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Abstract

For medical applications of ultrasound inside the brain, it is necessary to understand the

relationship between the apparent density of skull bone and its corresponding speed of sound and

attenuation coefficient. Although there have been previous studies exploring this phenomenon,

there is still a need to extend the measurements to cover more of the clinically relevant frequency

range. The results of measurements of the longitudinal speed of sound and attenuation coefficient

are presented for specimens of human calvaria. The study was performed for the frequencies of

0.27, 0.836, 1.402, 1.965 and 2.525 MHz. Specimens were obtained from fresh cadavers through a

protocol with the Division of Anatomy of the University of Toronto. The protocol was approved

by the Research Ethics Board of Sunnybrook Health Sciences Centre. The specimens were

mounted in polycarbonate supports that were marked for stereoscopic positioning. Computer

tomography (CT) scans of the skulls mounted on their supports were performed, and a three-

dimensional skull surface was reconstructed. This surface was used to guide a positioning system

to ensure the normal sound incidence of an acoustic signal. This signal was produced by a focused

device with a diameter of 5 cm and a focal length of 10 cm. Measurements of delay in time of

flight were carried out using a needle hydrophone. Measurements of effective transmitted energy

were carried out using a radiation force method with a 10 μg resolution scale. Preliminary

functions of speed of sound and attenuation coefficient, both of which are related to apparent

density, were established using a multi-layer propagation model that takes into account speed of

sound, density and thickness of the layer. An optimization process was executed from a large set

of random functions and the best functions were chosen for those ones that closest reproduced the

experimental observations. The final functions were obtained after a second pass of the

optimization process was executed, but this time using a finite-difference time-difference solution

of the Westervelt equation, which is more precise than the multi-layer model but much more time

consuming for computation. For six of seven specimens, measurements were carried out on five

locations on the calvaria, and for the other specimen three measurements were made. In total,

measurements were carried out on 33 locations. Results indicated the presence of dispersion

effects and that these effects are different according to the type of bone in the skull (cortical and

trabecular). Additionally, both the speed of sound and attenuation showed dependence on the skull

density that varied with the frequency. Using the optimal functions and the information of density

from the CT scans, the average values (±s.d.) of the speed of sound for cortical bone were

estimated to be 2384(±130), 2471(±90), 2504(±120), 2327(±90) and 2053(±40) m s−1 for the

frequencies of 270, 836, 1402, 1965 and 2526 kHz, respectively. For trabecular bone, and in the

same order of frequency values, the speeds of sound were 2140(±130), 2300(±100), 2219(±200),

2133(±130) and 1937(±40) m s−1, respectively. The average values of the attenuation coefficient
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for cortical bone were 33(±9), 240(±9) and 307(±30) Np m−1 for the frequencies of 270, 836, and

1402, respectively. For trabecular bone, and in the same order of frequency values, the average

values of the attenuation coefficient were 34(±13), 216(±16) and 375(±30) Np m−1, respectively.

For frequencies of 1.965 and 2.525 MHz, no measurable radiation force was detected with the

setup used.

1. Introduction

Longitudinal ultrasound transmission through the human skull has been proposed for

imaging (Fry et al 1974, Carson et al 1977, Smith et al 1979, Dines et al 1981, Ylitalo et al
1990), Doppler imaging (Bogdahn et al 1990, Tsuchiya et al 1991, Jones et al 2001, Lindsey

et al 2010) and therapeutic purposes (Fry 1977, Hynynen and Jolesz 1998, Tanter et al 1998,

Tobias et al 1987, Hynynen et al 2001, Behrens et al 2001, Kinoshita et al 2006). The

human skull presents a complex heterogeneous medium for sound transmission due to the

solid, multi-layered, liquid-filled and porous composition of this tissue. Nevertheless, the

attractiveness of using ultrasound for diagnostic and therapeutic purposes remains high due

to its low-cost, portability and non-ionizing mechanism. For therapy, focused ultrasound

surgery (FUS) has been proposed for the treatment of brain tumors (Fry 1977, Hynynen and

Jolesz 1998, Tanter et al 1998, Tobias et al 1987), targeted drug delivery (Hynynen et al
2001), stroke treatment (Behrens et al 2001) and targeted antibody delivery (Kinoshita et al
2006). FUS efficiently concentrates the energy in a small region, while preserving

surrounding structures. For therapy in the brain with FUS, the biggest challenge is to

compensate the diffraction effects caused by the skull bone. When compared to soft tissue,

the skull bone shows a faster longitudinal speed of sound and a higher density. When these

facts are combined with the complex geometry of the skull cavity, the effective focusing of

ultrasound becomes challenging (White et al 1968, Fry 1977, Hynynen and Jolesz 1998,

Clement et al 2001, Pichardo and Hynynen 2007). However, this situation can be corrected

using a multi-element device, where the phase of the signal in each element is adjusted to

compensate for the diffraction effects (Hynynen and Jolesz 1998, Sun and Hynynen 1999,

Clement et al 2000, Pernot et al 2003). The phase and amplitude of each element can be

programmed using an invasive positioning of a hydrophone inside the brain (Smith et al
1986, Thomas and Fink 1996, Hynynen and Jolesz 1998, Tanter et al 1998, Clement and

Hynynen 2002). Non-invasive correction can be done using sound propagation models,

combined with detailed information of the skull, mostly provided by computer tomography

(CT) scans (Sun and Hynynen 1999, Clement and Hynynen 2002, Aubry et al 2003).

Previous reports have correlated the density information of the skull, which can be estimated

from the CT voxels, with the speed of sound and attenuation (Connor et al 2002); this makes

possible to achieve the required focusing in a non-invasive approach.

In this study, we extend the knowledge about the acoustic characteristics of the human skull

for longitudinal sound transmission. Specifically, we present our findings for the speed of

sound and attenuation coefficient for longitudinal sound propagation for frequencies ranging

from 0.27 Hz to 2.525 MHz. Special attention was paid during the extraction and

preconditioning of the human calvaria in order to minimize the possibility of any

denaturalization caused by unknown influences. The spatial registration of the skull also

demanded special attention to ensure the precise positioning during the measurements.

Following the approach proposed previously (Connor et al 2002) to express the speed of

sound in the skull bone as a continuous spline function of the density, functions of speed of

sound and attenuation specific to each frequency are presented. This study covers an

important spectrum of ultrasound frequencies that allows analysis of the potential dispersion

effects of the skull bone.
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2. Material and methods

2.1. Methodology

The goal of this study was to establish functions for the coefficients of attenuation and speed
of sound, corresponding to the longitudinal sound propagation in human skull bone. The
study was performed for the frequencies of 0.27, 0.836, 1.402, 1.965 and 2.525 MHz. Both
the coefficient of attenuation and speed of sound were expressed as the functions of the
apparent skull density obtained from CT scans. Experimental measurements were made to
obtain the relative absorbed energy by the skull bone, under conditions of normal incidence
of ultrasound transmission through a cross-sectional area of small dimensions. The delay
caused by the skull bone in the propagation of an acoustic wave was also measured.

A multi-layered scheme of sound transmission for plane waves was used to model the
ultrasound propagation through the skull bone. An optimization process was executed to
establish a population of best-fitted functions of the attenuation and speed of sound that
match the experimental measurements with the propagation model. A robust, but
computationally more time-consuming model of sound propagation was used to corroborate
the precision of the multi-layer model, where the information of density was specified at the
voxel level rather than at the layer level. This robust model, which is based on the
Westervelt equation (Hamilton and Blackstock 1998), helped to pre-select the best functions
of the attenuation and speed of sound.

With this subset of pre-selected functions, the optimization process was executed again, but
using the Westervelt equation to calculate the cost function. It was expected that the multi-
layered model would be precise enough to provide a ‘first good guess’ and the more precise
solution of the Westervelt equation would help to establish a more definitive relationship
between the density and the speed of sound and attenuation.

2.2. Specimens

Seven human calvaria from adults were obtained through a research agreement with the
Division of Anatomy of the University of Toronto. The protocol was approved by the
Research Ethics Board of Sunnybrook Health Sciences Centre. No personal data were
collected and specimens were identified by roman numbers from I to VII. Each specimen
consists of the supra-orbital region of the skull, which includes bone from the frontal,
parietal and occipital segments. The specimens were obtained initially fixed in 5% buffered
formalin. After transportation from the Division of Anatomy to our laboratory, the
specimens were immersed in 10% buffered formalin. As shown in figure 1, after removal of
all surrounding soft tissue (scalp and dura-mater), each specimen was mounted in a
polycarbonate frame with a length of 25 cm, width of 20 cm and thickness of 1.27 cm. The
skull was placed inside a central perforation of 19 cm by 15.5 cm. Each skull was secured to
the support using four 4 mm diameter nylon screws placed in the anterior, posterior, left and
right extremes of the skull cap. Each frame was marked with six holes of diameter 0.7 mm
for stereoscopic positioning. As shown in figure 1, each frame has two gripping holes to clip
tightly the support to the position system, which is described below. After their mounting on
the frame, each skull cap was immersed in degassed water and put under vacuum at −0.7
MPa for 8 h. Still immersed in degassed water, specimens were imaged with a CT scanner
(LightSpeed VCT, GE Healthcare, Chalfont St Giles, UK) using a bone kernel and voxel
resolution and slice thickness of 0.625 mm.

A three-dimensional surface of the skull caps was reconstructed using an isosurface
extraction algorithm (Wong and Heng 1998). Surface triangles belonging either to the
internal or the external face of the skull were identified by the dot product between the
normal vector of each triangle and a vector between the triangle center and a point located
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inside the skull cavity. A program with a graphical interface written in Matlab (R2009a,
Mathworks, Natick, MA, USA) was used to locate the coordinates of the markers on the
supports in the CT coordinate system. Figure 2 shows a slice of one of the skulls where one
of the markers on the support is visible. Figure 3 shows a rendering of one of the skull caps,
including its support frame, using an intermediate Cartesian coordinate system (ICS). The
ICS was defined with its origin located on the bottom face of the support plate. The
coordinates of the markers (holes) in the polycarbonate support were measured in the ICS
with a caliper. Using the coordinates of the markers in the ICS and in the CT’s coordinate
system, a matrix of translation–rotation was reconstructed (Horn et al 1988) to convert the
coordinates of the surfaces of the skull to the ICS.

2.3. Positioning system

A special arm was built to attach the polycarbonate frame to a manual 5° positioning system,
which is composed of a three-directional Cartesian positioning system (A25 series, Velmex,
Bloomfield, NY, USA) and two precision optical manual rotation stages (481-A, Newport,
Irving, CA, USA). The rotation stages allow the rotation around the x and z axes of the ICS
with a precision of 0.5°. The Cartesian positioning system has a resolution of 0.01 mm. The
arm was located inside a large tank with dimensions large enough to allow the displacement
and rotation of the specimen. The tank walls were covered with absorbent material
(Neoprene 70 sheets with a thickness of 1.27 cm). Before each experiment, a polycarbonate
frame with no central perforation and with markers at its center, matching the origin of the
ICS, was used to calibrate the ICS and the coordinate system of the positioning arm (PCS).

A software tool with a graphical interface written in Matlab was used to guide the user to
select a location on a given skull. Since the triangulation method also gives the normal
vector of each triangle of the skull surface, the calculation of the incidence angle is
straightforward through the use of the dot product between this normal vector and the
acoustic axis, which in our case matches the z axis of the PCS. The software shows the
average and standard deviation of the incidence angle over a cross-sectional surface area of
0.25 cm2. The software allows the selection of a specific point on the skull surface, and it
can rotate the skull around this point until reaching a desired incidence angle. The software
shows coordinates in both the PCS and ICS. By using the ICS, the user can choose the
desired point regardless of the correction required for the PCS. After calibration between the
PCS and the ICS, the software indicates the required coordinates in the PCS and the required
angle on the rotation stages.

2.4. Propagation model

Figure 4 shows the multi-layer model used to calculate the attenuation coefficient and the
speed of sound under normal incidence conditions. Layers 1 and N + 1 are water and the
inner layers 2 to N are considered solid. We assume that from the total energy sent by the
transducer, a part of the energy is reflected back to the source, another part is attenuated by
the skull and the remaining energy crosses the skull. An analytical model can be obtained to
calculate the amplitude coefficient T for a plane wave that crosses a multi-layer propagation
medium (Brekhovskikh and Godin 1990, Hayner and Hynynen 2001). This model is based
on solving the potential of velocities and stresses at each interface. Coefficient T is complex
to model changes in amplitude and phase of the wave reaching the layer N + 1. The
calculation of the coefficient T for a multi-layered medium surrounded by water can be
performed using (Folds and Loggins 1977)
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(1)

where

(2)

Zw = ρwcw is the acoustic impedance of water and Aj,k is a coefficient of the matrix for
multiple transmission for the stress (Sx, Sz) and particle velocity (vx, vz) given by

(3)

The matrix of coefficients Aj,k is obtained after the consecutive multiplication of the
matrices of the sound transmission coefficients Cn of a given layer n to have

(4)

Under normal incidence conditions, for a given layer n its corresponding matrix Cn(Folds
and Loggins 1977) can be simplified to

(5)

where kn and ςn are the complex wave numbers for the longitudinal and shear transmission,
respectively, of the layer n. Dn (m) and ρn (kg m−3) are, respectively, the thickness and
density of the same layer. The form of the matrix Cn implies that all coefficients equal to
zero remain as zero after the multiplication of Cn by Cn−1 and so on. Furthermore,
coefficients ςn disappear for the calculation of (1) since A4,2 and A4,3 are equal to zero. This
situation makes that

(6)

which allows writing the equation of transmission (1) as
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(7)

It is important to note that (7) is consistent with the fact that under normal incidence
conditions there is no transmission of sound for shear waves. The complex wave number kn
is given by

(8)

where cn (m s−1) and αn (Np m−1) are the speed of sound and attenuation coefficient
assigned to the layer n. A priori the values of the local coefficients cn and αn may be
arbitrary or they can be a function of a structural composition. In this study, if a point in the
space was identified as the skull bone, the values of c and α were considered as the functions
of the density and will be denoted in the following as cs(ρ) and αs(ρ), respectively. The
acoustic impedance of water Zw was calculated with a density of 1000 kg m−3 and speed of
1483 m s−1.

2.5. Density of skull

As shown in figure 5, the total number of layers and the skull density ρn was estimated from
the CT dataset (Connor et al 2002) by the voxels identified as skull that were found
following the acoustic axis. The value of ρn for each layer was assigned by the average
values of the voxel on the acoustic axis and four surrounding voxels found in the same
perpendicular plane where the central voxel was located. The center-to-center distance
between voxels on the same perpendicular plane was set to the voxel spacing of the CT
dataset (0.625 mm). The thickness Dn was set for all layers to 1/4 the voxel spacing of the
CT dataset to allow a smooth transition. The total number of layers depended on the
thickness of the skull bone, found at a given region of interest.

The analysis of the profiles of the density paths covered by the sound transmission can help
to identify the regions corresponding to each type of bone. Cortical bone is characterized by
a higher density when compared to trabecular bone. It was expected that cortical bone would
appear as two peaks in the density path, while trabecular bone would appear as a valley
between the two peaks. This identification can help to isolate the behavior of the speed of
sound and attenuation by the specific type of bone.

2.6. Error of function of attenuation

The transmitted power Pt of a plane wave crossing a solid layer under normal incidence
conditions can be calculated by (Brekhovskikh and Godin 1990, Cheeke 2002, Hayner and
Hynynen 2001)

(9)

where P0 (W) is the acoustic power reaching the layer 1 in figure 4. T*  is the complex
conjugate of the transmission coefficient T calculated with (7). In (9), T T*  indicates the ratio
of the total absorbed energy Pt P0

−1, which is expected to be less or equal to 1. We assume
that we have an experimental measurement of Pt P0

−1 that will be denoted in the following
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by P̂t P̂0
−1. For a given function αs(ρ), the error η (in percentage) associated with that

function and an experimental measurement can be expressed by

(10)

For each frequency f to be tested, we assume having a number of M experiments and the
total least-squares error can be given by

(11)

where η(m) is the error associated with the m-measurement for a given function αs(ρ). It was
expected that there was a function αs(ρ) that minimized Ξf. An optimization process (section
2.8) was executed to find the optimal αs(ρ) for a given frequency.

2.7. Error of function of speed of sound

From a macroscopic point of view, the introduction of the skull bone between a source and
an observation point makes an acoustic signal arrive with a delay δ (in seconds) when
compared with the signal observed when the skull bone was absent. In a multi-layered
model, δ can be estimated as the sum of delays caused by each layer. Consequently, δ can be
expressed by

(12)

where cs(ρ) is the speed of sound corresponding to a given layer n via the density of that
layer. Similarly as for αs(ρ), the error ε of a function cs(ρ) associated with the measurement
of the delay can be expressed by

(13)

where δ̂ is the measured delay, and ε is given in radians, which makes the comparison of
error between functions cs(ρ) easier for different frequencies. Similarly for function αs(ρ),
we assume having a number of M experiments for each frequency f to be tested and the total
square error can be given by

(14)

where ε(m) is the error associated with the m-measurement for a given function cs(ρ).
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2.8. Optimization algorithms

It was expected that for each frequency tested, there was a function αs(ρ) that minimized the
total error Ξf. It is an identical case for the speed of sound, as there was a function cs(ρ) that
minimized the total error Ψf. Each function followed a continuous cubic spline given by the
minimization of (De Boor 2001)

(15)

where X is either c or α. Xj and ρj are the j-knots of the spline function, and υ is the weight
for fitting closely the curve to the knots. As reported previously (Connor et al 2002), it is
possible to represent the properties of the skull with a smooth and continuous function by
setting υ = 0.99. For each frequency f tested, an optimization process was executed to find
the set of knots that produced the function αs(ρ) that minimized the square error Ξf. A
similar process was executed to find the function cs(ρ) that minimized the square error Ψf.

Each optimization process consisted of creating an initial population of 50 pseudo-random
sets using a multiplicative random-number generator with the function
RandStream(‘mcg16807’) of Matlab (R2009a, Mathworks, Natick, MA, USA) using seeds
ranging from 1 to 50. Each set consisted of seven knots for ρj and seven knots for Xj. The
choice of seven knots was established after a preliminary execution of the optimization
process where the minimum number of knots was established. As suggested in Connor et al
(2002), five knots are enough to describe a smooth transition of the functions of speed of
sound. However, our results showed that increasing the number of knots to 7 helped to
reduce the number of iterations required to converge to a feasible solution. A larger number
of knots did not show up any improvement in the number of iterations.

The knots for ρj were uniformly distributed between 1000 and 3400 kg m−3. For the speed
of sound, the knots were distributed between 1500 and 5500 m s−1. For the attenuation, the
knots were distributed between 10 and 500 Nepers m−1. For each set of initial random knots,
two algorithms for optimization were executed: constrained genetic (CG) and constrained
sequential quadratic programming (CSQP). Both algorithms are available in Matlab. Genetic
algorithms produce new sets pairing the best ‘mates’ and introduce some degree of mutation
during pairing (Goldberg 1989). The constrained methods ensure that in every step of the
optimization the new sets respect a specified set of rules. The CSQP algorithm uses a quasi-
Newton method, where the evolution of the knots depends on the gradient between two sets
where a small change has been introduced (Fletcher 1988). In principle, the CG is more
susceptible to produce an optimal solution that is less dependent on the initial sets of
coefficients. The CSQP algorithm depends greatly on the initial set, and it is assumed to find
a set of knots that always produces a local minimum in the cost function. By providing a
large population of initial sets, the opportunity for a CSQP-based method to find the optimal
set of knots is maximized.

The genetic algorithm was executed with the function ga of Matlab with the option
@mutationadaptfeasible for the genetic method. The stopping criteria were getting an
incremental gain in the minimization or a change of the values of the knots less than 10−6;
evolve up to 104 generations, each generation with 30 sets. The CSQP method was denoted
with the function fmincon. The stopping criterion was either a maximum number of
iterations of 106 or an incremental gain less than 10−6.
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Since the attenuation and speed of sound were studied separately, for the estimation of αs(ρ)
the speed of sound was set using a function previously reported (Connor et al 2002). By
doing this, the optimization process only adjusted the coefficients regarding the cost
function of the attenuation. Similarly, for the optimization of the speed of sound, a constant
value of attenuation was used, which was calculated using the transmitted energy and the
thickness of the skull bone observed during experimentation (see section 2.9.1).

2.9. Experimental measurements

An in-house-manufactured air-backed transducer was used for the experiments. The
transducer is made of gold-plated lead zirconate titanate (PZT) and is shaped as a spherical
cap with a diameter of 5 cm and a focal length of 10 cm. Its central frequency is 0.254 MHz
and passive electrical adaptation circuits were made for the frequencies of 0.27, 0.836,
1.402, 1.965 and 2.525 MHz. The device was positioned at the bottom of the water tank and
the acoustic axis was aligned vertically. The transducer was excited by an electrical signal
produced by a function generator (Wavetek 395, Fluke, Everett, WA, USA) and amplified
with a gain of 50 dB with a wide-band linear amplifier (275LC-CE, Kalmus, Bothell, WA,
USA).

2.9.1. Attenuation experiments—Figure 6 shows the setup used to estimate the ratio Pt
P0

−1 for the longitudinal attenuation coefficient in the skull. The transducer was located 12
cm below the skull interface, meaning that the cross-section area on the skull was located in
the post-focal region. The internal face of the skull was positioned facing the transducer,
making the sound cross from the internal to the external face of the skull. This orientation
was chosen because the sound absorber is large enough to capture most of the sound
crossing the skull. The absorber had a diameter of 8 cm and was positioned at approximately
2 cm over the external face of the skull. After considering the average thickness of the skull
bone is 0.8 cm, the absorber was located around 15 cm from the transducer. The absorber is
made of frayed polymer bristles, bundled so the closely packed tips acted as point scatters.
These scatters deflect most of the energy into the brush, where it becomes absorbed
(Hynynen 1993).

The sound absorber was attached using nylon wires to a 10 μg resolution analytical balance
(PI-225D, Denver Instruments, Denver, CO, USA). The balance was mounted on a wood
box that surrounded the water tank. The force applied on the acoustic absorber was recorded
by a computer attached via RS-232 to the balance. The effective transmitted electrical power
was monitored by a power meter (E4419B, Agilent, Palo Alto, CA, USA) coupled with the
transmitted signal by a dual-directional coupler (Model 01575 Werlatone, Brewster, NY,
USA). The reading of the power meter was captured by the computer via a GPIB interface,
simultaneously with the reading of the balance. With the reading of effective electrical
power and the applied force on the balance, the percentage of the transmitted energy Et was
calculated (Hynynen 1993).

For each location and frequency, five measurements were performed using an exposure with
3 s duration and 6 W effective electrical power. The power of 6 W was selected after
preliminary experiments were performed with thermocouples (T-type) placed over a cross-
sectional area of the parietal bone on the skull I. Several powers ranging from 4 to 12 W,
with steps of 2 W, were tested with the exposure of 3 s at the highest frequency of 2.525
MHz. The transient temperature was recorded after ultrasound was turned off (TDS3012B,
Tektronix, Beaverton, OR, USA). Powers of 10, 12 and 14 showed an increase of 0.5, 1.8
and 3.4 °C, respectively. Powers of 4, 6 and 8 W did not show any measurable increase of
temperature. The power of 6 W was selected for measurements as a conservative choice that
will minimize any internal heating of the skull bone.
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For the absorption experiments, a waiting time of 30 s was used to allow cooling of the bone
and absorber. Before each experiment on a given skull, a reference of the exerted force was
performed for each frequency, with the absence of the skull, but with all supportive
structures intact. These reference values were then used to calculate the percentage of the
transmitted energy E0 for each frequency under water-only conditions. If we assume that the
sound absorber captured most of the acoustic energy, then it is possible to write the equity
relationship by

(16)

2.9.2. Speed of sound measurements—A time-of-flight setup was used to estimate
the speed of sound in the skull. As shown in figure 7, the setup was essentially the same for
the attenuation coefficient estimation, with the difference being that the absorber was
removed and a 0.2 mm diameter PVDF needle hydrophone (SN 1378, Precision Acoustics,
Dorchester, Dorset, UK) was positioned over the skull. The hydrophone was mounted on a
miniature three-directional Cartesian positioning system (275LC, Edmund Industrial Optics,
Barrington, NJ, USA), which was secured to one of the walls of the tank. An oscilloscope
(TDS3012B, Tektronix, Beaverton, OR, USA) recorded the hydrophone signal that was
previously adapted (DC1/253, Precision Acoustics, Dorchester, Dorset, UK) and filtered
using a passive 5 MHz low-pass filter (BLP-5+, Mini-circuits, Brooklyn, NY, USA).

The hydrophone was positioned between 2 and 3 cm from the skull surface, and the acoustic
axis was established by finding the location that produced the highest amplitude level of the
signal. This procedure was followed for all selected locations on a given skull and for all
frequencies. The final position of the hydrophone was the site that ensured that there was a
signal strong enough for all locations and frequencies. Once the hydrophone location was
chosen, the arm was locked to avoid any displacement.

The function generator triggered the oscilloscope and was programmed in the burst mode
with 15 cycles and a repetition frequency of 10 Hz. The signal amplitude at the function
generator was the same as the one used for the measurements of attenuation, which in a
continuous mode would produce 6 W of electrical power. The signal acquired by the scope
was transferred to a computer via a GPIB interface. When all the acquisitions were made for
all frequencies, the skull was removed carefully while keeping the position of the
hydrophone locked. Measurements without the skull were made again for each frequency.
This procedure was repeated for each location on the skull and for each frequency.

The measured delay δ̂ was calculated using a semi-automatic program written in Matlab,
where the user indicated the location in time of the beginning of the signals. The program
calculated the delay that produced the maximum value in the cross-correlation of both
signals. It also limited the time window from the beginning of the signal identified by the
user to the time after the number of cycles used in experiments, which in our case was 15
cycles. The calculation of δ̂ considered the transmission of sound through a layered medium
with different speeds of sound. This implies that the observed signal with a hydrophone
arrives with a different phase when compared to a water-only reference signal. Strictly
speaking, δ̂ can be expressed as δ̂ = φ · ω−1, where |φ| can be larger than 2π. In practice, and
under the conditions used in this study, the calculation of δ̂ was performed using an iterative
loop where the cross-correlation value r was calculated between the reference signal sw and

a re-phased skull signal , which was calculated with the expression
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(17)

where ss is the original signal with the presence of the skull and φ is the phase (in radians) to
be tested. FFT and FFT−1 are the direct and inverse fast Fourier transform, respectively. It
was expected that the value of the correlation r was maximal for a given value of φ and a lag

l between the sw and . The values of r and l were calculated with the function xcorr of
Matlab (R2009a, Mathworks, Natick, MA). δ̂ was then calculated with the expression

(18)

where lopt and φopt are the pair of required lag (in seconds) and phase that produces the
maximum value of correlation r.

2.10. Theoretical validation of functions of speed of sound and attenuation

The multi-layer model used previously allowed the establishment of a population of
candidate functions and a more robust model helped with the definitive selection of the best
function per frequency. The Westervelt equation (Westervelt 1963) was selected to evaluate
the propagation of sound with each one of the functions αs(ρ) and cs(ρ). This model takes the
specific properties per voxel into consideration and the equation is given by

(19)

where p is the pressure of the acoustic wave, and c ρ, μ and β are, respectively, the local
coefficients of speed of sound, density, diffusivity and nonlinearity. For harmonic excitation,
μ is related to the attenuation coefficient α with μ = 2αc3(2πf)−2. A finite-difference time
difference (FDTD) was used to solve (19) in cylindrical coordinates (Connor et al 2002).
The solution of (19) is computationally more time consuming than the multi-layer model
(three orders of magnitude). For example, the calculation of the sound transmission over a
cross-sectional area of 0.25 cm2 at a frequency of 270 kHz takes around 280 s, while the
multi-layer model takes barely a fraction of second. The FDTD implementation takes
advantage of multi-core technology using OpenMP and running with a computing node with
2 quad-core processors (Intel Xeon 5410). For higher frequencies, the difference is even
higher; for 1402 kHz the calculation takes around 840 s, while the execution time with the
multi-layer model remains less than a second.

The performance of each function αs(ρ) and cs(ρ) was measured by forward propagating,
with (19) the real acoustic field generated by the source. The real acoustic field was
obtained on a plane perpendicular to the propagation axis at a distance of 9 cm from the
source. The field was acquired with a 0.2 mm needle hydrophone (SN 1378, Precision
Acoustics, Dorchester, Dorset, UK) that was mounted on a motorized arm (VP 9000,
Velmex, Bloomfield, NY, USA). An oscilloscope (TDS3012B, Tektronix, Beaverton, OR,
USA) recorded the hydrophone signal that was previously adapted (DC1/253, Precision
Acoustics, Dorchester, Dorset, UK), amplified (HA2, Precision Acoustics, Dorchester,
Dorset, UK) and filtered using a passive 5 MHz low-pass filter (BLP-5+, Mini-circuits,
Brooklyn, NY, USA). The function generator triggered the oscilloscope and was
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programmed in a burst mode with 15 cycles and a repetition frequency of 10 Hz. The signal
acquired by the scope was transferred to a computer via a GPIB interface. The scanning was
performed with a spatial resolution of half the wavelength for a circular plane of radius of
2.5 cm. In order to correctly forward propagate the field using (19), both the amplitude and
the phase were calculated for every acquired point of the plane. The excitation signal for the
FDTD algorithm was a sinusoidal signal of 15 cycles at the desired frequency.

Acoustic fields were calculated for the scenarios of skull presence and under only-water
conditions. For each of the functions αs(ρ) and cs(ρ), fields were calculated for each region
of interest in all the skulls and for every frequency tested. The fields were calculated on a
plane located at the same distance where the measurements with the absorber took place. A
sinusoidal of 100 cycles was used as an input for the FDTD implementation and the
amplitude of the average peak pressure p̈ was chosen in a window of 10 cycles at the end of
the 100 cycles. This window was long enough to consider internal reflections and recreate
the conditions of the experimentation that measured the transmitted energy in continuous
mode. The simulated acoustic powers P̈t and P̈0 were estimated by integrating the acoustic
intensity (p̈2 · (2Zw)−1) over the area of the plane. The performance of a given function αs(ρ)
was established using the accumulated error Ξ̈f using formula (11) but using the error η ̈,
which was calculated with

(20)

instead of η.

In terms of the speed of sound, for every function cs(ρ), forward-propagated fields were
calculated to simulate the acquisition of a hydrophone using an observation point in the
acoustic axis. The observation point was located at the same distance used in the
experiments. The theoretical delay δ̈ was calculated with the same method used to calculate
the delay between the signals obtained experimentally in the presence and absence of the
skull (see section 2.9.2). Similarly, as for the function of attenuation αs(ρ), the performance
of a given function cs(ρ) was established using the corresponding accumulated error formula
δ ̈f (14), where δ and ε were replaced by their counterparts δ̈ and ε ̈. Because the experimental
measurements (δ and ε) and their simulation equivalents (δ̈ and ε ̈) were relative to only-
water propagation, there was no need to consider the frequency response of the transducer.

2.11. Final optimization

The accumulated errors Ξ̈f and δ ̈f were calculated for each of the optimal functions αs(ρ) and
c(ρ) obtained in subsection 2.8. For each value of f tested, the function αs(ρ) that showed the
smallest accumulated error Ξ ̈f was selected for a final pass of optimization, but using (19)
this time to calculate the cost function. A similar approach was followed for the best
function c(ρ) per frequency. The use of the Westervelt equation in this second pass of the
optimization helped in the establishment of a more precise relationship with the apparent
density.

2.12. Numerical implementation

A workstation (quad-core Intel Xeon 5405 at 2 GHz with 8 GB of RAM and 1 TB of hard
drive space) was used to prepare data from CT scans, surface reconstruction, localization of
markers for stereoscopic localization and calculation of delay between signals. The
optimization process and the FDTD simulations for the Westervelt equation were executed
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with a cluster with 16 nodes (each node counting with 2 quad-core processors Intel Xeon
5410 at 2.33 GHz and 4 GB of RAM) using a Message Passing Interface implementation
(MPICH2 1.0.8, Mathematics and Computer Science Division, Argonne National
Laboratory, Argonne, IL, USA). OpenMP (Chapman et al 2007) (available on GCC 4.4)
was used to parallelize the FDTD code for the solution of the Westervelt equation.

3. Results

3.1. Selection of locations on skulls and density path

As shown in figure 8, with the setup used in this study, the regions that were attainable with
a normal sound incidence covered a band over the regions of the skull corresponding to the
parietal bones. For six of seven skulls, five points on the calvaria were selected, while for
one skull only three suitable points were located. In a given skull, the distance between
points was at least 2 cm. In total, 33 points were selected.

Figure 9 shows the density path used to reconstruct the multi-layer model for every selected
target, while table 2 shows the estimated thickness for each of the selected targets. Bone
with higher density appears both at the beginning and end of the path, which corresponds to
the internal and external layers of cortical bone. The central part of the density path, which
shows lower values, corresponds to the layer of trabecular bone. The range of values of the
observed density ranged from 1200 to 2500 kg m−3. Tables 1 and 2 demonstrate the
observed average density and thickness estimated from the CT information over a cross-
sectional area of 0.25 cm2. All targets included, the global average (±s.d.) of the density was

1904(±117) kg m−3, while the skull thickness was 7.44(±1.98) mm. Among specimens the

difference in the thickness was more important than the difference in the density. For

example, skull I showed an average thickness of 5.2 (±0.7) mm, while skull II showed a

thickness of 9.6 (±0.4) mm, 85% larger than skull I. In contrast, the density was practically

the same with 1877 (±86) and 1840 (±75) kg m−3 for skulls I and II, respectively.

Analysis of the density path indicated that each layer of bone keeps proportionally a similar

thickness among all specimens. Using the normalized conditions of the thickness of the

skull, it was found that the limits of cortical and trabecular bone were on average (±s.d.), 0.3

(±0.1) and 0.7 (±0.06) times the thickness of the skull bone. This observation is in

agreement with the previous report that indicated that trabecular bone was 60% of the whole

thickness (Fry and Barger 1978).

3.2. Measurements of absorbed energy and delay

Table 3 shows the measurements obtained for the percentage of absorbed energy measured

with the absorber and the scale. Measurements for the absorbed energy were obtained for

frequencies of 0.27, 0.836 and 1.402 MHz. For frequencies above 1.402 MHz, no

measurable change in the scale was obtained using the proposed setup. The total numbers of

successful acquisitions for the frequencies of 0.27, 0.836 and 1.402 MHz were, respectively,

33, 26 and 5. All points included, the global average values of the ratio  were 0.4

(±0.09), 0.1 (±0.05) and 0.04 (±0.02).

Table 4 shows the measurements obtained for induced delay observed per specimen, point

and frequency. Measurements of the delay were obtained for all five frequencies. However,

the number of measurements with good correlation (r > 0.95) decreased as the frequency

was higher. Figure 10 shows the captured signals for point 3 of skull III, which was one of

the points where it was feasible to acquire acoustic signals for every frequency tested. The

total numbers of successful acquisitions for the frequencies of 0.27, 0.836, 1.402, 1.965 and

2.526 MHz were, respectively, 33, 33, 26, 9 and 3. All points included, the global average
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values of the delay were −1.78 (±0.6), −1.91 (±0.61), −1.7 (±0.63), −1.22 (±0.3) and −1.14

(±0.1) μs.

3.3. Optimization process

Figures 11 and 12 show the selected functions per frequency of the speed of sound and

attenuation that were used as seeds for the final optimization step. Table 5 shows the

corresponding values of the cost functions Ψ and δ̈ calculated with the multi-layer model

and Westervelt equation for these functions. Estimation of the accumulated quadratic error

with the multi-layer model showed values that were close enough (same order of magnitude)

to the error calculated with the Westervelt equation. For example, for 270 kHz, the value of

Ψ was 0.027, while the value of δ ̈ was 0.063; for 836 kHz, the value of Ψ was 7.4, while the

value of δ̈ was 2.6, and so on. This confirms our initial assumption that the multi-layer

model was precise enough to execute the first stage of the optimization process. For the

attenuation function, the difference between the estimation of the quadratic errors Ξ and Ξ̈
was more important than that for the functions of speed of sound. Table 6 shows the

corresponding values of the calculated cost functions Ξ and Ξ̈, respectively, with the multi-

layer model and Westervelt equation for the pre-selected functions for each frequency.

Figures 13 and 14, respectively, show the final functions per frequency of the speed of

sound and attenuation. All the final functions showed a reduction in the cumulated quadratic

errors δ ̈ and Ξ̈. The values of δ̈ changed from 0.063 to 0.061, 2.6 to 2.4, 14 to 12, 5.8 to 2.7

and 22 to 1.7 for frequencies of 270, 836, 1402, 1965 and 2526 kHz, respectively. The

values of Ξ̈ changed from 306 to 216, 4010 to 3685 and 4.1×104 to 1.3×104 for frequencies

of 270, 836 and 1402 kHz, respectively. Tables 7 and 8 show the respective j-knots of the

spline function (15) for the speed of sound and frequency, for each of frequencies. Tables 9

and 10 illustrate the evaluation of each spline function at steps of 100 kg m−3.

4. Discussion

Results shown in this study established the best values for the speed of sound and

attenuation coefficient that reproduced experimental observations in the function of the

apparent density obtained from CT scans. No assumptions were made based on the type of

bone, cortical or trabecular, that was represented by a given layer or voxel. This absence of

preliminary conditioning, combined with considerable computing resources, allowed the

optimization algorithms to find the best fit. Once the optimal functions were found, it is

possible to study the specific behavior of a particular type of bone.

As mentioned previously, data shown in section 3 indicated that the multi-layer model was

precise enough to guide the optimization algorithms. In general, and as can be seen in table

5, the multi-layer approach had a tendency to overestimate the quadratic error for the speed

of sound and for all frequencies, except for 270 kHz. However, the error calculated with

both models remained in the same order of magnitude. Similar situation is observed in table

6, which shows that the multi-layer model overestimated the error in the attenuated energy

except for 1402 kHz. The accumulated data do not provide a plausible explanation of the

difference in the trends other than the Westervelt propagation model that can account for

more subtle changes of the density. The multi-layer model introduces a low-pass filtering of

the density information, and it was never expected that this model could be used alone to

establish a more conclusive relationship between density, speed of sound and attenuation.

Nevertheless, the high number of layers that was used to model the skull bone (around 50

layers for a thickness of skull of 7.5 mm) helped to model the medium to model the

observed delay and attenuation with enough precision.
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4.1. Speed of sound

The results shown in this study indicate the complexity of dispersion effects on the skull
bone and the intrinsic relationship of these effects with the apparent density. Observations of
the estimated delay at different frequencies (table 4) suggested already that the speed of
sound was considerably different as the frequency was increased. The presence of dispersion
effects is considered normal in solid materials. These effects appear as a positive increase of
the speed of sound as the frequency is also increased, which is explained by the causality of
the Kramers–Kronig relations (O’Donnell et al 1981). However, for bone material, there
have been reports of negative dispersion effects (Droin et al 1998, Wear 2000, Nicholson et
al 1996), but also reports with combined positive dispersion (Droin et al 1998, Wear 2000).
Several scenarios that explain this behavior are intrinsically linked to the complex
composition of bone material, where solid material and fluids are packed in dimensions
comparable to the wavelength of ultrasound used for clinical applications. The complex
combination of slow and fast waves traveling in the porous material or the complex
geometry of the bone is enough reason to produce negative dispersion (Bauer et al 2008,
Anderson et al 2008, Mobley 2010). The results of the observed delay shown in table 4 are
in agreement with these reports of mixed dispersion since the speed of sound seems to be
faster as the frequency goes from 270 to 836 kHz and then it decreases as the frequency is
increased. It is worth noting that this change of dispersion from positive to negative may be
linked to the interaction of porous bone with sound waves showing λ less than 1 mm.
Further studies are required to establish the potential use of this property to characterize the
micro-structure of the bone.

The presence of dispersion effects is clearly suggested after the first step of optimization
(figure 11), and the final optimization step made this observation even more apparent (figure
13). Results shown here are in good agreement with a previous study (Connor et al 2002)
where the density of the skull was correlated with the speed of sound at a frequency of 740
kHz. Figure 13 shows, along the optimal functions found in this study, the function
correlating apparent density and the speed of sound for 740 kHz found in Connor et al
(2002). The trend of the speed of sound for 740 kHz is similar to the ones shown in this
study with the difference of showing slightly higher values of the speed of sound for the
lower values of density.

Using the limits along the density path to establish the limits of each layer of bone, it was
feasible to estimate the average speed of sound for each type of bone by calculating the
induced delay in the signal produced by the isolated section of the density path. It was found
that the average values of the speed of sound for cortical bone were 2448(±166),

2516(±110), 2577(±150), 2379(±108) and 2065(±45) m s−1 for the frequencies of 270, 836,

1402, 1965 and 2526 kHz, respectively. For trabecular bone, and in the same order of

frequency values, the speed of sound was 2140(±131), 2300(±98), 2219(±211), 2133(±134)

and 1994(±36) m s−1, respectively. These results indicate that speed of sound was always

faster for cortical bone. An interesting observation is that the dispersion was positive up to a

frequency of 1402 kHz for cortical bone and then negative for higher frequencies. For

trabecular bone, dispersion effects were observed as positive up to a frequency of 836 kHz

then as negative for higher frequencies.

When all the density paths for each of the specimens is considered, the average values of the

speed of sound predicted with the optimal functions were 2291(±160), 2408(±112),

2389(±199), 2253(±132) and 2031(±36) m s−1 for the frequencies of 270, 836, 1402, 1965

and 2526 kHz, respectively. These values for the speed of sound obtained with the optimal

functions are in good agreement with a simplified model of a single layer of bone material

(White et al 2006) that indicates the values of the speed of sound of 2269(±168),

2365(±182), 2302(±257), 2215(±508) and 2067(±100) m s−1 for the same frequencies.
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Reports of the speed of sound for 1000 kHz (White et al 2006) indicate the speed of sound
around 2800 m s−1. This observation suggests that positive dispersion effects reach its
maximum around a frequency between 740 and 1402 kHz.

For frequencies lower than 1 MHz, the values of the speed of sound mentioned above are in
agreement with a previous report (Fry and Barger 1978). Authors reported the values of the
speed of sound for trabecular bone of 2190 m s−1 for a pulse with a frequency range
between 300 and 800 KHz. When full skull bone is considered, for the same frequency
range, their reported value is 2337 m s−1. In this study, the average values of the speed of
sound for the frequencies of 240 and 836 kHz for full skull are 2291(±160) and 2408(±112)

m s−1, respectively. The linear regression of these values would indicate that at 550 kHz the

speed of sound is 2395 m s−1, which is close to the reported value in Fry and Barger (1978)

of 2337 m s−1. It is also worth noting that their reported value of density (1840 kg m−3) is

close to the value reported here (1904 kg m−3). It was exactly the same situation for the

thickness of the skull, where authors found important variations in the skull thickness

between specimens ranging from 2.84 to 9.5 mm; in this study, our specimens showed

thickness between 5.2 and 9.6 mm.

For frequencies higher than 2 MHz there are important differences between our results and

their findings that indicate a value of speed of 2710 m s−1 for a pulse with a frequency range

between 1000 and 2000 kHz. This indicates that authors always found positive dispersion

while in our findings negative dispersion is clearly present from 836 to 2526 kHz. Authors

used a similar setup where two signals, one without and one with the skull, are compared to

establish a difference in the delay caused by the presence of the skull. However, there is an

important difference with our study; the authors in the mentioned study used a pulsed

exposure, with a frequency band between 300 and 2500 kHz. In our study, we used narrow-

band pulses at only one frequency each time. In such a scenario, the global speed observed

for an experiment is the same as the phase speed. In Fry and Barger (1978), the authors

needed to perform a frequency analysis to establish the phase speed for a given frequency,

but unfortunately they reported their data on phase speed for several ranges of frequencies

(300 to 800 kHz, 1000 to 2000 kHz and above 2000 kHz) rather than for individual

frequencies. In this study, we used a cross-correlation technique combined with spectral

shifting to establish precisely the delay of each signal. The purpose of using this technique

was to include small changes in the phase smaller than the time-step used for the

acquisitions. We performed a supplementary estimation of the observed delay using the

zero-cross technique, which is also reported as a robust technique to establish the time of

flight (Nicholson et al 1996). On an average, the zero-cross technique estimated practically

the same delay (table 4) as our technique with the values of −1.83(±0.6), −1.92(±0.6),

−1.69(±0.6), −1.33(±0.4) and −1.18(±0.1) μs for the frequencies of of 270, 836, 1402, 1965

and 2526 kHz, respectively. In the same order of frequencies, our method showed the values

of delay of −1.78 (±0.6), −1.91 (±0.61), −1.7 (±0.63), −1.22 (±0.3) and −1.14 (±0.1) μs.

The correlation coefficient r per frequency between our method and the zero-crossing

technique was higher than 0.96.

A plausible explanation of the differences is that our study is missing data in the range from

836 to 1402 kHz. From Fry and Barger (1978) and White et al (2006), we can assume that

the phase speed gets its maximum around 1000 kHz. The reported phase speed in Fry and

Barger (1978) for the range between 1000 and 2000 kHz may be dominated by the phase

speed at frequencies close to 1000 kHz. For frequencies higher than 2000 kHz, both studies

show a limited number of measurements to establish conclusive results.
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4.2. Attenuation

For functions modeling the relationship of attenuation and density, the method used in this
study quantified the amount of energy crossing the skull bone. Acquisitions were made after
a long period of time when compared to the period of the acoustic signal. Consequently, the
transmitted energy accounted for the first transmitted wave and all subsequent internal
reflections in the skull bone. The analytical model used for the multi-layer transmission
accounts for this fact. Also, the evaluation of transmitted energy with (20) considered the
transmission after including all the internal reflections. The numerical models used in this
study allowed adjusting the attenuation coefficient after discarding the losses due to
reflections between water and the first interface of the skull. Since both the speed of sound
and attenuation were optimized, the adjustment of the attenuation function considered the
scattering process of the bone structure.

Results of transmitted energy (table 3) indicated that the amount of transmitted energy was
reduced considerably as the frequency was increased. These measurements are in good
agreement with a previous report (White et al 2006), which indicated a fraction of
transmitted energy of 0.37 and 0.17 for frequencies of 270 and 840 kHz, respectively. It was
expected that the functions modeling the attenuation coefficient showed a well differentiated
trend from one frequency to another. The results shown in figures 12 and 14 and table 10
indicated that low density bone showed a higher attenuation value, probably due to the
highly porous nature of the trabecular bone. However, the results suggest that on an average
there is not much difference in the attenuation between cortical and trabecular bone for low
frequencies. Using the same separation between both types of bone that were used
previously, it was found that the average values of the attenuation coefficient for cortical
bone were 32(±10), 244(±11) and 294(±34) Np m−1 for the frequencies of 270, 836 and

1402 kHz, respectively. For trabecular bone, and in the same order of frequency values, the

average values of the attenuation coefficient were 34(±13), 216(±16) and 375(±28) Np m−1,

respectively. For 270 kHz, both types of bones on an average show practically the same

attenuation. This is due to the fact that the optimal function of attenuation (figure 14) has an

inflexion point at the middle of the range of density values observed (around 1800 kg m−3).

Similar distributed values of density before and after this point would show very close

macroscopic attenuation values. For 836 kHz, results indicated that attenuation increases

similar to density. For 1402 kHz, the results suggest that the absorption due to trabecular

bone dominates clearly the attenuation of the acoustic wave.

When considering all the bone density path, the estimated attenuation using the optimal

function αs (ρ) indicates the average values of 33.8(±7.6), 231(±15), 334(±42) Np m−1 for

the frequencies of 270, 836, and 1402 kHz, respectively. These values are in agreement with

the estimation of attenuation for one full skull bone showed in Fry and Barger (1978, figure

11) that indicate a value of attenuation around 200 Np m−1 for 836 kHz and 380 Np m−1 for

1402 kHz. It is worth noting that in Fry and Barger (1978) the authors also considered an

estimation of the attenuation after discarding losses due to the reflections in the first

interface. Also worth mentioning is the fact that measurements in that study of attenuation

that were conducted for two samples of each cortical and trabecular bone are in good

agreement with our estimation based on the apparent density identified for each type of bone

(figure 10 in their paper). Their data indicate that for frequencies lower than 500 kHz the

attenuation is below 50 Np m−1 and practically the same for both types of bones. For a

frequency around 836 kHz, their data indicate the values of the attenuation of 200 and 220

Np m−1 for cortical and trabecular bones, respectively.

For 1402 kHz, their data from two samples indicate the values between 210 and 230 Np m−1

for cortical bone, while for trabecular bone their two measurements indicated the attenuation

of 380 and 800 Np m−1. Our observations agree with the authors in Fry and Barger (1978) in
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the observed trend that the attenuation for trabecular bone increases much more with
frequency than for cortical bone. We are confident that the larger number of measurements
in our study allows us establish a more confident estimation of attenuation for the skull
bone, and this comparison with previous reported data is a good indicator of the precision of
our estimation.

The proposed setup used a radiation force measurement system to estimate the attenuation
coefficient in the skull bone. Its main advantages include the fact that the method is
independent of the frequency of the signal and that the acoustic energy can be captured over
a large cross-sectional area. Conversely, its main limitations reside in the sensitivity to
measure the applied radiation force, the required time to get a stable reading is considerably
larger when compared to the period of a single pulse and the maximal energy that can be
sent through the biological sample without inducing heating effects. In the setup used in this
study, the sensitivity of the scale used to measure this force was of the order of 10 μg, the
time for the setup to get a stable reading was around 3 s and the electrical power sent to the
device was 6 W. This power was well below the power used in similar studies (White et al
2006) for frequencies below 1 MHz. The choice in this study was made to minimize
potential heating at frequencies higher than 1 MHz. The estimation of attenuation for the
frequencies of 0.27 and 0.836 MHz in this study is lower than the findings reported
previously (White et al 2006). However, this is explained by the fact that in the mentioned
paper losses due to reflection were not deducted from the total attenuated energy.

5. Conclusions

This study showed the collected data for the longitudinal speed of sound and attenuation
coefficient of human skull obtained from measurements on seven human calvaria. The
specimens were in excellent conditions since they were freshly excised and well preserved.
Special attention was paid for the specimen preparation and their mounting for the
measurements. In total, measurements were performed on 33 locations of the skulls. Per
location, the measurements of speed of sound and attenuation were carried out for several
frequencies ranging from 0.27 to 2.526 MHz. For each frequency, an optimization process
was executed to establish the relationship between the speed of sound and attenuation
coefficient in the function of the apparent density obtained from CT scans. Minimal
assumptions were used to allow the optimization process to converge to functions specific to
the tested frequency. For the functions of speed of sound, results indicated that dispersion
effects are considerable regardless of the specific type of bone, cortical or trabecular, but
these effects were particularly important for cortical bone. Observation of the attenuation
coefficient indicated that this coefficient increased as the frequency was higher, but not in
the same way for both types of bones. Comparison of the estimation of the speed of sound
and attenuation using the optimal functions for full cross sections of skull agrees well with
previous reported data. The collected data and modeling of acoustic properties expand the
existing information in the literature concerning the speed of sound and attenuation
coefficient.
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Figure 1.

Top-view scheme of the setup used for the mounting of skulls. Each skull was attached to a
polycarbonate support with four nylon screws. The support has two gripping holes used to
mount the support in a positioning arm and has six small holes (shown with a ‘+’) with a
diameter of 0.7 mm used for stereoscopic positioning. The small holes were made in pairs
on the locations close to the corners of the support as follows: right-top, right-bottom and
left-bottom.
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Figure 2.

Left: axial CT-slice of a skull and its polycarbonate support. Right: close-up of the region
where one of the markers used for stereoscopic positioning is visible.

Pichardo et al. Page 22

Phys Med Biol. Author manuscript; available in PMC 2011 September 5.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 3.

Surface visualization of skull III in the independent coordinate system (ICS). The
polycarbonate support is also shown. Once the triangulated surface was extracted in the
CT’s coordinate system, the triangle coordinates were rotated–translated in the function of
the position of the markers in the ICS and in the CT’s system. For illustration purposes, the
figure shows a skull surface composed of only 5% the number of triangles used in the study.
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Figure 4.

Multi-layer model used for sound propagation. A block of solid material, which is composed
of n-layers, is surrounded by water (layers 0 and n + 1). Each layer has independent
properties for thickness (Dn), density (ρn), speed of sound (cn) and attenuation (αn).
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Figure 5.

Reconstruction of layers for sound propagation from a CT scan. For illustration purposes, a
fake close-up of the voxels of a section of skull bone from a CT slice is used where the
white voxels represent high values of density. In the close-up, a simulated section of skull
bone is shown where the dark voxels are water and the light gray voxels are bone material.
The acoustic axis, shown by vector Â, is perpendicular to the surface of the skull bone. Four
vectors (â, b̂, ĉ and d ̂), which are parallel to Â, are used to reconstruct a perpendicular plan
for a given location on Â.
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Figure 6.

(a) Positioning system and scheme of tank setup used to measure the attenuation coefficient
in the skull. The analytical balance was placed on the top of a wood box (not shown in
diagram) that surrounded the water tank. (b) Electronics setup used for the acquisition.
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Figure 7.

(a) Scheme of a tank setup used to measure the speed of sound in the skull. The hydrophone
was mounted on a miniature three-directional Cartesian positioning system (not shown in
diagram). (b) Electronics setup used for the acquisition.
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Figure 8.

Locations of measurements of longitudinal sound transmission for each skull. Except for
skull III, most of the skulls showed at least five locations to measure longitudinal sound
transmission with the proposed setup. The rectangle over each skull indicates the region that
was attainable with the proposed setup for sound propagation with normal incidence.
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Figure 9.

Density path used to reconstruct the multi-layer model for sound propagation for each
specimen: I(a), II(b), III(c), IV(d), V(e), VI(f) and VII(g). For each specimen, the path for
each point is plotted: ‘–’ point 1, ‘–’ point 2, ‘–·’ point 3, ‘···◦’ point 4 and ‘– – +’ point 5.
For each point, the traversed distance is normalized by the thickness of the skull bone
measured at each location.
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Figure 10.

Captured signals by the hydrophone for the point 3 of skull III for frequencies of 270 kHz (a
and b), 836 kHz (c and d), 1.402 MHz (e and f), 1.965 MHz (g and h) and 2.526 MHz (i and
j). This point showed a skull thickness of 6.7 mm. The dotted curve is the reference signal,
while the dashed line is the signal in the presence of skull. The original signals are shown on
the left, while the delayed skull signals are shown on the right. The corresponding delay is
also shown on the right.
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Figure 11.

Selected functions cs (ρ) for the second pass of the optimization and for each frequency
(kHz): ‘–’ 270, ‘–’ 836, ‘···’ 1402, ‘–·’ 1965 and ‘···●’ 2526.
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Figure 12.

Selected functions αs (ρ) for the second pass of the optimization and for each frequency
(kHz): ‘–’ 270, ‘–’ 836 and ‘···’ 1402.

Pichardo et al. Page 32

Phys Med Biol. Author manuscript; available in PMC 2011 September 5.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 13.

Optimal functions cs (ρ) for each frequency (kHz): ‘–’ 270, ‘–’ 836, ‘···’ 1402, ‘–·’ 1965,
‘···●’ 2526 and ‘– – +’ 740 (from Connor et al. 2002) kHz.
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Figure 14.

Optimal functions αs (ρ) for each frequency (kHz): ‘–’ 270, ‘–’ 836 and ‘···’ 1402 kHz.
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Table 3

Ratio of absorbed energy ( ) observed in the selected locations in the skulls.

Number of skulls Points

Frequency (kHz)

270 836 1402

I 1 0.64 0.18 0.04

2 0.52 0.2 0.07

3 0.49 0.18 0.05

4 0.37 0.09

5 0.53 0.16 0.03

avg (± s.d.) 0.51 (±0.1) 0.16 (±0.04) 0.05 (±0.02)

II 1 0.48 0.11

2 0.38 0.03

3 0.4 0.05

4 0.5 0.07

5 0.39 0.05

avg (± s.d.) 0.43 (±0.06) 0.06 (±0.03)

III 1 0.33 0.12

2 0.34 0.12

3 0.27 0.1

avg (± s.d.) 0.31 (±0.04) 0.11 (±0.01)

IV 1 0.42 0.1

2 0.37 0.07

3 0.5 0.12

4 0.4 0.08

5 0.4 0.1

avg (± s.d.) 0.42 (±0.05) 0.09 (±0.02)

V 1 0.35

2 0.41 0.03

3 0.36

4 0.35

5 0.33

avg (± s.d.) 0.36 (±0.03)

VI 1 0.23 0.11

2 0.25 0.11

3 0.26 0.16 0.02

4 0.48 0.06

5 0.48 0.07

avg (± s.d.) 0.34 (±0.13) 0.1 (±0.04)

VII 1 0.3

2 0.38 0.02

3 0.41

4 0.39 0.04
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Number of skulls Points

Frequency (kHz)

270 836 1402

5 0.4 0.04

avg (± s.d.) 0.38 (±0.04) 0.03 (±0.01)

Global avg (± s.d.) 0.4 (±0.09) 0.1 (±0.05) 0.04 (±0.02)
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Table 5

Value of cost functions Ψ (calculated with the multi-layer model) and δ̈ (calculated with the Westervelt
equation) for the pre-selected functions cs (ρ).

Frequency (kHz) Ψ δ ̈

270 0.0274 0.063

836 7.44 2.62

1402 97.6 12.9

1965 38.9 5.69

2526 32.4 22.1
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Table 6

Value of cost functions Ξ (calculated with the multi-layer model) and Ξ̈ (calculated with the Westervelt
equation) for the pre-selected functions αs (ρ).

Frequency (kHz) Ξ Ξ ̈

270 4.17e+03 306

836 9.41e+03 4.01e+03

1402 8.03e+03 4.18e+04
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Table 10

Evaluation of optimal functions αs (ρ) (m s−1) for densities between 1200 and 2600 kg m−3 with steps of 100

kg m−3.

ρ (kg m−3)

Frequency (kHz)

270 836 1402

1200 115.6 249.4 422.7

1300 96.4 206.1 441.7

1400 78.2 185.9 448.0

1500 61.1 185.9 441.0

1600 45.5 197.4 421.6

1700 32.0 211.7 393.0

1800 21.9 225.1 358.2

1900 17.3 237.3 321.1

2000 19.6 248.0 287.8

2100 29.3 256.3 261.6

2200 45.2 261.3 242.3

2300 65.5 263.6 229.2

2400 88.5 264.0 222.0

2500 112.5 263.0 220.0

2600 135.8 261.5 222.7
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