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Abstract—A potential noninvasive means for obtaining the value of ultrasound (US) phase shifts caused by the
skull is examined. Knowledge of these shifts could be used in new methods that restore the focus from an US
array after transcranial propagation. In the present study, a pulsed signal was emitted from a single element of
a therapeutic US transducer. The reflected signal was then recorded. The data were examined over the band
width of the transducer, producing amplitude data as a function of frequency. A periodic appearance of local
maxima and minima was observed in the data as a function of frequency. We hypothesize that the amplitude is
primarily determined by the superposition of the reflections between the interfaces at the inner and outer
surfaces of the skull and between the interior interfaces of trabecular and cortical bone. A homogeneous-layer
model was used to predict the forward-propagated phase using the reflection data. Good correlation was found
between the numeric calculation and phases measured after propagation through single-layer plastic plates. The
method was used on curved three-layer plastic phantoms and four excised human skulls. The procedure could
eventually be applied toward phasing multielement arrays. Such an application could have implications in both
therapeutic and diagnostic brain procedures. (E-mail: gclement@hms.harvard.edu) © 2005 World Federation
for Ultrasound in Medicine & Biology.
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INTRODUCTION (1977) was able show that enough ultrasonic energy can
be focused through a piece of human skull to produce
thermal lesions into a lucite block. He used a single-
element transducer at the frequency of 1 MHz. Although
his experiments were otherwise successful, the focus was
shifted by 2 to 3 mm after a piece of skull was inserted

Ultrasound (US) has been used extensively in medicine
since the introduction of diagnostic US (Erikson et al.
1974; Kremkau 1979). Despite its use in physical therapy
and medical diagnostics, US is capable of many thera-
peutic operations that remain relatively unknown. Its

capability to focus high intensities of energy into a small between the transducer and the lucite block. Fry and
target deep in tissue (ter Haar 1995) has allowed its use Goss (1980) produced lesions into lucite and into a cat
in a wide range of hyperthermic and noninvasive surgical brain through a piece of human skull by using an US
procedures. single-element transducer at 500 kHz. However, they did
The prospect of noninvasive brain treatments is not consider either the exact placement of the lesion or
particularly exciting. In the 1950s, Fry et al. (1954) and the temperature rise at the skull. This indicates that the
Barnard et al. (1955, 1956) produced lesions in the problems associated with the misplacement of the focus
central nervous system with focused US. However, in and temperature rise at the skull were not solved by that
these early ultrasonic operations in the brain, a soft tissue time.
window was required because skull bone was considered More recently, the combined development of mag-
to be impenetrable. This was achieved by removing a netic resonance imaging (MRI)-guided US and high-
piece of skull before operation. Later, in the 1970s, Fry power phased arrays has offered a new tool for brain
treatments (Ebbini et al. 1988; Vykhodtseva et al. 2000).
Address correspondence to: Dr. G. T. Clement, Dept. of Radi- Vykhodtseva et al. (2000) showed that MRI thermometry
ology, Brigham and Women’s Hospital, Harvard Medical School, 221 . T . . .
Longwood Ave, Rm. 521, Boston, MA 02115 USA. E-mail can reliably predict irreversible brain tissue damage.
gclement@hms.harvard.edu Meanwhile, phased arrays have addressed the problems
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associated with defocusing caused by the skull (Hynynen
and Jolesz 1998; Sun and Hynynen 1998, 1999; Clement
et al. 2000a, 2000b). Hynynen and Jolesz (1998) de-
stroyed rabbit brain tissue in vivo through a piece of
human skull with a single-element transducer, without
excessive heating of the skull bone. With a multielement
transducer array, they were able to show that the focus
through a skull can be reconstructed to the intended
focus, even at frequencies at which it is completely
destroyed when a conventional single-element trans-
ducer is used. Clement et al. (2000a) further investigated
the use of US in brain therapy, and found that a large
hemispherical array was able to produce thermal lesions
in a rabbit thigh muscle through human skull, without
overheating the skull.

To make phased arrays effective in focusing US
through inhomogeneities, each source element in the
array requires its own phasing information. The aim of
phasing is to make the sound beam originating from each
element arrive at the intended focus in phase, to produce
constructive interference. In the case of focusing through
a human skull, mildly invasive (Thomas and Fink 1996;
Tanter et al. 1998; Seip et al. 1994; Clement and
Hynynen 2002a) and completely noninvasive (Sun and
Hynynen 1998, 1999; Hynynen and Sun 1999; Clement
and Hynynen 2002b, 2002c; Aubry et al. 2001, 2003;
Pernot et al. 2001) means have been presented. In studies
by Thomas and Fink (1996) and Tanter et al. (1998),
focus was restored by time-reversal mirror (T-RM), in
which an acoustic source was put into the desired focal
spot, and the sound waves originating from it were
recorded with the intended treatment array time-reversed
and emitted. The emitted sound waves will focus opti-
mally into the original target, but the method requires
implanting a sound source into the treatment volume.
Catheter-inserted hydrophones were used by Seip et al.
(1994) and by Clement and Hynynen (2002a) to acquire
the required phase correction. In this method, the phase
correction is measured at one point inside the brain and
the required correction for the treatment volume is cal-
culated. The advantage of this method is that it does not
require precision placement of the hydrophone, which
can be placed inside the brain through the vascular sys-
tem. An MRI-based method for noninvasive focusing
was proposed by Sun and Hynynen (1998, 1999) and
Hynynen and Sun (1999). In their numeric study, a skull
model was digitized from MR images and it was consid-
ered to be a single layer. Methods for deriving the
required correction from computerized tomography (CT)
scans were proposed by Clement and Hynynen (2002b,
2002c); Aubry et al. (2001, 2003) and Pernot et al.
(2001). Clement and Hynynen (2002b) developed a
model that uses information from the CT images to
predict the propagation of US in the skull. The model
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was used with a homogeneous skull with both normal
and oblique angles of incidence. Predicted phase correc-
tions were then used in focusing US through 10 ex vivo
skulls. Image-derived phase correction was also com-
pared with correction obtained with hydrophone feed-
back. Their results show that algorithms used in phase
correction are able to reconstruct the destroyed focus and
reduce the side-lobe level by 50% from the uncorrected
case. Better focus, evaluated in shape, location and peak
pressure amplitude, was gained by using these algo-
rithms. CT-image-derived phase correction was also
used by Clement and Hynynen (2002c), in which the
density-dependent speed-of-sound (SOS) was taken into
account and both one- and three-layered skull models
were studied. With density-dependent SOS, models pre-
dicted peak acoustic pressures of 76% and 79% of the
ideal peak pressure amplitudes for one- and three-layer
models, respectively. Aubry et al. (2003) and Pernot et
al. (2001) used 3-D finite differences numerical simula-
tion of the complete wave equation to exploit all the
information in the CT scans. Rather than modeling skull
with one or three layers, they analyzed CT images at
each pixel. Their approach was similar to T-RM but,
instead of using a physical sound source at the intended
focus, they used a virtual source. The numerically-de-
rived wave-front was found to be very close to the one
that was experimentally acquired. The time-reversal pro-
cess of focusing through heterogeneities is improved
with the spatiotemporal inverse filter presented by Aubry
et al. (2001).

Despite the advances in T-RM-, MRI- and CT-
based focal restoration, these methods proposed so far
have either been rather complex or not completely non-
invasive. In addition, the skull properties vary from pa-
tient to patient and location to location in each patient.
Although the use of the bone density decreases this
variation, the phase corrections are not perfect (Clement
and Hynynen 2002c), and methods allowing direct mea-
surement of the SOS in each skull location would im-
prove the focusing.

The purpose of our work was to develop a simple
and fast US method capable of determining the acoustic
phase shifts in skull bone noninvasively. By recording
the reflected signal and calculating its frequency spec-
trum, the phase distortion of the object in the sound beam
can be determined and compensated. The method is
based on the thickness resonance of an object (Guyott
and Cawley 1988) when pulse excitation is used. A
similar approach was used by Ohkawai et al. (1983) in
measuring the thickness or the SOS in the heart valves of
a dog in vivo.

Using the resonance US method on plastic plates
and human skulls ex vivo, we showed that the resonance
method provides a noninvasive means for determining
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the acoustic phase shifts. The method proposed in this
paper is simple and fast to perform. Patient safety is
promoted because the measurement is performed at the
acoustic pressure level equal to that of diagnostic US.
We hypothesize that the resonance method could have an
application in noninvasive transcranial focal restoration.

THEORY

The theory of sound beam propagation in the lay-
ered medium is covered in detail by Brekhovskikh
(1960) and by Kinsler et al. (2000), of which the latter is
followed in this paper. When a sound wave arrives at the
boundary of two media, it experiences reflection and
refraction, phenomena that are well-known from the
optics. In the sound-wave case, the acoustic impedances
of these two media determine how much of the incident
wave is reflected back and what fraction of it is trans-
mitted into the other medium. The acoustic impedance of
bone is significantly larger than that of soft tissue, which
makes it a strong acoustic reflector.

Even though bone is a good reflector for a sound
wave coming from water or acoustically water-like me-
dium, not all of the initial wave is reflected; a part of it
is transmitted into bone. This transmitted wave will
interact at the second boundary, the bone-soft tissue
boundary at the far side of the bone. Again, part of the
wave is transmitted and part is reflected, and the reflected
part eventually reaches the transducer.

A pressure wave propagating in a medium can be
written as:

p — Pe/(wlfk\') (1)

where P is the amplitude of the oscillation, w is the
angular frequency, k is the wave number and x is the
distance from the origin.

Accordingly, pressure waves can be written for
transmission and reflection, and algebraic manipulation
of these waves leads to the pressure-reflection coeffi-

cient:
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where z,, is the acoustic impedance of the water, z,, is the
acoustic impedance of the bone, k,, is the wave number in
bone and d is the thickness of the bone sample. This is
the pressure-reflection coefficient at the first boundary.
And, for the intensity-transmission coefficient,
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For the special case that k,d = nr, total transmis-
sion occurs; that is, 7, = 1 for frequencies:

Cp

fi:an’ (4)

and where 7 is integer 1, 2, .. . and cb is the SOS in the
bone.

In a lossy medium, this is not actually a total trans-
mission but, rather, an increased transmission. Frequen-
cies f; are the resonant frequencies of the bone layer.

If a bone sample in the water bath is investigated
with an ultrasonic pulse, the transducer sends a distribu-
tion of frequencies, the magnitude of which depends on
the pulse shape, length and transducer properties. As we
saw above, at resonant frequencies of the sample there is
increased transmission; that is, the sound wave travels
through the sample and enters into medium behind the
bone. Therefore, a transducer at one side of the bone that
investigates the sample with an ultrasonic pulse receives
an echo that does not have the resonant frequencies of the
sample in it and, thus, the frequency spectrum of the
received signal will show minima at those frequencies.

The equation for the SOS in bone can be derived
from eqn (4). Measuring two adjacent resonance-fre-
quency minima from the frequency spectrum of the re-
ceived echo, and knowing the thickness of the bone
sample, the SOS in the bone can be calculated by:

¢, =2d (fis; — f)) = 2dAf . &)

The term (wt — kx) in eqn (1) is called the phase.
Further manipulation of phase leads to a form:

2mfx
c ) ’

(ot — kx) = (wt — (6)
where f is the frequency and c is the SOS in the medium.

Therefore, we can write the following equations for
phases in water and in bone at distance x = d:

27fd
b, =t ——— (72)
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Phase difference between these two waves is:
Ad— _, 1 d
b=, — b, =27f e (8

where ¢, is substituted with eqn (5).

This can be thought of as a phase shift caused by a
bone layer of thickness d. In a practical case, the frequency
is known and SOS in water is well studied; several sources
can be found to calculate the phase shift (Kinsler et al. 2000;
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Del Grosso and Mader 1972). The thickness of the skull can
be measured noninvasively by using modern imaging tech-
niques and the SOS in the bone can be calculated with eqn
(5). Equation (8) forms the basis for measuring the phase
shift with the transducer.

MATERIALS AND METHODS

Materials

The materials studied consisted of 12 pieces of
acrylic plastic sheets, three pieces of polycarbonate plas-
tic sheets and four human skulls ex vivo. In addition to
these materials, four sheets of acrylic, four sheets of
polycarbonate and five sheets of soft polyvinyl chloride
(PVC) were used in three-layer plastic phantoms.

The thickness of each plastic sheet was measured 10
times and a mean thickness was calculated. Calculated
thickness values of sheets used in the single-layer exper-
iments varied, in the case of acrylic pieces, from 2.8 to
11.8 mm and, in the case of polycarbonate pieces, from
2.8 to 9.1 mm. Thicknesses of acrylic pieces used in the
three-layer phantoms varied from 2.0 to 3.9 mm, whereas
the polycarbonate pieces thicknesses ranged from 1.9 to
5.7 mm and PVC sheets from 1.8 to 4.8 mm. Thicknesses
of the samples were measured by using a digital caliper
(Mitutoyo Absolute Digimatic digital caliper model
CD-6” CS, Kawasaki, Japan).

The purpose of the three-layer plastic phantoms was to
mimic the structure of the skull bone. In skull bone, the first
and third layers are of dense cortical bone, in which the
SOS is higher than in the middle layer, also called diplog
(Fry and Barger 1978). The SOS in acrylic (Wells 1977) is
higher than that in polycarbonate plastics (Hung and Gold-
stein 1983) or PVC, the SOS in which was measured to be
1770 m/s = 130 m/s and, therefore, the first and third
phantom layers were selected to be of acrylic and the layer
in the middle was of either polycarbonate or PVC. Sheets
were clamped together underwater to inhibit the presence of
air bubbles in between the sheets.

After flat three-layer phantoms were measured, each
acrylic and polycarbonate plate used in the phantoms
was bent, using an oven and a mold made in-house. The
mold had a radius of curvature of 8 cm. Acrylic plates
were heated at 115 °C for 15 min each and polycarbonate
plates at 160 °C for 10 min. Plates were allowed to cool
down while they were kept compressed in the mold.
Curved three-layer phantoms were composed and mea-
sured in a similar manner used for flat phantoms. Thick-
ness of each plate was measured after bending. Measure-
ments showed that the thickness of the two thinnest
acrylic plates and the polycarbonate plate IV had in-
creased by 0.1 mm, but the thickness of the rest of the
plates had remained unchanged. This increase in the
thickness of these three plates is about half of the error of

Volume 31, Number 6, 2005

the thickness and, therefore, the thickness of each of the
plates can be assumed not to have changed during the
bending process. The thickest PVC sheet was not used
with curved acrylic plates because it was too thick and
stiff to be used with the those plates.

Skull samples were four adult skull caps ex vivo
fixed in formalin. Based on a study by Fry and Barger
(1978), the acoustical properties of a skull fixed in form-
aldehyde are assumed to be similar to the properties of a
fresh skull. The skulls are referred to here as SK1-SK4.
On the skull surfaces, there were points marked with ink
from previous studies. The thickness of those points had
been measured using a mechanical caliper and the results
from those measurements were also used in this study.
All skulls used in this study were of one piece, three of
which consisted of the whole skull cap, and one con-
sisted of the right half of the skull cap. Neither the gender
nor exact ages of the cadavers were known. No visible
damage or malformation was observed.

Equipment

The experiment setup consisted of a digital oscillo-
scope (Yokogawa DL 7100, Tokyo, Japan), ultrasonic
pulser and receiver (Panametrics model S00PR, Waltham,
MA, USA), arbitrary waveform generator (Wavetek model
395, Fluke Precision Measurement Ltd., San Diego, CA,
USA), a nine-element nonfocused broadband ultrasonic
transducer array (Imasonic, Lyon, France), in-house assem-
bled 1-mm diameter lead zirconate-titanate (PZT)-hydro-
phone (Penn State Material Science Department, State Col-
lege, PA, USA) and computer. The computer was con-
nected to the oscilloscope with a general purpose interface
bus (GPIB) cable, and measured signals were saved to the
computer hard drive for off-line analysis. Water tempera-
ture was monitored during all experiments with a mercury
thermometer.

The elements on the nine-element array were equal
in area and consisted of a center piston with surrounding
ring divided into eight elements. All elements of the
nine-element array were driven at the same phase and
with the same driving signal; thus, making it operate as
a single-element transducer. The transducer diameter
was 29.2 mm and radius of curvature 150 mm. The
center frequency of the transducer was 900 kHz and
usable in the frequency range from 0.60 MHz to 1.74
MHz. The transducer used to measure the three-layer
plastic phantoms was a 19-mm diameter, single-element
planar nonfocused transducer with the center frequency
of 1 MHz and usable in the frequency range from 0.35
MHz to 1.6 MHz (V314, Panametrics).

Other equipment used only in the experiments with
the three-layer phantoms was a 1-mm polyvinylidene
difluoride (PVDF) hydrophone (Precision Acoustics,
Wakefield, UK), HP 54615B digital oscilloscope
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(Hewlett Packard, Palo Alto, CA, USA), Agilent 33120A
function generator (Agilent Technologies, Palo Alto,
CA, USA) and a DC power supply for the hydrophone
preamplifier.

Experiments

Targets (plastic or skull) were placed approximately
8 cm in front of the transducer. For stability, plastic
sheets were clamped into the aluminum mounting stand.
Before measurements, skulls were affixed to a plastic
frame, allowing them to attach to the mounting stand. A
connecting bar coupled the transducer and the hydro-
phone and allowed the incident angle of the beam to be
adjusted without losing the alignment between the trans-
ducer and hydrophone. The distance between the trans-
ducer and the tip of the hydrophone was approximately
14.5 cm.

Two kinds of measurements were made. First, a
sharp ultrasonic pulse was reflected off a target surface
and displayed on the oscilloscope screen. The pulse
consisted of one negative peak with peak amplitude of
—250 V, pulse duration of 1.3 ws and 180-kHz center
frequency. The reflected waveform was then saved to the
computer, after which a frequency spectrum of the signal
was calculated off-line. The transducers used in the study
did not allow a wider range of frequencies than those
mentioned above. Pulsing was done with the ultrasonic
pulser (Panametrics). The SOS in the sample was calcu-
lated from the frequency spectrum using eqn (5) and the
phase shift using eqn (8). The SOS in water was calcu-
lated by using the experimental equation (Del Grosso
and Mader 1972). The set-up for this experiment is
shown in Fig. 1la.

Second, the phase shift was measured with the
hydrophone. The signal through the target was measured,
after which the target was removed from the experiment
tank and the signal in only water was measured. The
phase difference was determined directly from these two
signals. The transducer input for the hydrophone mea-
surements was generated in the arbitrary waveform gen-
erator (Wavetek); it was a 20-period sinusoid at 810 kHz.
Figure 1b shows the set-up for this experiment. The
pulser and receiver (Panametrics) had a built-in amplifier
for the incoming signal, and it acted as an amplifier in
this set-up. In the experiments with the three-layer phan-
toms, the 20-period sinusoid was generated in the Agi-
lent function generator. For comparison, the mean SOS
was calculated from the hydrophone signals and com-
pared with the reflection-calculated one.

RESULTS

Single-layer plates
Altogether, 56 signals of the single-layer plastic
plates were studied. Reflected signal from the 8.09-mm
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Fig. 1. Experimental set-ups for (a) reflection measurements
and (b) hydrophone measurements. The hydrophone-measured
phase shifts were measured in through-transmission mode.

thick acrylic plate and the normalized frequency spec-
trum of it are shown in Fig. 2. All minima locations from
the spectrum were measured, and the SOS was calculated
for each case. An average speed was used in the phase
shift calculations in eqn (8). Further, an average of pre-
dicted SOS values in acrylic plates was calculated from
both the reflection- and the hydrophone-measured data.
The reflection data revealed a mean speed of 2769 m/s *
41 m/s (SD), whereas the hydrophone data yielded a
mean speed of 2754 m/s = 108 m/s (SD). Both of the
calculated mean speeds were about 3% higher than the
2680 m/s reported by Wells (1977), but were acceptable
because some variation occurs in the materials because
of the different manufacturing techniques.

The phase shift was calculated from both the re-
flected and transmitted signals. Because the target object
was not moved between recording of the reflection and
hydrophone measurement, these quantities should equal
each other. The calculated phase shifts in the single-layer
plastic sheets are plotted against each other in Fig. 3. The
hydrophone-measured phase shift can be thought of as an
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Fig. 2. (a) Measured radiofrequency (RF) signal and (b) normalized frequency spectrum of the reflected signal from
8.09-mm thick acrylic plate. In addition to longitudinal modes, some shear modes are excited as well and are seen in
(b). The presence of shear modes indicates the slight deviation of the sound beam from normal angle of incidence.

actual phase shift. Therefore, the difference between the
transducer-measured phase shift and the hydrophone-
measured shift determines the accuracy and usability of
the new measuring modality. The transducer-measured
phase shift was subtracted from the hydrophone measure,
an absolute value was taken of it and, after that, an
average was calculated. In the case of the single-layer
plastic plates, the mean difference between the two mo-
dalities was calculated to be 12.2° = 9.6° (SD).

Three-layer phantoms

The three-layer plastic phantoms were studied in a
similar set-up to that for the single-layer plates, both
before and after bending them. Before the plates were
bent, the reflection-calculated phase shifts differed from
the hydrophone-measured phase shifts by an average of
28.5° £ 25.4° (SD). After bending of the plates, the
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Fig. 3. Transducer-calculated phase shifts (°) as a function of

hydrophone-measured phase shifts (°) in single plastic plates.

Lines indicate deviation of = 180° in phase and (middle) 1:1
correspondence between two modalities.

mean difference between the two modalities was 36.6° *
34.6° (SD). Results from the experiments are shown in
Figs. 4 and 5, before and after bending the plates, re-
spectively.

Skulls

Similar experiments were done by using four hu-
man skulls ex vivo as target objects. The skulls were
placed on an in-house made stand that allowed rotation
of the skulls and, therefore, made it possible to study the
most distant points with a single-element transducer.
Normalized frequency spectra of signals recorded after
they were reflected off six different skull locations are
shown in Fig. 6. The best, typical, bad and the worst
cases of skull spectra are presented. The best-case sce-
nario is shown in Fig. 6a, where a clear resonance pattern
can be observed. Figure 6b through d represents typical
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Fig. 4. Transducer-calculated phase shifts (°) as a function of
hydrophone-measured phase shifts (°) in flat three-layer plastic
phantoms. (O) Phantoms consisting of acrylic-polycarbonate-
acrylic plates; and (2) acrylic-PVC-acrylic phantoms.
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cases with different degrees of degradation. Attenuation
at higher frequencies degrades the spectrum in the region
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(a) Near ideal spectrum and (b)—(d) typical spectra, where

resonances are clearly visible, but spectra are degraded in the

region above 1 MHz. (e) The spectrum is highly degraded, but

resonances can be separated, whereas in (f) the spectrum is
unusable.
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Fig. 7. Transducer-calculated phase shifts (°) as a function of
hydrophone-measured phase shifts (°) in skulls SK1-SK4.

above 1 MHz, but clear resonances are separable at lower
frequencies. Figure 6e shows a degraded spectrum with
hardly visible resonances; however, four resonance fre-
quencies can be separated from wide minima locations.
The worst-case spectrum is shown in Fig. 6f, where most
of the spectrum is distorted and hardly any resonances
are visible.

The mean of reflection-calculated SOS values were
calculated and compared with those that were hydro-
phone-calculated. Reflection measurements yielded a
mean SOS of 2830 m/s = 520 m/s (SD), whereas hy-
drophone data yielded 2674 m/s = 330 m/s (SD); thus, in
this experiment, the resonance method predicted an av-
erage of 5.8% higher SOS values than did the through-
transmission measurements done with the hydrophone.

In Fig. 7 is shown the results from the experiments
with four skulls, demonstrating a good correlation be-
tween the measured and the calculated phases. The mean
difference was 46° * 40° (SD).

DISCUSSION

The results from this preliminary study indicate that
the US reflection measurement may have an application
in transcranial focusing. The SOS in a studied object is
determined by measuring the resonance frequencies of
the object and phase shifts are calculated. The method
proposed is completely noninvasive and fast to perform.

In our initial experiments, the method was consis-
tently able to predict the phase of the hydrophone-mea-
sured shifts through the single-layer plates. The maxi-
mum phase discrepancy experienced in all 56 measure-
ments was 43° and, in 44 samples, this difference was
less than 20°. The purpose of the three-layer phantom
experiments was to fill the gap between the single-plate
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experiments and skull experiments. As expected, the
three-layer phantoms showed increased discrepancy be-
tween the two modalities in comparison with the single-
layer case, but this was smaller than with skulls. Further
on, it was expected to see the difference between the
modalities increase after the plates were bent. In the case
of flat phantoms, the results show that, in 42% of the
differences, the discrepancy between modalities was less
than 20° and, in 18%, it was less than 10°. In the curved
phantoms, the corresponding percentages were 44% and
22%, respectively. This clearly shows that the method
presented here can also predict the phase shifts in com-
plicated structures.

In skull experiments, the mean difference between
hydrophone-measured and transducer-measured phase
shifts is greater, leading to a mean difference of greater
than 45°. There can be seen a slight systematic bias and
an increased error trend for large phase shifts in the
results in Fig. 7. The systematic bias is believed to
originate from the error in the thickness of the skull. The
diameter of the transducer used in the skull experiments
was 29.2 mm, large enough for the thickness variation in
skull bone not to be considered to be negligible. The
resonance method predicted on average 5.8% higher
SOS values than those measured with the hydrophone in
through-transmission. The discrepancy was expected to
be induced by the measurement geometry. The needle-
hydrophone—measured SOS values correspond to the
SOS at the geometric center of the sound beam, whereas
the reflection-calculated SOS values correspond to aver-
age SOS over entire area of the sound beam. Any thick-
ness variation in the skull bone across the sound beam
leads to variation in the SOS and, thus, increases the
discrepancy between the reflection- and hydrophone-
measured SOS. It is interesting to note that, when reflec-
tion-calculated SOS values were compared with the
mean of those given for skulls by Fry and Barger (1978),
the difference was 1.5%. Despite the bias, out of 41
sample points, nearly 65% differed by less than 45° and
nearly 30% of the measurements were less than 20°
different from the hydrophone measurement. Sound
waves with phase differences of less than 20° will still
act constructively and, thus, provide an improvement in
the focus from the uncorrected case. The reason for the
increase in the error trend for large phase shifts is not
clearly known; however, it is suspected that increased
bone thickness was affecting the phase-shift measure-
ments, causing error in the results. The effect was only
observed with skull samples and not with single- or
three-layer plates; therefore, it is reasonable to suggest
that skull structure and geometry were inducing the error.

The method proposed is closely similar to resonant
US spectroscopy (RUS), widely used in material testing
(Maynard 1996; Leisure and Willis 1997; Schwarz and
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Vuorinen 2000). According to Maynard (1996), the term
“resonant ultrasound spectroscopy” comprises all the
techniques that use ultrasonic resonance frequencies to
determine the elastic moduli. Generally, in RUS, the
studied sample is held lightly in between two transducers
that are in contact with the sample, but there are also
some noncontact RUS methods available (Schwarz and
Vuorinen 2000). However, these methods are not appli-
cable in transcranial focusing. Because RUS is widely
used in material testing and the procedures involved with
it are specific, it would be misleading to call the method
presented in this paper as a RUS method because the
method presented here does not use contact transducers,
nor is it used for solving the elastic constants of material.

Acoustical properties of structures have been also
studied by Kinra et al. (1994) and Yapura et al. (2004),
who used resonance frequencies of layered structures to
determine the acoustic properties of materials. Their
approach is in the field of inverse problems. Kinra et al.
(1994) solved simultaneously the thickness and the wave
speed, whereas Yapura et al. (2004) solved the traveling
times and the acoustic impedances; both studies were
done using acoustically thin three-layered structures. The
accuracy of such an inverse method is reported to be very
impressive, = 2% in the SOS.

Skull bone imposes a demanding challenge for any
method used in determining the SOS. The direct time-
of-flight measurements in skull would be possible only at
some areas of skull, because of the high SOS and acous-
tic attenuation in bone. If practical focused US therapy
through the skull is to be given with a hemispherical
array (Clement et al. 2000b; Clement and Hynynen
2002b), oblique angles of incidence are expected and
sound beams are reflected to directions other than those
of the emitting transducer. Clearly, the method used in
measuring the SOS has to work in all cases, not just in
easy ones. There are also some other pulse-echo methods
for determining the SOS (Anderson and Trahey 1998;
Ophir 1986), but neither these nor the methods that use
through-transmission (Strelitzki et al. 1996) are applica-
ble in noninvasive determination of the SOS in skull
bone with a focused US surgery array. The main disad-
vantage with methods proposed by Anderson and Trahey
(1998) or Ophir (1986) is that, in those methods, either
the array needs to be moved or the measurement geom-
etry rules out the use of hemispherical arrays and
strongly curved objects, such as the human skull,
whereas the methods using the technique of through-
transmission are excluded as being invasive.

Results of our experiments showed that the error of
the proposed method increases when the geometry of the
object becomes more complicated. This was seen with
both three-layer phantoms and with skulls. The increase
in the discrepancy between the two modalities in the
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experiments with skulls compared with those with three-
layer phantoms is believed to be related to the more
complicated structure of bone and to the 2-D curvature of
the skull surface. Furthermore, the experiments with
three-layer phantoms were done with a smaller trans-
ducer, which affects the discrepancy as well. If the di-
ameter of the transducer used is too big, the curved
surface may no longer be considered to be flat. A curved
surface reflects parts of the incoming wavefront to direc-
tions other than that of the emitting transducer, causing
the signal-to-noise ratio (SNR) to decrease. Further, if
the radius of curvature of skull is assumed to be 80 mm
and the sound beam of a planar transducer is assumed to
be the size of the transducer element, then, at the edges
of the sound beam, an angle of incidence of about 11°
between a 29.2-mm wide sound beam and the skull
surface can be expected. This angle of incidence at the
edges of the sound beam reduces to 7° if a transducer of
19 mm in diameter is used. The sizes of transducers are
those used in this study. It is evident that the skull data
presented in this paper are degraded by the size of the
transducer used and that the assumption of flat skull
surface used in the work is invalid. Clearly, it would be
preferable to use a smaller-diameter transducer in exper-
iments with skulls than was used in this work but, un-
fortunately, because of hardware limitation, it was not
possible at the time these experiments were carried out.
The choice of the transducer is a trade-off between wide
band width and low center frequency. Skull bone dictates
the frequencies that can be used and, as is seen in Fig. 6,
the frequencies above 1 MHz are distorted. Transducers
with lower center frequency would offer an increase of
SNR in the data but, unfortunately, also a narrower band
width.

The purpose of this study was to show that the
phase shifts can be measured with pulsed US in skull
bone. The advantages of the proposed resonance method
in determining the acoustic phase shifts in skull bone are
that it is completely noninvasive, simple, fast and safe to
the patient. The resonance method produces the effective
SOS in the studied sample directly with US, rather than
by calculating it from CT image densities. The other
methods currently available for the task rely on heavy
and complicated computing, or are not entirely noninva-
sive. It should be noted, however, that, at its present
stage, the resonance method is dependent on the CT or
other modern imaging modality to provide the thickness
of the skull. The effectiveness of the proposed resonance
method in predicting the SOS in bone as compared with
the other methods, especially the CT-based methods, and
developing the method to be completely independent of
other modalities are matters of future work. Future work
also includes the comparison of the reflection-calculated
SOS with that derived from CT images. We hypothesize

that, if the method were used toward the focal restoration
in transcranial focusing, an improvement in processing
time would be expected. Further, the future investigation
includes the evaluation of the focusing quality gained
with the proposed method. Numeric compensation for
skull curvature and incident angle may be possible by
using reflection data from multiple elements in a trans-
ducer array.

CONCLUSIONS

A new method for determining the phase shift
caused by the skull is presented. The method is com-
pletely noninvasive and requires no additional invest-
ments in treatment devices. It is also safe to the patient,
because it does not require high-power US beams or long
sonication times. This method may be useful in online
measurement of the SOS in the skull bone and, thus,
allow a method to tune the focusing algorithm for each
patient and location of the skull. This could lead to a
significant improvement in the transskull US treatments
of the brain.
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