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The role of internal reflection in transskull phase distortion
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Abstract

Phase distortion due to reflection in transcranial ultrasound propagation is investigated. Understanding of these phase-depen-
dent properties is motivated by efforts to construct a reliable prediction model for noninvasive ultrasound therapy in the brain. The
present study measures the phase of an ultrasound wave after propagation through an ex vivo human skull and considers the
dependence of this phase on reflections between the transducer and the skull surface in addition to reflections within the skull.
Experiments are performed using a human calvarium fragment placed between an underwater ultrasonic transducer and a poly-
vinylidene difluoride hydrophone. Data are presented indicating the ultrasound phase dependence as a function of burst length and
the distance of the transducer element from the skull at a driving frequency of 0.5 MHz. Experimental results are compared with
predictions obtained from a propagation model which considers transmission at the skull interfaces as well as multiple reflections
within the skull. It is concluded that by using short ultrasound bursts a distance may be indicated that beyond which the contri-
butions of transducer reflections on the phase of the propagating wave may be neglected. Additionally, a comparison of the
measurements with simulated data supports the contention that for reasonably small incident angles, reflection within the skull

causes minimal phase shift. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Advances in transducer array and amplifier technol-
ogy have prompted proposals for both mildly-invasive
and noninvasive techniques for ultrasound surgery
through the skull [1,2]. A procedure of this type is
contingent upon a reliable model for predicting the
physical response of the skull to sonication. The model
must function using information available from a non-
invasive diagnostic procedure. For example, a predic-
tion of the location and size of the focal region could be
made from knowledge of the position, thickness, and
orientation of the inner and outer surfaces of the skull;
all quantities that could be obtained in vivo using MRI,
or other noninvasive diagnostic methods.

The predominant control factor for reconstruct-
ing the ultrasound focus with a multi-element array is
the acoustic phase [3,4]. That is, a focused beam dis-
torted by diffraction and attenuation while propagating
through the skull bone may be refocused by adjusting
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the driving phase of each element. While for a single
source transducer the driving phase has no control over
the acoustic intensity, by wave superposition it is the
primary source for determining a focus with an array of
sources; e.g. two high amplitude sources focused on the
same point but © radians out of phase produce a null
focal point. It follows that driving phases be chosen such
that the pressure field of each element arrives at the
intended focal point in phase. Noninvasive focusing
through the skull thus requires a phase prediction model
that includes any factors causing an appreciable change
in the ultrasound phase. The present study examines
how reflections between the transducer and the skull as
well as reflections within the skull will affect the phase by
measuring the phase behavior along the propagation
path of a single element.

2. Procedure

Experiments are conducted in an test tank filled
with deionized water and padded with rubber to in-
hibit reflections from the tank walls. A 0.5 mm-diameter
polyvinylidene difluoride (PVDF) hydrophone (Preci-
sion Acoustics, UK) is coupled with an ultrasonic PZT
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Fig. 1. Diagram of the coupled transducer/hydrophone system for
measuring ultrasound propagated through the skull.

planar transducer so that it maintains a constant dis-
tance from the transducer face along the undisturbed
acoustic axis of propagation as depicted in Fig. 1. A
circular 1.8 cm-diameter 0.5 MHz tungsten-backed
transducer is used as the source. The transducer/hy-
drophone system is moved to arbitrary positions in the
tank and rotated to arbitrary angles using a stepping-
motor-controlled 3d positioning system (Parker, USA).
The transducer signal is generated by an arbitrary
waveform generator (Wavetek model 305) fed to a
power amplifier (ENI). Hydrophone response is sent
though a Precision Acoustics pre-amp into an amplifier
(Preamble Instruments Model 1820) and recorded by a
digital oscilloscope (Textronix model 680). Both the
scan position and the data acquisition are computer
controlled. Data from the scope is recorded at a specific
time delay after the excitation of the transducer. Several
cycles of the waveform beginning at the delay time are
downloaded to a PC and Fourier transformed to obtain
the phase of the resonant frequency.

Placing a skull fragment between the transducer and
the hydrophone and scanning the coupled system along
the axis perpendicular to the transducer face allows
measurement of phase as a function of transducer dis-
tance from the skull. The skull is positioned so that the
ultrasound angle of incidence is approximately normal
upon the skull surface. Since the transducer and hy-
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Fig. 2. Illustration of the transducer measurement directed along the
skull surface.

drophone are coupled as shown in Fig. 1, movement of
the system along this axis should not disturb the directly
propagated wave while causing changes in any reflected
waves. Starting with the transducer in direct contact
with the skull, the transducer is moved backward and
the waveform recorded at 0.05 mm intervals. Driving
signals of 10, 20 and 30 cycles and a continuous wave
(CW) are input to the transducer. Use of the time-lim-
ited signals assists in determining the role of standing
waves in the measured phase. The hydrophone is situ-
ated in the acoustic far field 11.4 mm from the trans-
ducer and the waveforms are recorded starting at 87.07
us after the launch of the signal. In each experiment the
scan process is repeated without the skull in place to
measure the undisturbed phase and to assure the signal
distortion is only due to propagation through the skull.
A second set of measurements is performed by scanning
along a line parallel to the transducer surface depicted as
the x-axis in Fig. 2. A 100 mm length along the skull was
sampled at 0.5 mm intervals, while the transducer is kept
2 cm from the distance of closest approach to the skull
surface.

The hydrophone response is recorded as a function of
the transducer distance from the skull surface allowing
the acoustic phase of the driving frequency to be cal-
culated. The fragment, which is fixed in formaldehyde is
approximately 12 cm across and 18 cm from front to
back. Based on a previous study [5] the acoustic prop-
erties of the skull were assumed to be similar to that of a
fresh skull. In all calculations the speed of sound in the
skull is taken to be v = 2650 m/s and the bone density is
assumed to be homogeneous with a value of p = 1796
km/cm?.

In order to compare the measurements to the theo-
retical model, it is necessary to obtain an accurate record
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of the skull thickness and position. A map of the skull
fragment is acquired using a laser-assisted mapping
apparatus (manufactured in-house) depicted in Fig. 3.
The device is mounted on the Parker positioning system
and lowered along the z-axis until its probe comes in
contact with the top surface of the skull. As shown in
Fig. 3, contact causes the probe (C) to misalign an op-
tical beam (M1), that is monitored with a photoresistor
(P). The position along the z-axis may be recorded with
a precision of about 50 um. The process is repeated to
form a surface map with a resolution of 1 pt/mm? in
the x—y plane. To obtain skull thickness a single side of
the skull fragment is mapped with the device then the
fragment is rotated 180° and the second surface mapped.
Absolute distance between the inner and outer skull
surfaces is determined using a caliper at four marked
reference positions on the skull. To assure proper
alignment, the fragment is mounted in a rigid holder.
Through a series of 10 successive mappings, the mean
standard deviation for all points was determined to be
0.38 mm. The incident angle between the transducer and
the skull surface at each point is determined by first
calculating the vector normal to the skull surface using
two vectors on the surface, o; and o, taken using the
third nearest neighboring points in the x- and y-direc-
tions. The scalar product between the resulting vector
and the transducer surface vector f§ requires that the
incident angle is

o xl ]

Jon o |3

7; = cos”! [ (1)

Simulated data is calculated assuming multiple re-
flections between the skull and the transducer as well as
internally within the skull. The field at a specific point is
then determined from the argument of the integral of the
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Fig. 3. Diagram of the surface-mapping probe. The probe is mounted
on a stepping motor controlled positioning system and records dis-
placement of the probe end with a precision of approximately 50 pm.

pressure over the interior wall of the skull. Detailed
description of the theory is provided in an ensuing ap-
pendix section.

3. Results

The phase measured across a 20 cm line along an
initial scan direction parallel to the transducer face (Fig.
2) is presented in Fig. 4a along with its corresponding
simulation. The mean difference between the measured
and simulated points is 1° and the standard deviation
across all points is determined to be 11.6°. The dis-
crepancy between the simulated and measured phase is
largest at the edge of the scan where the incident angle of
the ultrasound upon the skull surface becomes larger.
The discrepancy becomes more pronounced as the scan
continues outward toward the edge of the skull sample.
The phase measured over a longer, 100 mm scan is
presented in Fig. 4b where model used in this paper fails
due to the increasing importance of mode coupling not
considered in the model. Across the 100 mm scan the
mean difference between the experiment and the simu-
lated phase data is 7° with a standard deviation of 52°.

An important result of the simulation is illustrated by
considering reflections within the skull. The phase of the
propagated signal, regardless of the angle of incidence,
deviates only slightly from the limiting case consisting of
no reflection. The simulated phase as a function of in-
cident angle in presented for a 0.5 MHz wave across a
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Fig. 4. Transskull ultrasound phase along line x parallel to the
transducer face over (a) a 20 cm length and (b) a 50 cm length using a
0.5 MHz transducer. The crossed line represents an experimental
measurement and the solid line is numeric.
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Fig. 5. Simulation of the expected phase contribution due to reflec-
tions inside the skull (- - - - - ) compared to the result neglecting internal
reflection.

homogeneous 3 mm-thick skull bone in Fig. 5. Com-
parable results were obtained simulating bone thickness
from 0 to 6 mm over the frequency range of 0.5-2 MHz.

The next measurement direction was directed along
the z-axis, normal to the transducer face. The phase of
the pressure field at the hydrophone as a function of
transducer distance from the skull is presented in Fig. 6a
with the transducer driven in continuous mode. Periodic
variation in the phase with a peak differential of 25° is
found over the measured distance. The simulated phase
at the hydrophone is found to be equal to —132° while
the experimental phase at this distance is found to be
—146° for both the 30-cycle and the 20-cycle data, —135°
for 10 cycles, and —131° for CW. Time-limited signals
are presented in Fig. 6b—d showing that this variation
can be eliminated by using short bursts and longer dis-
tances from the skull.
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Fig. 6. Phase variation as a function of distance from the skull surface
at (a) CW, (b) 30-cycles, (c) 20-cycles, (d) 10-cycles.

4. Discussion

While the measured and simulated plots in Fig. 4a
appear somewhat offset along the position axis, their
values do not deviate from each other beyond a maxi-
mum of 20° in phase. It is evident from Fig. 4b that the
experimental measurements of transcranial ultrasound
phase as a function of incident angle and deviates from
the expected results at high incidence. This discrepancy
is not believed to result from reflections within the skull
bone but rather from the breakdown of two assump-
tions of the simulation model: (i) At higher angles the
inner and outer skull surfaces can no longer be consid-
ered parallel and (ii) mode coupling is no longer negli-
gible. Due to the discrepancy, the current study refers
only to the case of small (<10°) incident angles.

The standing waves between the skull and the trans-
ducer had an effect on the phase, causing the phase of
transskull propagated pressure to shift by as much as
25°, depending on the distance between the skull and the
transducer. Since the field from a transducer array is the
superposition of the complex pressure field of individual
sources, knowledge of the behavior of a single trans-
ducer, such as the phase measurements obtained in this
study, generalize the multi-element case. In the case of
multi-element therapeutic array, standing waves could
shift each element by up to 25° depending on its distance
for the transducer. A previous study suggests that phase
shifts of this magnitude will not have a significant effect
on the formation of a single focus through the skull [6].
However the data indicates that if required, the reflec-
tion-induced phase distortions may be eliminated by
reducing the number of cycles in the signal and in-
creasing the transducer distance from the skull. For
example, the phase at the hydrophone resulting from 10-
cycle burst (Fig. 6d) is independent of the distance from
the skull for distances greater than 10 mm. Beyond this
distance the time of flight of the directly propagated and
reflected waves is large enough to prevent the waves
from interfering. Thus, positioning all elements of a
transducer array at a distance greater than the signal’s
burst length from the skull may simplify phase predic-
tion for therapeutic applications.

5. Conclusion

Accurate focusing of ultrasound after transcranial
propagation requires knowledge of the phase through-
out the desired focal region. It is therefore important
that the role of reflections in the distortion of the phase
be understood. For the case of a 0.9 cm-radius trans-
ducer at 0.5 MHz, we have found that reflections can
cause appreciable change to signals when the transducer
is placed very close to the skull. However, moving the
transducer away from the skull and limiting the ultra-
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sound pulse duration results in a signal independent of
skull position. The simple model of reflections at inter-
faces was able to predict phase after ultrasound propa-
gation through the skull for small incident angles.
Reflections within the skull bone are not expected pro-
duce appreciable effects on the propagated phase re-
gardless of the entrance angle of the ultrasound. Results
indicate that standing waves caused by reflections be-
tween the transducer and can have a measurable con-
tribution on the phase of the wave propagating through
the skull. However this contribution is less than 25° for
the 0.5 MHz signal considered. Additionally it is dem-
onstrated that this contribution can be eliminated using
a multi-cycle pulse away from the skull surface as an
alternative to a CW signal.
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Appendix A. Reflection model

The model considers skull propagation as two sepa-
rate transmission problems. The first considers reflec-
tions between the transducer and the skull surface and
the second considers reflections within the skull bone
situated between two water layers. The skull is treated as
a homogeneous material and mode coupling is neglec-
ted. Further, the skull bone thickness is assumed to vary
slowly over an ultrasound wavelength, and the tangents
to the inner and outer surfaces of the skull are assumed
parallel. Justification of these assumptions and the lim-
itations of this model are discussed in Section 4. Under
these limiting conditions the skull is modeled as having a
constant thickness over the beamwidth and the trans-
mitted power at each interface is expressed as,

4(2) (=8)
I'= p1c _ cos 0, 2 (Al)
[(52) + (5]

where p; is the density of the incident medium p, is the
density of the transmission medium. The speed of sound
in the incident and transmission medium are ¢; and c»,
respectively. The incident angle of the ultrasound beam
upon an interface is given by 6, and 6, is the refracted
angle which may be eliminated from Eq. (A.l) using
Snell’s law.

Reflections in the water bath between the transducer
and the skull surface are determined by successive ap-
plication of Eq. (A.1) for each reflection. Eq. (A.1) is

applied to both the PZT-water interface 7 and the
water—skull interface 75:

A, = arg <T1 LY (1-1)'(1-1n)
n=0

x exp [i2(2n + 1)kL/cos(9J>7 (A2)

where k is the wavenumber in water, L is the distance
from the transducer to the skull surface and n is the
reflection number, n =0 representing the directly
propagated wave.

The assumption that the skull bone is constant across
the incident ultrasound beam limits the validity of Egs.
(A.1) and (A.2) to cases of a narrow planar beam.
However, the equations serve as an adequate compari-
son of the experimental data in this paper which is
limited to studies involving planar sources less than 2 cm
in diameter having wavelength of 3 mm in water.

Upon passing through a skull area of thickness L the
wave will experience an additional phase shift deter-
mined from the argument of the series,

A¢, = arg (Tzf:(l —T)™
n=0
x exp [i2(2n + 1)kLs/ cos 9,]) , (A.3)

a simplification of Eq. (A.2) since the transmission co-
efficient 7 is the same at both interfaces.

Ultrasound phase at the hydrophone may be deter-
mined from the argument of the integral of the pressure
over the inner wall of the skull,

A®(r) = arg (é /SP(r/) exp [1Ag(r)]

x exp (ik|r — r’|)dS’) , (A4)

where r is the distance from the transducer to the hy-
drophone and # is the distance from the hydrophone to
the surface element dS’ and §' = rJ.
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