
The algorithm used in this experiment was as follows:

1. The original ultrasound (US) signal was modified
(“boxed”) (Fig. 2.) as

0, US off
BUS = . (1)
1, USon

2. The general slope (i.e., trend) of the Is4/Is4o signal was
approximated using a second degree polynomial interpo-
lation, and the BUS (1) was scaled down and adjusted to
the signal trend:

AUS = trend — BUS/20. (2)

3. To characterize the Isq)/1s4, versus US correlation, we
used cross covariance of Isg/Is4 and AUS. Cross cova-
riance assesses the degree to which two variables co-
vary or vary together. It is computed as the mean of the
products of the mean deviations for each variable in the
observed set. Thus, the cross covariance between re-
corded Isq)/Lsyy signal (R) and adjusted (AUS) ultra-
sound signal was calculated as the cross-correlation
function of two sequences with their means removed,
which by definition is given by

XCov(m) = E,{[R(n +m) — MR] conj[ AUS(n)
- MAUS]}, 3)

where MR and MAUS stand for the means of R and
AUS, respectively, E stands for the mathematical expec-
tation, conj is the complex-conjugate operator, and m
and n are position indices in the signal. The complex
conjugate operation is included in the definition even
though [AUS(n)-MAUS] is a real quantity.

4. The XCov signal was smoothed using the Savitzky-
Golay (polynomial) smoothing filter, with the polyno-
mial order 3 and window size 41."

5. The standard deviation of the smoothed XCov signal
was calculated.
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FI1G. 3. The ratio Is4/1s4, signal with the trend modulated ultrasound pulse
signal superimposed for a typical (a) normal leg muscle tissue and (b) tumor
tissue. Notice the much larger ultrasound induced contrast in the normal leg
muscle signal.

6. Steps 1-5 were performed for both tumor and normal
leg muscle tissue samples, and the ratio of the measure-
ments

Std(XCOVnomumor)/Std(XCOVtumor) (4)

was calculated and recorded.
7. Steps 1-6 were repeated for a total of 24 mice.

E. Diagnostic algorithm

Upon confirmation of a stronger correlation between ul-
trasound bursts and changes (“dips”) in the observed signal
for the normal leg muscle tissue compared with the tumor
tissue (Fig. 3), we constructed a novel diagnostic algorithm
that utilized that information.

1. The ultrasound (US) signal was modified as in Eq. (1).

2. Locations of the centers of each ultrasound burst were
found and used to split I5¢y/ 1540 to nonoverlapping “win-
dows” bounded by those centers. The end of observation
at the right side bounded the rightmost “window” (Fig.
4.).

3. The general slope (i.e., trend) of the Isqy/ sy signal was
approximated using second degree polynomial interpo-
lation, and the difference between trend and Is¢q/549 Was
calculated.

4. The positions of the local minima of the difference func-
tion (calculated for each “window”) were calculated.

5. A new signal (comb) consisting of ones at the positions
of local minimums, and zeros elsewhere was constructed
(Fig. 4.).
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6. The maximum of the correlation between the ultrasound
(BUS) signal and comb signals was calculated.
7. The ratio

r =[sum(comb) — max(corr) ]/sum(comb) (5)

was calculated and compared to a decision threshold dr.

The experiment was repeated for varying values of the
decision threshold, and a receiver-operating characteristics
(ROC) curve was calculated.

lll. RESULTS
A. Tests of the experimental setup

Initial tests of our ultrasound setup included a repeat of
Dyson’s seminal experiment, but with lower acoustic inten-
sities [(SPTA)=0.7 W/cm?] and lower frequencies (f
~1 MHz). The ultrasound was observed visually to stop
blood flow in the chick embryo vessels, causing bands to
form for short periods of time (data not shown).

In order to perform a noninvasive test regarding the effi-
cacy of the ultrasound in the mouse leg, a laser Doppler
system (Transonic BLF21) was used to verify blood flow
slowing or stasis due to ultrasound in the healthy leg muscle
and the tumor tissue. This technique relies on the interfer-
ence between a light-emitting diode (LED) signal beam and
the reflected beam, revealing the velocity profiles of the re-
flecting objects visualized as sidebands to the original beam.
For the laser Doppler technique, a baseline velocity measure-
ment was achieved after three minutes in the healthy muscle
tissue. This was required since the tissue needed to equili-
brate to the presence of the fiber probe on the surface of the
skin. The measurements of the tumor tissue, however, never
achieved a stable baseline and the velocity was chaotic.

From the laser Doppler measurements, it was clear that in
a small target volume of healthy tissue the average velocity
of the blood was slowing during the ultrasound pulse [Fig.
5(a)], but there was no noticeable effect in the tumor tissue
[Fig. 5(b)]. The vertical lines denote when the ultrasound
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FiG. 5. Laser Doppler relative average volume velocity shown with ultra-
sound bursts and vertical lines for reference for normal leg muscle (a) and
tumor (b) tissue samples. The normal leg muscle samples have greater blood
volume flow rates.

was introduced, with the ultrasound being turned off after
5 s. The large velocity peak in Fig. 5(a) following the tissue
recovery after the first pulse is believed to be due to vessel
dilation as the tissue responded to the oxygen deprivation, or
post-ischemic reactive hyperemia. The peak was not ob-
served after subsequent pulses. It is believed that the tissue
was oxygen enriched following the vessel dilation and was
not given enough time to return to relaxed oxygen levels.
This was taken into consideration for the optical spectros-
copy experiments and the ultrasound pulses were delivered
after longer delays.

The laser Doppler technique can only measure an average
change in velocity because it incorporates the Doppler shift
from all moving reflecting particles in a tissue sample. Since
the ultrasound induced stasis will depend upon the vessel
orientation relative to the ultrasound direction of propaga-
tion, blood flow in vessels aligned with the ultrasound will
be stopped and blood flow in vessels perpendicular to the
ultrasound will continue to flow, thus decreasing the net ef-
fect on the average flow observed by the laser Doppler.

The laser Doppler probe had a maximum observation
depth of ~1 mm and a volume of inspection of ~1 mm?.
When this same volume element was inspected with white
light in the presence of ultrasound, there were measurable
changes in the oxyhemoglobin saturation.

Before every experiment, the presence of standing wave
ultrasound was visually confirmed using an interference
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technique. The density bands formed by standing wave ul-
trasound create an interference pattern when light passes
through the tank. The location and intensity of the focal zone
were also confirmed using the hydrophone between experi-
ments.

B. In vivo diffuse reflectance optical spectroscopy

Typical reflectance spectra obtained in vivo from the
healthy tissue sample are shown in Fig. 6. Complete spectra
data (400—1100 nm) were stored for every experimental col-
lection period (=10 min/leg) at 500 ms intervals and then
cropped as previously described.

The cropped spectra were analyzed with a technique simi-
lar to the one described by Finlay and Foster, which is ap-
plicable for small source detector separations.“ The P; fit-
ting algorithm assumes that in a specific wavelength range
(380—750 nm) the absorption spectrum is dominated by a
linear combination of the absorption spectra of oxy- and de-
oxyhemoglobin. This can be expressed as

Ha(N) = 2y 0N + a3 sm(N) s (6)

where w,mo(N) and g q,(N) are the millimolar absorption
coefficients of oxy- and deoxyhemoglobin at wavelength A,
and a; and a, are their concentrations, respectively. The ab-
sorption spectra were taken from data compiled by Prahl. 16

The scattering spectrum were assumed to be of the form

/.Lé = 33)\_34, (7)

where a; is the scattering coefficient and a, the scattering
exponent, which, for a tissue sample, is approximately 1. The
in vivo spectra were fit using a MATLAB supplied rou-
tine,“Isqcurvefit,” which uses a least squares fitting algorithm
given some initial vector a and Egs. (6) and (7). The spectra
were normalized prior to fitting. The algorithm was placed
inside another program written to randomly select vector a
within some predetermined limits and continue this process
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with the condition that the sum of the residues was mini-
mized and that the ) function approached 1.

Results of the fitting process for one spectra of one
healthy mouse leg are presented in Fig. 6. The hemoglobin
concentrations (a; and a,), the scattering parameters (a; and
a,), and the total hemoglobin concentrations for one spec-
trum are given in Fig. 7. The Is4/I540 ratio signal is shown in
Fig. 8. It can be shown, using the Pj; fitting algorithm, that
the ratio Is40/I54q correlates to oxyhemoglobin concentrations
and that the ultrasound has no observable effect on the scat-
tering properties of the tissue in the wavelength range con-
sidered.

The results displayed a large drop in oxyhemoglobin con-
centration when ultrasound is introduced. The deoxyhemo-
globin, however, also displayed a drop in concentration. The

drop was less significant and as a portion of the total hemo-
globin, it actually increased. This seems to imply that the
oxyhemoglobin was not only decreasing due to consumption
without replenishing but also due to a decrease in blood vol-
ume. This might be due to a squeezing of tissue due to the
presence of the acoustic standing wave.

The calculation of these results from a complete experi-
mental collection period required 13 hours of CPU time.
While the minimum residue search program was not maxi-
mized for efficiency and was programmed in MATLAB,
known to be much slower than programs running in C, the
entire P fitting process was less than ideal for our experi-
ments and for the immediate generation of diagnostic infor-
mation in a clinical setting.

FiG. 8. The Isgq/s49 signal which reflects the changes in
oxyhemoglobin concentrations.
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In order to estimate more efficiently changes in tissue
oxygenation, a technique known as oximetry was employed.
Oximetry is a technique that uses a ratio of intensities at two
or more wavelengths to measure tissue properties. Various
commercial products use oximetry to measure blood proper-
ties, e.g, hemoglobin saturation. Oximetry is generally insen-
sitive to many physiological artifacts, such as scattering
properties and blood volume, and, without calibration, is in-
capable of determining absolute oxy/deoxyhemoglobin con-
centrations. Oximetry was used because of its speed and ease
of calculation and because it was observed to reflect the oxy-
hemoglobin dynamic changes.

C. Correlation studies

By visual comparison of the Is¢y/Is4 signal with the ul-
trasound signal, one can generally establish temporal corre-
lation between these two signals in the normal leg muscle
scans and the absence of correlation in the tumor scans [Figs.
3(a) and 3(b)]. The drops in the Is4/Is4 ratio signal have
been consistently observed in normal leg muscle scans and
are mostly absent in tumor scans. The slope trend observed
in Fig. 3(a) was not consistently observed and is believed to
be a second order ultrasound effect, possibly due to the
acoustic pressure affecting the vessel diameter or the global
vascular response to the rise in deoxyhemoglobin. It was
observed that the mathematical correlation between the ratio
signal and the ultrasound signal in general was significantly
higher in normal leg muscle cases, than in tumor cases (Fig.
9).

To demonstrate that it was possible to establish the math-
ematical correlation between the Isqy/Is4o signal and the ul-
trasound signal, a simple computer algorithm was written.
The standard deviation of the cross covariance of the ultra-
sound square pulse (Fig. 2) and the Ts4y/1s40 signal were com-
puted in order to provide a quick estimate of the degree of
correlation. Repeatable large decreases in the oxyhemoglo-
bin and the I54y/154g signal corresponding to the timing of the

TaBLE 1. Experimental data used to calculate ROC.

20

18

o or

16

Cross-covarianee ratio; muscle vs.
o

FI1G. 9. The Is¢/1s40 signal in normal leg muscle tissue is better correlated to
the ultrasound than the same signal for tumor tissue, measured for the same
mouse to compensate for physiological differences in mice population.

ultrasound pulses produce the greatest degree of correlation.
The standard deviation of the cross covariance was chosen
instead of the maximum because a maximum can be mis-
leading if there is a random alignment of peaks in the signals
whereas the standard deviation is more telling of trends and
the consistent matching of peaks. Also, the trend of the
Is60/1540 signal was subtracted from the ultrasound pulse data
in order to decrease the effects of signal slope on the cross
covariance.

The standard deviation of the cross covariance for each
leg, tumor, and normal leg muscle, and for each mouse, was
calculated and compared to the opposite leg of the same
mouse as a ratio [Eq. (4)]. The ratios for 24 mice are pre-
sented in Fig. 9. The strength of the correlation is reflected in
the height of the bar in Fig. 9. The ratio of the standard
deviations [Eq. (4)] was greater than 1 (one) in all but one
experiment, and greater than 2 (two) in 75% of measured

Thold tp fn tn Tp Sens. Spec. PPV NPV
0.00 1.00 0.00 0.29 0.71 1.00 0.29 0.59 1.00
0.10 1.00 0.00 0.29 0.71 1.00 0.29 0.59 1.00
0.20 0.92 0.08 0.58 0.42 0.92 0.58 0.69 0.88
0.30 0.92 0.08 0.58 0.42 0.92 0.58 0.69 0.88
0.35 0.83 0.17 0.75 0.25 0.83 0.75 0.77 0.82
0.40 0.79 0.21 0.83 0.17 0.79 0.83 0.83 0.80
0.45 0.79 0.21 0.83 0.17 0.79 0.83 0.83 0.80
0.50 0.58 0.42 1.00 0.00 0.58 1.00 1.00 0.71
0.60 0.54 0.46 1.00 0.00 0.54 1.00 1.00 0.69
0.70 0.04 0.96 1.00 0.00 0.04 1.00 1.00 0.51
0.80 0.00 1.00 1.00 0.00 0.00 1.00 nd 0.50
0.90 0.00 1.00 1.00 0.00 0.00 1.00 nd 0.50
1.00 0.00 1.00 1.00 0.00 0.00 1.00 nd 0.50

True positives (tp) are correctly identified tumor
tissue samples, and true negatives (tn) are correctly

identified normal leg muscle tissue samples.
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mice. Having a ratio greater than one means that the Is¢y/Is4
signal of the normal leg muscle tissue is more correlated to
the ultrasound signal than the Isq0/Is4, signal of the tumor
tissue. In other words, a ratio greater than one means that the
“dips” in the Isg/1549 signal of the normal leg muscle sample
are deeper than the “dips” in the tumor sample.

After demonstrating a large degree of correlation between
the Is40/I540 signal and the ultrasound pulse signal for normal
leg muscle tissue samples, a second computer algorithm was
written with the aim of creating a diagnostic program based
on an in vivo experimental observation. The diagnostic algo-
rithm divided the Is4y/Is40 signal into windows corresponding
to the spacing of ultrasound bursts in the ultrasound signal.
Within each window, local minima were located and coded
as ones, while the remainder of the signal was coded as
zeros. If the local minima were consistently and regularly
spaced, they were assumed to correspond to the ultrasound-
induced “dips” in the Is4y/154q signal. If the ultrasound had a
small effect on the Isq)/1s49 signal, the local minima would
not be consistently or regularly spaced.

The cross covariance of this new binary signal and the
ultrasound square pulse signal was calculated to measure the
degree of consistency and regularity of the local minima. The
maximum of the cross-covariance signal was normalized to
the number of ultrasound pulses gathered from the pulse sig-
nal and subtracted from one, generating a value between 0
and 1 [Eq. (5)]. A smaller value (r=0) denoted a strong
degree of correlation between the local minima and the ul-
trasound pulse signal, meaning that the local minima consis-
tently occurred at time intervals corresponding to the ultra-
sound bursts. A larger value (r= 1) denoted a weak degree of
correlation and local minima appearing at irregular and in-
consistent times with respect to the ultrasound burst.

The diagnostic algorithm applied a decision threshold to
determine which measurements were gathered from tumor or
normal leg muscle tissue samples. '"If the value or r was

— 100 microns
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Fi16. 10. ROC curve for the diagnostic algorithm. Decision threshold varied
from 0.1 to 1 in 0.05 steps. Area under the curve is 0.90.

greater than the threshold, the sample was classified as a
tumor. The algorithm achieved the best results with the de-
cision threshold 0.40; specificity was 83.3% and sensitivity
was 79.2%. Complete results of this experiment are pre-
sented in Table I with the ROC given in Fig. 10.

The hypothesis of this experiment is that there are physi-
ological and rheologic differences between healthy tissue
and tumor tissue that could cause the tissues to respond dif-
ferently to the presence of standing wave ultrasound. To
study the physiological differences, immunohistochemical
studies were conducted on the tumor and normal leg muscle
tissue samples following imaging and cryostat sectioning.

FiG. 11. Vessel staining of (a) tumor and (c) normal leg
muscle tissue samples. Corresponding perfused vessel
stains for the same samples are shown in (b) and (d),
respectively.
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TaBLE II. Immunohistochemistry results.

Median Percent
Median Percent perfused perfused
vessel vessel vessel vessel
spacing area spacing area
Mouse number (um) (%) (um) (%)
Tumor
15 25.00 4.00 37.49 1.94
16 25.00 4.88 68.74 1.12
17 27.08 4.25 34.37 4.07
18 29.16 3.34 49.99 1.10
19 2291 4.69 31.25 3.13
20 20.83 6.01 58.32 1.63
21 25.00 5.14 49.99 1.69
22 29.16 4.51 43.74 1.66
23 33.33 4.21 45.83 2.16
24 25.00 4.74 43,74 1.71
25 3541 3.55 49.99 1.67
26 29.16 4.41 68.74 1.33
27 2291 4.11 43.74 1.42
28 2291 4.60 39.58 2.04
29 18.75 5.65 31.25 2.40
30 27.08 4.32 39.58 2.75
31 20.83 5.16 33.33 2.33
35 2291 5.32 58.32 1.15
36 20.83 3.97 3541 1.72
37 2291 4.85 45.83 1.62
Average 25.31 4.59 45.46 1.93
STD 4.29 0.67 11.22 0.73
Nontumor
16 8.33 16.21 12.50 8.98
17 8.33 17.48 12.50 7.61
18 6.25 19.68 14.58 6.03
19 10.42 16.76 10.42 18.54
20 10.42 15.23 25.00 2.67
21 10.42 14.85 12.50 9.94
22 10.42 15.59 12.50 4.36
23 12.50 12.82 14.58 8.99
Average 9.63 16.08 14.32 8.39
STD 1.91 2.02 4.51 4.80

Figure 11 illustrates total and perfused vessels in both tissue
types following i.v. injection of a fluorescent perfusion
marker (DiOC;). From these images, total and perfused
blood vessel area and spacing of the vessels were determined
(Table II). The immunohistochemistry data in Table II dem-
onstrates that tumors increased spacing of both total and per-
fused vessels (signifying reduced vascular densities) as well
as a reduction in total and perfused vascular area (which
indicates a decrease in overall blood volume).

IV. DISCUSSION

While the Igpp, Was maintained below the FDA limit for
diagnostic ultrasound, the Igprp (spatial peak, temporal peak
intensity) of the acoustic standing wave achieved levels
(~2.4 W/cm?) that can cause tissue heating during pro-
longed exposure. Since the traveling wave was reflected
upon itself, the measured traveling wave intensities, Igpra
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and Igprp, do not accurately measure the intensity of the sta-
tionary acoustic field. The standing wave is a superposition
of two acoustic waves, traveling in opposite directions, one
having an initial Igprs of 0.50 W/cm? (Igprp=1.91 W/cm?)
and the other having an initial Ispr, of approximately
0.32 W/cm? (Igprp=1.19 W/cm?) after being attenuated
during the first pass through the leg of the mouse, assuming
an attenuation coefficient of muscle tissue'® and perfect cou-
pling between the tissue and the water bath. The average
total Igprs in the focal zone was 0.66 W/cm? (Igprp
=2.4 W/cm?) due to attenuation of the two traveling waves.

The soft tissue thermal index (TIS) of this stationary
acoustic field was not exceedingly high during insonication.
The maximum TIS was 4.3 and the maximum temperature
increase was less than 1 °C (AT=+0.91 °C) in the focal
region for brief periods of time (seconds) after the five sec-
ond acoustic pulse, which is within tissue damage threshold.
The mechanical index (MI) was very low, with a maximum
value of 0.5. All of these values were calculated using the
equations provided in Ref. 18, with the equation specific
intensities and pressures.

Although the ultrasound intensities employed have been
shown to create very little heating of the tissue and have not
been observed in cryostat sectioning to damage tissue, the
effects of ultrasound on vessel diameter have yet to be ad-
dressed, i.e., does standing wave ultrasound constrict or di-
late the vessels? High intensity traveling ultrasound waves
have been shown by Dalecki et al. to exert pressure on the
walls of frog heart cavities.'” The pressures required to cause
banding in moving blood are much lower than the intensities
needed to deform the tissue of the heart but some tissue
deformation might occur.

As predicted from prior studies," the presence of the
standing wave ultrasound caused changes in the blood veloc-
ity [Fig. 5(a)], and, consequently, changes in the oxyhemo-
globin concentrations. The processes involved in acoustically
induced blood stasis are neither simple nor straightforward
and many physiological questions remain unanswered con-
cerning the ultrasound-induced effects.

Previous papers (e.g., Ref. 20) have shown almost invari-
ably that transplanted murine tumor models have reduced
oxygen saturations when compared to surrounding normal
tissue. This reduction of oxygen saturation is due primarily
to insufficiencies of the tumor vasculature to adequately sup-
ply oxygen. It was our hypothesis that, due to the tumor
tissue tendency to have less blood, fewer vessels, and less
oxygen saturation, the tumor will not have a large response
to standing wave ultrasound when measured with optical
spectroscopy. In tumors, the baseline of the Is4y/1s4 tended
to be much lower and the oxyhemoglobin concentration
measured with the P; algorithm tended to be lower than the
normal leg muscle tissue samples.

Initial tumor and normal leg muscle tissue oxyhemoglo-
bin concentrations varied from mouse to mouse, possibly due
to the depth of the anesthesia. Some mice with higher initial
oxyhemoglobin concentrations demonstrated ultrasound-
induced contrast in the tumor tissue. This contrast however
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FIG. 12. The I54/154 ratio signal for nontumor tissue with the trend modu-
lated ultrasound pulse superimposed. The ultrasound-induced drops are dif-
ficult to distinguish.

was generally less substantial than the contrast observed in
the normal leg muscle tissue of the same mouse. Comparison
of the ultrasound-induced contrast of each leg to the opposite
leg of the same mouse was implemented to reduce the mouse
to mouse variance of oxyhemoglobin saturation. As noted in
Ref. 11, there are potentially large differences in the diffuse
reflectance spectra gathered from different mice and from
various locations of a single tumor in each mouse.

For each mouse, the difference in ultrasound-induced
oxyhemoglobin concentration changes between tumor and
normal leg muscle tissue could result from differences in
blood vessel counts and blood oxygen saturation. When
these tumors were analyzed with laser Doppler, the
ultrasound-induced stasis appeared to have little effect on the
Doppler measurement, possibly due to the multidirectional
and interwoven mesh of blood vessels, somewhat in contrast
to the more orderly flow of skeletal vessels. In addition, the
tumors generally had lower initial oxyhemoglobin satura-
tions than the corresponding normal muscle tissue of the
opposite leg.

In general, the ultrasound-induced contrast was much
more pronounced when initial hemoglobin concentrations
were elevated in both tissue samples. This elevation could be
due to inflammation of the skin, abrasion, higher vessel
counts, large vessels in close proximity to the probe, less
pressure exerted by the probe on the skin, etc. Although,
experimental procedures were designed to decrease the ef-
fects of inflammation, abrasion, and probe force on the skin,
it was unclear whether such factors led to the varying spec-
tral responses between mice. Additional studies are needed to
further investigate these factors.

Decreases in the observed I540/1s4, ratios were predictable
and generally corresponded to the ultrasound bursts, but
were not always easily observable (Fig. 12). In some experi-
ments it was hard to distinguish between responses of tumor
and normal leg muscle tissue. If the probe was positioned in
the proximity of a major blood vessel in the tumor, the ob-
served signal behaved in a manner similar to the normal leg
muscle cases (i.e., substantial decreases in the signal were
correlated to the ultrasound bursts). Also, the relatively small
size of the tumors made experiments sensitive to the probe
positioning with respect to the surface vessels and the posi-
tion of the ultrasound.
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For clinical application and for larger organs or animal
models, the experimental apparatus must be altered. The
single focused transducer in line with a metal reflector will
only work for exteriorized tissue samples or easily accessible
in vivo tissue samples, i.e, breast tissue and muscle tissue. To
compensate for more difficult tissue locations, a dual in-
phase focused transducer system can be used, where the
overlapping focused fields will produce a stationary acoustic
field. Wu et al. have demonstrated stationary wave produc-
tion for large tissue phantom using two ultrasound sources.”!
Focused ultrasound is known to diverge in tissue, causing the
focal zones to enlarge. This would limit the spatial sensitivity
of the ultrasound induced stasis.

Diffuse optical spectroscopy is limited by absorption and
probe geometry. Using techniques of optical coherence to-
mography (OCT), whole-breast imaging is possible. ** Light
in the near infrared (NIR) can travel several centimeters be-
fore absorption and source detector separations of several
centimeters can probe depths of several centimeters. Also,
catheter optical probes can be placed on the surface of less
accessible tissue samples, i.e., prostates. While both station-
ary acoustic fields and diffuse optical spectroscopy are com-
plicated in larger tissue models, it is possible to construct an
apparatus capable of inspecting the effects of acoustically
induced blood stasis in larger tissue samples. Work is under-
way in our laboratory to design and build one such system
for human breast cancer characterization.

V. CONCLUSION

The current study demonstrates that there are substantial
and predictable ultrasound-induced changes in the Isgy/Is4
ratio signal obtained through in vivo spectroscopic measure-
ments of diffuse light reflected from tumor and normal leg
muscle mouse tissue. The ratio signal was shown to be better
correlated to the ultrasound signal for normal leg muscle
tissue than tumor tissue. Using a simple diagnostic algo-
rithm, it was shown that the area under the ROC curve
achieved a value of 0.90, for a threshold value of 0.45 with a
specificity of 0.83 and a sensitivity of 0.79. The methodology
of infrared spectroscopy with ultrasound-induced contrast
appears highly promising for noninvasive tissue typing,
where normal and malignant tissues tend to contain different
vascular environments.
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