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The acoustical properties insertion loss, reflection loss, and sound speed were measured on a series of 
fresh and subsequently formalin immersed human skulls. Measurements were made in the frequency range 
from 0.95 to 6 MHz. Most studies were restricted to an upper frequency limit of 2.2 MHz. An 
axisymmetric focused beam configuration was used as the sound source for the measurements and the 
receivers were small disk-type (3-mm-diam) piezoelectric ceramics. The geometric and temporal character 
of the focused beam was studied as a consequence of passage through the skull sections. Some skulls were 
soctioned so that their individual layex components could be studied. A simple three-layer analytical model 
seems to explain the major aspects of insertion and reflection loss. The dominant feature in determining 
human adult skull losses is the middle layer (diploe) of cancellous bone. This study corroborates previous 
work on insertion loss as a function of frequency for composite skull. The study provides new quantitative 
information on the acoustic scattering properties of diploe, scound velocity, and dispersion in composite 
skull and its components, attenuation coefficients in skull components and sound-beam distortion and 
shifts after transmission through composite skull. We conclude that with selection of appropriate 
frequencies (0.5-1.0 MHz) and beam configuration it will be possible to perform clinically significant 
transkull diagnostic imaging and interrogation in the adult human brain. 

PACS numbers: 43.80.Cs, 43.80.Ev 

INTRODUCTION 

Relatively large sections (typically 5 x 5 cm 2) of 
human adult, child, and infant skulls were studied to 
determine their acoustical properties in the frequency 
range from 250 kHz to 2.2 MHz. In addition, the 
acoustical properties of some skulls and skull compo- 
nents were studied at frequencies up to 6 MHz. Most 
skulls were studied at times staxting from three to 
four hours after patient death through several weeks 
before immersion in buffered formalin, after which 
time they were studied for many additional months. 
Specific skulls were sectioned into individual layers 
comprising the outer ivory table, the diploe, and the 
inner ivory table. These layers were studied singly 
and in reconstructed composites to determine the con- 
tribution of the various skull layers to the overall acous- 
tical characteristics. 

This. study was conducted primarily to provide suf- 
ficient quantitative information on the acoustical prop- 
erties of human skull bone so that the potential for 
transkuLl visualization, interrogation, and possible 
therapy of intracranial contents by ultrasonic means 
coukl be thoroughly evaluated. An important objective 
of the work was to evaluate critically the idea that an 
axisymmetric focused beam will provide controlled 
lateral resolution when transmitted through an area of 
skull laxge enough to smooth out distortions due to 
small-scale skull inhomogeneities. 

We have proposed an analytical model that explains 
the acoustical characteristics of skull in a manner we 

judge appropriate for either experimental or commer- 
cial instrumentation design considerations. 

Our principal measurements were of insertion loss, 

reflection loss, and insertion phase shift through skulls 
and their component layers. In a few cases, we varied 
the angle of incidence of the focused beam from 0 ø 
(normal incidence) to about õ0 ø. The patch size through 
which sound was transmitted was varied systematically 
in some of the measurements. For some of the thicker 

skulls, we measured the broadening of the transmitted 
beam. 

Phase speed in the samples was computed from the 
frequency depeadence of the phase angle of transmitted 
sound. This method reveals the frequency dependence 
of phase speed (dispersion), information that is nearly 
impossible to obtain from transit-time measurements 
which measure directly the group speed. Nevertheless, 
some transit time measurements were made to show 

how dispersion causes the higher-value group speed 
data that axe usually reported in the literature. Mass 
density and thickness were measured for the individual 
layers of some skull samples. A series of measurement,, 
were made to show quantitatively the effects of skull 
irregularities, which must not mask the effects caused 
by true irregularities of the intracranial contents to be 
visualized. 

The fluctuations of acoustical properties of skull sec- 
tions were measured as functions of lateral translation, 
angularion, and separation of the skull relative to the 
transducer. The deflection and broadening of both one- 
way and two-way focused beams were measured also. 

I. MATERIALS AND METHODS 

A. Instrumentation 

The instrumentation and experimental apparatus used 
to obtain our measurements are illustrated schemati- 
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FIG. 1. Schematic illustration of measure- 

ment apparabas. 

tally on Fig. 1. This apparatus can generate ultra- 
sonic pulses that have limiting frequencies as low as 
250 kHz and as high as 6.0 MHz, time-bandwidth prod- 
ucts as high as 1000, and peak pressures as large as 
eight bars at the focus. Two probe channels are avail- 
able; the reference channel has 48 dB of dynamic 
range and the receive channel has 120 dB of dynamic 
range. The waveforms received on the two channels 

are superimposed and sampled 2048 times. The wave- 
form samples axe read by a PDP 11/40 computer for 
edi[ing• disk filing, and subsequent analysis. 

Impulses are generated by setting the amplifier gate 
dwell interval at the inverse of the desired pulse band- 
width, with the ampIifier input open circuited. Coher- 
ent waveform pulses having time-bandwidth products 
larger than unity are generated by the function genera- 
tot, which is triggered by the gate-opening pulse. 
Pulses are shaped by the amplifier output stage and 
the [uning inductor, which is connected across the trans- 
ducer. The transducer is an electrostrictive spherical 
cap with an aperture of 49 mm• a focal length of 190 
ram, and a highly damped resonance frequency at 1.7 
MHz. 

The sound pressure on the transducer axis as a func- 
tion of distance from the transducer face shows that 

the maximum pressure occurs at about 18 cm, with a 
depth of focus (defined at 3-dB down points) of 10 cm. 
The magnitudes of the Fourier coefficients of a pulse 
wavelorm measured at the focus are shown on Fig. 2. 
This waveform has a useable bandwidth of from about 

250 kHz to abou,: 2.0 MHz, for over this range the 
Fourier coefficients are at least 60 dB larger than those 
for background noise. 

The ultrasonic probes are 3-mm-diameter and 0.01- 
in. -thick disks of Keramos, Inc. (Lizton, Indiana), 
Kezite K-15 pie:.,oelectric ceramic. Receiving sensitiv- 
ities of these probes are within I dB of - 133 dB/V/•bar 
over the frequency range extending from below 100 kHz 
to about 5 MHz. The probes are symmetrical in terms 
of their output with respect to their front and b•ck face 
(i.e., a 180 ø ro•:ation in a given plane-wave field will 
yield the same voltage output). With the disk face 
perpendiculax to the direction of propagation• the 6-dB 
down points correspond to a probe rotation of ß 13 ø. 
This directivity aspect has posed no problem in our ex- 
perimental arrm•gement since in all measurements the 
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FIG. 2. Relative magnifydes of Fourier coefficients of trans- 
ducer pulse waveform measured at its focus. 

signal output on the probe was maximized by rotating 
the probe about its own axis. Calibrated attenuators 
before and after the receive-probe amplifier allow the 
received signal to be adjusted to within 1 dB of the ref- 
erence signal The transient waveforms captured by 
the recorder are viewed on an oscilloscope before they 
are transmitted through the data coupler to the com- 
puter. 

Experimental skull samples were positioned in the 
pulsed ultrasonic beam from a stage that can be moved 
along three perpendic.ular coordinates and rotated about 
the vertical coordinate. The receive probe was mounted 
on a stage that can be positioned anywhere along the 
beam axis and can be moved accurately in the horizontal 
and vertical directions by means of micrometer ad- 
justment. The reference probe is attached to the trans- 
ducer, and this combination can be positioned in both 
the horizontal and vertical directions by micrometer 
adjustment. Transducer, probes, and sample were 
all immersed in water contained in a 25 x 25 x 45-cm s 

glass-walled tank. 

Insertion loss as a function of time and formalin fix- 

ation was obtained on skull samples starting as soon 
after death as the autopsy procedure would permit (usu- 
ally within four hours) and for as long as six months or 
more after formalin fixation. Fresh skull sections 

were immediately placed in buffered mammalian 
Ringer's solution, and the insertion loss of these sec- 
tions was determined as a function of frequency. A 
number of subsequent measurements were made during 
the time while the skull sections were stored under re- 

frigeration in Ringer's solution. They were withdrawn 
and brought to 37 øC for the measurements. Within a 
few weeks, the skulls were placed in buffered formalin, 
and the acoustic measurements continued for six months. 

B. Data analysis 

By observing the. physical configuration of Fig. 1 the 
sequence of recorded waveforms can be foRowed. The 
transient recorder is triggered by the electrical pulse 
that drives the transducer. Sampling of probe outputs 
begins a/ter a delay set in the recorder, chosen to 
catch the incident pulse just as it passes the reference 
probe (A). This pulse is designated x waveform in the 
data analysis algorithms. The reference probe is pe- 
sitioned close enough to the skull sample so that it will 
catch the reflected pulse next. This reflected pulse is 
designated z waveform in the data analysis algorithms. 
The output level from the pulse amplifier is adjusted 
so that the peak voltage from the reference probe will 
fall just short of the peak voltage capacity of the re- 
corder. The next waveform is measured by the receive 
probe (B) as it records passage of the pulse that has 
traveled through the skull sample. This pulse is desig- 
nated y waveform in the data analysis algorithms. At- 
tenuators in the receive probe circuit are also adjusted 
so that the peak voltage from the receive probe falls 
just short of the peak voltage capacity of the recorder. 

The recorded voltage waveforms x, y, and z are re- 
lated to the sound pressures p,, /),, and p, by the sen- 
sitivitiesg t of the reference channel and g2 of the receive 
channels; i.e., 

incident pressure waveform p•= x/g t , 

reflected pressure waveform p,=z/g• , (1) 

transmitted pressure waveform p• =Y/gz ß 

The attenuations in the two channels At and A 2 are de- 
fined by Ai= - 20 loggi ß 

Four functions of the data were calculated: insertion 

loss, reflection loss, and the phase angles of the two 
loss functions. Insertion loss (IL) is the decibel mea- 

surement of the ratio of the Fourier coefficients P• 
and P• where the waveform p• is measured at the same 
place as p• but with no skull present, and where capital 
letters represent the Fourier coefficients of the wave- 
forms represented by lower-case letters. Insertion 
phase shift (I•) is the difference between the phase 
angles of the two Fourier coefficients 

IL--20ioglr, I/Ir; I: 201ogl 7' I/171+A 
(2) 

I• - argP• - argP•: argY - argY' 

Because we require only differences in the attenuation 
in the probe channel B, calibration of the probe is not 
necessary. 

Reflection loss is the decibel measure of the ratio of 

the Fourier coefficients P, and/•=. Reflection phase 
shift is the difference between the phase angles of the 
two Fourier coefficients 

Rqb = argP• - argP, = argZ - argX . 

Since the reference probe channel A is used to make 
both pressure measurements in the ratio, its calibra- 
tion is not required. 
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TABLE I. Skull density and thickness measurements. 

Mass density (g/era 3) Thickness (ram) a 

Skull Outer Inner Full skull Outer Inner Full 

No. table DipIce table skull No. table DipIce table skull 

8 1.773 1.715 1.875 ...b 7 0.96 0.90 0.98 2.84 

12 (infant ß ß ß b ß ß ß • - -. • 1.739 12 ... b ... b ß ß ß b 0.74 
skull) 

11 1.939 ...• 1.905 ...u 11 1.46 1.14 1.46 4.12 

1 1.925 1.762 1.962 ß ß ß b 10 1.02 2.22 1.68 4.92 

Average without 1.879 1. 738 1.914 ... b 5 1.00 1.00 1.00 3.00 
skull No. 12 

6 1.50 6.00 2.00 9.50 

4 1.80 2.50 1.80 6.10 

SAverage of five positions measured along linear cut passing through region of central ray passage. 
•No data, not applicable, or not obtained. 

The four functions of the data are calculated by the 
PDP 11/45 computer using two different programs. 
The first prograni is the data editing and file-making 
program. This program first causes the transfer of 
the 2048 data words from the recorder memory into 
computer core memory. The operator then designates 
the beginning and ending addresses of each of the three 
waveforms x, y, and z. These addresses are estimated 
from the oscilloscope display of the recorder memory. 
Data flies are made for each waveform and written from 

core onto a disk file. 

The second program assesses'the data files and com- 
putes the data functions according to Eqs. (2) and (3). 
A 1028-point FFT algorithm is used to compute the 
Fourier coefficients from the data files. Accurate time 

registrations for the y and z waveforms is obtained by 
subtracting from their addresses the address of the 
leading edge of their x waveform. In this way, all times 
are referenced to the time the incident waveform passes 
the reference probe. The transmit pulse waveform 
only starts the transient record?r; it is not the time 
reference. By this technique, the phase accuracy is 
never worse than the error caused by the interval un- 
certainty of one sample. 

The data are sampled at intervals of 0. 05 •ts, and the 
FFT program analyzes 1024 samples. This procedure 
results in a frequency resolution of 19 kHz. The 
acoustical properties that are reported as functions of 
frequency in this paper have a resolution of 19 kHz, 
except as otherwise noted. 

The phase speed is found from the insertion-loss 
phase angle versus frequency data. Consider a layer of 
thickness h and sound speed c• immersed in water having 
sound speed c o . Let the angle of incidence in water be 
8 o and the off-normal angle in the skull layer be 8•. 
The phase angle • in degrees of the insertion loss is 
the difference between the increase in phase of sound 
traveling through the skull and the increase in phase 
of sound traveling through water displaced by the skull. 

• = 360f(li/c t - l•/c o) . (4) 

The length of t[avel in the skull layer is l• =h/cosO•, 
and the effective length of travel in displaced water is 
l o = I l cos(80 - 8..), which is the travel length in skull 
projected onto the direction of the incident beam, a 
distinction necessary in our measurements because we 
are using a plane receiver that is perpendicular to the 
received sound rays. 

When Snell's law is substituted in Eq, (4) together 
with the travel lengths l a and l•, a quadratic equation is 
obtained for the normalized sound speed x =cl/c a. The 
phase angle-frequency ratio is q)' ø/Hz, and we define 
the dimensionless parexacter m as 

m: cos8 o + ('M co/360h) 

= (1/x - x sin 2 • o) (1 - x 2 sinZ8 o)-' / z . (5) 

The solution of Eq. (5) for the sound speed in the skull 
layer is 

c•: c0(• a + s tnaO0) '•/a (6) 

C. Normal incidence transmission and reflection losses 

(analytical mode0 

We seek an aralytical representation for human 
skulls of the transmission and reflection of near-normal 

incidence ultrasound. This analytical model was first 
used, together with values of skull parameters that are 
reported in the literature, to obtain an estimate of the 
acoustical properties of the skull samples that were 
to be measu. red. These calculations told us how much 
dynamic range and frequency resolution would be re- 
quired of the measurement apparatus. After the mea- 
surements were completed we used the model to cal- 
culate the acoustical properties of three of our skull 
samples, using our own measured skull parameters. 
The parameters used in this calculation are listed in 
Table II and the calculations themselves are plotted 
together with the measured properties that correspond 
to them. 
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TABLE II. Parameters of four model skulls. 

Inner Outer 

table Diploe table 

Density 
(g/cm3) • 1.91 1.74 1.87 

Sound speed 
(cm/s) b 2.9x105 2.5x105 2.9x105 

Loss factor 0.01 0.12 (l+Fa) e 0.01 

Thickness--model 6 1.70 6.00 2.00 

(mm) model 4 1.70 2.50 2.00 
model 12 0.60 0.00 0.10 

aValues taken from Table I. 
•Values estimated from Tables III and IV. 

eF is frequency in MHz. (See Eq. 14.) 

There is negligible conversion to shear waves in the 
layers of skull when the incidence angle is within about 
20 ø of normal, (measurements made by us in the course 
of this study but not included because of space limita- 
tions) so we will model only longitudinal waves. Skulls 
are generally constituted of three relatively homogene- 
ous layers: the outer and inner tables of solid ivory 
bone, and the central layer of diploe of cancellous 
bone. The outer and inner tables have only slightly 
different specific acoustic impedance and relatively 
low sound attenuation compared to diploe. The diploe 
layer has a lower specific acoustic impedance, and a 
large and highly frequency-dependent attenuation. The 
transition regions are undulating and variable. 

The impedance equivalent network of three parallel 
and plane layers, where each layer has different acous- 
tical properties, is shown on Fig. 3. Each of the three 
series-connected T networks models a layer with two 
series Z and one shunt Z' impedance. t These imped- 
ances for jth layer are 

Z• = ipyb• tan(•fh/by) , 
(7) 

Z• =•ip•b• csc(2•fh/b•) , 

where b• is the complex sound speed of the jth layer 
and h• is its thickness. Absorption is accounted for by 
an imaginary factor • of the bulk modulus B, as shown 
in Eq. (8), where c is the magnitude of sound speed. 
The commonly measured pressure attenuation factor 
a is related to the factor •, as shown also in Eq. (8), 

b•--B/p=c•(l +i•;) , 

o• = •f•/c . (8) 
The network is excited by the blocked acoustic pres- 

sure, namely, twice the incident sound pressure Placo 
The sum of the incident and reflected pressures at the 
outer surface of the outer table appears across the 
terminals Of the T network that represents the outer 
table. The transmitted sound pressure appears across 
the T network that represents the inner table. The 
equivalent network is terminated at both ends by a re- 
sisrive impedance equal to the specific acoustic imped- 
ance of water, in which the skull samples are immersed. 

D. Scattering and absorption losses in diploe-analytical 
considerations 

The diptoe layer usually found in adult skull is can- 
cellous bone, having a blood and fat-filled porous struc- 
ture. The dimensions of the blood and fat-filled inclu- 

sions are random, and an average thickness in the di- 
rection normal to the surface for some skulls is about 

0.6 mm (for normally dense diploe skull types), while 
their average width in the direction parallel to the sur- 
face is somewhat larger. Inclusions for various disease 
states may become larger on the average, giving the en- 
tire diploe a spongy consistency, and the solid ivory 
tables may erode down to the diploe. The wavelength 
corresponding to a typical diagnostic ultrasound fre- 
quency of 1•5 MHzis 1.0 mminwater, so that for this 
frequency the dimensions of the inclusions are equal to 
or smaller than a wavelength. Since both the density 
p and bulk modulus B of blood differ greatly from the 
density and bulk modulus of cancellous bone, diagnostic 
ultrasound will be severely scattered by these inclusions 
Scattered sound energy would be effectively lost from 
the transmitted beam, thereby causing insertion loss. 

Scattered sound power is proportional to the squared 
relative difference of the mechanical properties of the 
inclusions from the mechanical properties of the matrix 
in the frequency range where the wavelength is more 
than three times the diameter of the inclusion. For the 

density, this squared difference is 

(,•p/p)2:(1 - pi/p,,,)2: 0. 169 , (9) 

where Pt is the density of included blood and fat (1.03g/ 
cm3) • and Pm is the density of the bone-blood matrix 
(1.75 g/cm 3 computed from data of Table I). For the 
bulk modulus, this squared difference is 

(AB/B) z = (1 - BJBm) z = 0.589 , (10) 

where Be is the bulk modulus of included blood (Bt =pic• 
= 2.54 10 •ø gbar) z and B•. is the bulk modulus of the 
blood-bone matrix (B.=p•cZ• = 1.09 10 tt /•bar computed 
from data of Tables I and IV). The scattered power due 
to the difference of bulk modulus is 3.5 times greater 

than that due to the difference of density. Therefore, 
we will consider only scattering due to difference of 
bulk modulus. 

The intensity abroption coefficient • that represents 
scattering losses due to bulk modulus difference only 
has been worked out by Mason and McSkimin. • Their 
result is 

• = 4• '• •f•x-• (&B/B) • , (11) 
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FIG. 4. Measured acoustical 

properties of s•U -•amp[e No. 6, 
compared with calculated proper- 
ties of model No. I. 

where X is the sound wavelength and •is the average 
inclusion volume. The normalized variance of inclusion 

volumes is fl. 

. (12) 
The factor /] in Eq. (11) is a necessary generalization 
of Mason and McSkimin's result, because they assumed 
such a narrow distribution of inclusion volume (distribu- 
tion in diploe is clearly not narrow. ) We assume a Ray- 
leigh distribution so that • = 4/•. 

The insertion loss across a layer of thickness I is 
relaled to the intensity absorption coefficient by 

IL = - 10 loge -='• = 4.34 ml = 8.68 al. (13) 

Numerical values for the insertion loss can be obtained 

by substituting Eqs. (10) and (11) into Eq. (13), together 
with the following experimentally determined parameters: 

• = ,6 (0.06) s = 1.13 x 10 -• cm • , 
X=c/f=Z. SxlO•/.f . 

The result is I.L/I= 11.5_• dB/cm, where F is the fre- 
quency in MHz. 

The scattering loss is based on Rayleigh scattering 
theory, which is valid for frequencies low enough so 
that the inclusion diameter is less than about one-third 

wavelength of sound. The upper frequency f' of this 
valid region for inclusions with average diameter d = 0.6 
mm in a matrix with sound speed 2.5x10 $ cm/s is[ • --c/ 
3d= 1.3 MHz. Therefore, the calculated loss per unit 
distance can be expected to increase as the fourth power 
of frequency only at frequencies lower than 1.3 MHz. 
At higher frequencies, the scattering loss saturates, 
and the loss per unit distance will increase as the sec- 
ond power of frequency. • The theoretical scattering loss 

in decibels per unit length of travel in diploe becomes 

IL/I = 11.5 F•dB/cm, F< F o 

=11.5J•F•dB/cm, F>Fo , 

where Fo = (c/3•l) x 10 s MHz. 

(14) 

E. Physical description of skull samples 
The mass density and thickness were measured on 

some of the human skull samples to provide data neces- 
sary for compw:ation of the acoustical properties of 
skulls within the francework of the proposed three-ele- 
ment transmission-line model Where possible, these 
measurements were made on the individual skull 

layers (outer ard inner ivory tables and diploe). Thick- 
ness measurements were made using a linear-scale 
comparator with markings spaced 0.1 mm apart that 
allowed estimating dimensions to within ñ 0. 02 min. 

The average density of the outer table shown in Table 
I is similar to those recorded in the literature; our 
inner table average density is somewhat higher than 
that recorded in the literature. • The two diploe mea- 
.surements• which are at the high side of other re- 
ported data, • were for the very dense layers, We did 
not compute densities for skull components that were 
not intensively .,.tudied (randomly selected from those 
skulls in which :tufficient thickness existed to obtain 

samples that could be handled) for their acoustic 
properties. 

II. RESULTS 

A. Measured reflection and transmission losses 

The measured and computed acoustical properties 
are shown on Fig. 4 for skull No. 6, which is repre- 
sentative of aduR parietal bone since it is almost 1 cm 
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FIG. 5. Measured acoustical 

properties of skull sample No. 4, 
compared with calculated proper- 
ties of model No. II. 

thick and has a 6-mm-thick diplee layer. For computa- 
tion the transmission-line model was used with mea- 

sured parameters that are summarized in Table II. 
The insertion loss oscillates about a value of 6 dB at 

frequencies lower than about 0.5 MHz, where reflection 
of sound is the principal cause of insertion loss. At 
frequencies between about 0.6 and 0.9 MHz, the absorp- 
tion loss in the diplee layer begins to limit sound trans- 
mission, so the oscillations are damped out and the 
insertion loss increases linearly with frequency. At 
about 0.9 MHz, the scattering loss in the diplee layer 
begins to limit sound transmission, so the insertion loss 
begins to increase as the fourth power of frequency. 
At frequencies greater than about 1.3 MHz the wave- 
length of sound in the diplee becomes less than three 
times the characteristic diameter of the inclusions, 
causing the scattering-loss mechanism to saturate. 
Thereafter, the insertion loss increases only as the 
second power of frequency. The calculated values of in- 
sertion loss are lower than the measured values by about 
3 dB, suggesting that the values of absorption loss used 
in the calculation may be too low; otherwise the two 
curves are quite similar. 

The reflection loss varies from about 3 to about 15 

dg. At low frequencies, the resonances are closely 
spaced in frequency, because the full skull thickness 
participates in the reflection process. At frequencies 
above about 0. 7 MHz, where diplee losses dominate 
sound transmission, resonances are seen only in the 
outer table. These resonance peaks are widely sep- 
arated because thinner skull sections are participating 
in the reflection process. The calculated and measured 
reflection-loss plots are qualitatively similar, although 
their high-frequency oscillations occur prugressively 
more out of phase. Evidently, the outer table thickness 
was not accurately measured at the point of sound trans- 
mission. 

The measured sound phase shift caused by insertion 
of the skull is also plotted on Fig. 4. The data are 
quite linear, and the phase speed of the composite skull 
sample is calculated from Eq. (6)to be 2.42x10 s cm/s. 
Departures from phase linearfry with frequency that 
indicate dispersion are small over the frequency range 
from 0.5 to 1.4 MHz. 

The measured acoustical properties axe shown on Fig. 
5 for skull No. 4, which is representative of adult tem- 
poral bone since it is about 6 mm thick and has a 2.5- 

mm-thick diplee layer. Insertion losses are similar 
to those for the thicker skull at frequencies below about 
0.7 MHz, but the sharp increase due to scattering loss 
in diplee is nearly absent. Again, the calculated losses 
are about 3 dB smaller than the measured losses at fre- 

quencies below about 1.3 MHz, suggesting once more 
that the value used in calculation for absorption loss 
may have been too low. 

The reflection loss varies from about 20 to about 4 

dB. The lower internal losses due to thinner diplee 
allow closely spaced resonance peaks to appear at higher 
frequencies than for the thicker sample. Again, the 
measured and calculated reflection losses are in quali- 

tative agreement, but the spacing of resonance peaks is 
somewhat different. This result suggests that the layer 
thicknesses where the sound was transmitted are dif- 

ferent from where they were measured. 

The measured sound phase shift caused by insertion 
of No. 4 skull is also plotted in Fig. 5. We see that the 
skull is almost completely nondispersive over the fre- 
quency range extending from 0.3 to 2.0 MHz. The 
plmse velocity in this frequency range is 2.57 x 10 s cm/s. 

The measured acoustical properties are shown on Fig. 
6 for skull No. 12, which is representative of infant 
bone and is only 0.74 mm thick and has no diploe 
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FIG. 6. Measured acoustical 

properties of skull sample No. 12, 
compared with calculated proper- 
ties of model No. IV. 

layer. Insertion loss is very low over the entire fre- 
quency range, reaching a maximum value of only 4 dB 
in the neighborhood of 1.0 MHZo The calculated inser- 
tion losses agree with the measured losses to within 
about 1 dB. The absence of diploe completely eliminates 
the large increase in loss with increasing frequency. 

The measured reflection losses vary from about 3 to 
about 20 dB. These losses are lowest at about 1.0 MHz, 
where the transmission losses are greatest. The first 
thickness resonance, and the only one lying within the 
measurement frequency band, is seen at 1.9 1V[Hz. 
Measured and calculated values agree within about 2 
dB over the entire measurement band. 

The measured sound phase shift caused by insertion 
of the skull is also plotted on Fig. 6. The data are 
linear, indicating nondispersive transmission across 
the measurement band. The phase speed for this sam- 
pie is lower than those for the adnlt skull sampies, 
being o.nly 2.26 x10 • cm/s. It is interesting to note that 
the half-wave resonance frequency of a 0.6-am layer 
having this phase speed is 1.88 MHz• which is within 
the measurement frequency resolution of the observed 
resonance peak frequency. 

B. Relationship between one-way and two-way losses 

In the transmission line model two-way losses are 
just twice the one-way loss. This representation was 
checked by a two-way measurement made with skull 
sample No. 4. The receive probe was relocated be- 
tween the reference probe and the outer table of the 
skull A plane surface slamless steel block, placed at 
the former position of the receive probe was angulated 
to reflect the transmitted sound beach back through the 
skull towards the receive probe. 

Results of the two-way insertion-loss measurement 

are shown on Fig. 7, where they axe compared with 
twice the one.way loss data. The data for the one-way 
insertion loss is the average of four separate measure- 
ments. AveragLng removes the smaJl-scale fluctuations 
with frequency. The measured two-way loss differs 
from twice the s.verage one-way loss only in small-scale 
fluctuations. 

C. Experimentall confirmation of dipole scattering 

We have hypothesized that sound in a collimated beam 
passing through a layer of diploe is scattered by the 
inhomogeneous distribution of bulk modulus. This hy- 
pothesis requires that sound be scattered with equal 
intensity in all directions. 

To obtain direct confirmation of the hypothesis• we 
cut a cylindrical core 6 mm in diameter through the 
thickness of sku:l sample No. 6. We then positioned 
this core at the focus of the transducer with its axis 

collinear with the sound-beam axis. The receiving 
probe was first positioned 5 mm in front of the core to 
measure the sound waveform incident upon the core. 
Then, the receiving probe was mounted 9 cm from the 
core on a radius arm pivoted about a vertical axis p•ss- 
ing through the core. As the radius arm was moved 
around its axis• the probe made a circular path in the 
horizontal plane that included the core at the center. 
The scattered and reflected sound waveforms were mea- 
sured at 10 ø increments from the direction of the inci- 

dent beam, over the entire circle surrounding the core. 

The results of the measurement are shown on Fig. 8, 
where we see tht; rcocivcd levels of 20-gs-long, 1-MHz 

pulses as a function of angle measured from the direction 
of the incident beam.• The peak centered at 0 ø is re- 
fleeted sound from the outer table. The beam diameter 

at the focus is 4.5 mm at i MHz, which is equal to 3.3 
wavelengths. The beamwidth of such a circular source 
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FIG. 7. Normal-incidence two-way in- 
sertion loss compared with twice one- 
way insertion loss measured on skull 
sample No. 4. 

of (reflected) sound is theoretically equal to 15 ø , and 
the first null comes at 17 ø , These values agree closely 
with the dimensions of the peak centered at 0 ø on Fig. 
8. The smaller peak centered at 180 ø is transmitted 
sound that has been attenuated by the skull and by 
spreading loss out to 9 cm from the focus. The remain- 
ing sound levels received in the arc from about 20 ø to 
160 ø are the scattered sound. The scattered sound 
levels are relatively independent of angle, a result which 
is in agreement with our bulk modulus scattering hy- 
pothesis. 

We made a direct verification of the accuracy of the 
calculated losses due to scattered and absorbed sound. 

The outer and inner tables were removed and a 4-mm- 

thick sample of diploe from skull sample No. 6 was 
measured for insertion loss. Insertion-loss data from 

the sample are shown on Fig. 9. The total loss is due 
to scattering [see Eq. (14)] and to absorption. Typical 
attenuation factors for absorption are proportional to 
frequency, and are 1.5 Np/cm at 1 MHz. From Eqo 
(13), the loss per unit length is 13.'0 -• dB/crn (• is 
frequency in MHz). The sum of absorption and theo- 
retical scattering losses are plotted on Fig. 9, where 
they are seen to agree with measured data to within 
about 2 dB over the entire frequency range. 

D. Pressure attenuation coefficients 

The pressure attenuation coefficients for the diploe 
constituent of skull samples No. 6 and No. 8 were com- 
puted from insertion-loss measurements extending out 
to 5 MHz. These results are shown on Fig. 10 where 
we see that the cutoff frequency for sample No. 8 is 

10 • 
20* 

,0 • 

60* 

-5 

-lC 
80' 

90' 

-1½ 

110 ß 

1• 140 ø 

20 150 ß 

180* 

FIG. 8. Sound pressure levels measured 9 cm from a core of 
dipole from skull sample No. 6, scattered from an incident 
pulse 20 ps long of 1, 0-MHz sound. 
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FIG. 9. InserUon toss of a 4-ram-thick 

section of diploe taken from skull sample 
No. 6, compared to the calculated toss due 
to scat•;ering and absorpUon of sound (A). 
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about 3.3 MHz and that the losses are lower than those 

for sample No. 6. Those results are attributable to 
the finer grain of the cancelIons bone structure in sam- 
ple No. 8. These data are in the range of previously 
reported measurements. 4 

Our study on acoustic attenuation of individual ivory 
table skull components'yielded the data also shown in 
Fig. 10. When the reflection-loss component due to 
acoustic impedance mismatch is deducted, the outer- 
table pressure absorption coefficient • is 1.67 cm '• at 
I MHz, For the inner table, this absorption coefficient 
is 2.15 cm 'x at 1 MHz. These measurements of a are 
considerably less than previously reported. 4 Martin 
and McElhaney used samples ~¬X thick so that res- 
onant effects can mask the true attenuation. 

Data for the pressure attenuation coefficient of a sec- 
tion of skull No. 8 both in its uncut form and for an ad- 

jacent region cut to yield diploe and outer and inner 
tables are shown in Fig. 11. These measurements on 

Dipioe Skull No.•• 

! ! ! • 
0 I 2 3 4 5 

MHz 

FIG. 10. Sound pressure attenuation coefficients for diploe 
taken from skull samples Nos. 6 and 8. Outer and inner table 
average values for comparison. 

adult skulls are similar to previous reports •-• if the 
apparent error in the Gokiman and Hueter's summary • 
is corrected to correspond to the other values of a re- 
ported by Hueter et al. 6 

E. Phase speeds in skull at ultrasonic frequencies 

The results (d phase-speed measurements are tabu- 
lated in Tables HI and IV. The two techniques [using 
Eq. (6) and transit times for signal pulses] yield very 
similar results for phase speeds in the outer table com- 
ponents (Table IH) but reveal some important differences 
for diploe (Table IV). These differences are due to 
some frequency dependence {dispersion) of the phase 
speed in diploe,, The thinner inner table sections (< 1 
ram) do not show good phase velocity agreement by the 
two methods. Our procedure measures directly phase 

14 Diploe Skull No.8 // 
///Skull No.8 from 

10 

8 //.• Full Skull No.8 6 

2 .•:•_.•..•' ' _-- Infant Skull 
0 I I I 

I 2 3 4 
MHz 

FIG. 11. Sound iressure attenuation coefficients for full skull 
No. 8 and adjacent region from this skull constituted by stack- 
ing the oomponenls. 
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TABLE IH. Phase velocity in ivory tables of human skull. 
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Skull No. 

Phase velocity Stan- 
by transit Ume dard 

Thick- measurements Number devia- 

hess velocity of tion 
(mm) (m/s) tests (m/s) 

Phase velocity Stan- 
by d•/df dard 

measurements Number devia- 

velocity of tion 
(m/s) tests (m/s) 

Outer ivory table 

1 2.50 2940 17 112 

8 1.89 2990 7 161 
11 1.81 3020 5 79 

5 2.05 2890 --1 --. 

Average 2960 30 127 

Inner ivory table 

1 1.31 2890 3 53 
8 0.84 2380 3 120 

11 0.95 2530 4 203 

Average 2590 10 252 

2960 16 106 

2940 4 163 

2950 3 61 

2440 1 ß -- 

2930 24 151 

2900 I ß ß ß 

3080 3 34 

2810 2 190 

2960 6 168 

speed, while the transit time procedure measures di- 
rectly group speed if there is dispersion. 

Also included in Table IV are phase speeds for com- 
plete skulls. A review of the literature 4'•'8 on sound- 
velocity measurements in skull and its various com- 
ponents shows speeds for ivory that agree with ours, 
but speeds for diploe that do not agree very well. Phase 
speeds reported for diploe 4 are 2900 m/s, which is also 
similar to that reported for the solid ivory components 
of skull 4 Our results for the average phase speed in 
ivory lie between 2930 and 2960 m/s (Table IH) if we 
neglect the transit time measurements on thin samples 
of inner ivory table. For diploe and, to a lesser ex- 
tent, for composite skull, we find that the effect of dis- 
persion explains most of the d/fferences between our 
phase-speed data and other investigators' group-speed 
data that have been reported as phase-speed data. 

The group speed c t can be calculated from phase- 
speed c, data by employing the definition of group speed 
ct= d•o/dk, together with the definition of wave number 
•=a•/c•,. The use of Eq. (15) is illustrated in Table V, 
where the phase-speed data 

c,=c,(1-• dc' • -t (15) a// 

[or diploe are taken from Table IV and used to calculate 
group speed. The frequency at the low end of each fre- 
quency interval is used to calculate the pulse group 
speed, since frequency-dependent attenuation emphasizes 
the low frequencies. The pulse group speeds calculated 
from phase-speed data are seen to agree closely with 
measured pulse group speeds (also from Table IV), ex- 
cept for the pulse having frequencies greater than 2 
MHz. Here, the bandwidth is so reduced by attenuation 
that the pulse may not contain significant energy above 
2 MHz. 

Data from the literature 4 show .the average group 
speed in diploe is 2900 m/s. This particular reference 

states that the frequency range in the incident waveform 
was 3-4 MHz. Also, if there were considerable re- 
ceived amplitude at 3 MHz, the 2900 m/s would be con- 
sistent with our measured group-speed value of 3100 
m/s between 2 and 6 MHz. 

Of particular importance is the sound phase speed in 
diploe and in composite skull in the 1-2-MHz frequency 
range, where we measured about 2580 m/s. We have 
computed the velocity in dense diploe from White's 
paper 9 in which the received waveform is shown. We 
obtained a value of 2500 m/s for a frequency of 1 MHz, 
which we calculated to be the dominant frequency trans- 
mitred from his 2-MHz center-frequency incident sound 
pulse. 

Our conclusion is that it is possible to have phase- 
speed measurements for longitudinal-wave propagation 
in composite skull with diploe of the order of 2700 m/s 
below 1-MHz frequency. Group-speed measurements 
would be higher owing to dispersion in the diploe. Be- 
tween 1 and 2 MHz, longitudinal-wave phase speed is 
typically 2800 m/s. Above 2 MHz, a velocity near 
3000 m/s is typical. A velocity of 2430 m/s on a full 
skull section was obtained using a pulse system operat- 
ing at 2.26 MHz. t0 However, the temporal character of 
the received waveforms is not known and, therefore, it 
is difficult to relate these data to our findings. It is 
presumed that this velocity is typical of data in our 
1-2-MHz frequency region, because of the low-pass 
fiRering due to skull atenuation. 

F. Sound-beam distortions owing to transmission 
through skull 

1. Effect on insertion loss of lateral and angular 
displacements of the sound beam 

Any clinical scans will involve beth lateral transla- 
tions of the sound transmission point across the skull 
surface and slight angular shifts of the sound beam 
from normal incidence. •2.,s Both angular and lateral 
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TA•BLE V. Comparison of calculated with measured pulse 
group speeds. 

1587 

Frequency Phase speed d%/df Calculated Measured 
(MHz) c• (m/s) (fro c t (m/s) ct (m/s) 
o. 5 2190 3.4 XlO -4 2297 2240 

1o5 2530 2.7 x10 -4 2835 2810 

3.0 28?0 2.3x10 -4 3408 3110 

displacements of the beam will cause fluctuations in 

the insertion loss attributable to skull inhomogenei- 
ties. ll' • The.,.e loss fluctuations willcause commensu- 
rate fluctuations in the strength of signal echoes, there- 
by confusing fluctuations in the scattering strengths 
of underlying tissue. 

The magnitudes of insertion-loss fluctuations due to 
sound-beam di.splacements for skull sample No. 4 were 
determined by a series of 18 separate insertion-loss 
measurements. The first four measurements were 
normal incidence measurements made at the same 

nominal location on the sample, but the sample was 
repositioned at the same nominal place within the mea- 
surement appa•?atus for each measurement. The mean 
and standard deviations of these four measurements 
are shown on Fig. 12. The standard deviation is about 
1 dB except in the range 1.3-2.0 MHz, where larger 
fluctuations were measured. 

The effect of lateral beam displacement for normal 
incidence was examined by measuring the insertion 
loss at normal incidence at seven points separated by 
5 mm along a straight line. The mean and standard 
deviations of these measurements are also shown on 
Fig. 12. The tluctuations are greater than those ob- 
tained from measurements at the same point, because 
the standard deviation is greater than i dB at most 
frequencies above 0. 7 MHz. In the frequency range ex- 
tending from 0.8 to 1.5 MHz the standard deviation is 
about 3 dB. 

The effect of the lateral beam displacement without 
beam tenorrealization was examined by measuring in- 
sertion loss at seven points separated by 5 mm along 
a straight line, with the beam axis at each point paral- 
lel to the norm:d axis of the beam at the central point. 
The mean and s;tandard deviations of these measure- 
ments are plotted on Fig. 12 also. We see that the 
standard deviation is about 2 dB at frequencies below 
about 0.8 MHz but that it increases greatly at higher 
frequenciesß Xhe mean insertion loss is not significantly' 
affected by the variable incidence angles. The angles 
of incidence at the two outer sound transmission points 
were about 25 ø from normal. 

2. Effect on beam direction and width for focused beams 

For this stud',! we used a 5-cm-diam focused trans- 
ceiver (18-cm focal distance) with 0.5-MHz center fre- 
quencyo A 4-ram-d/am 10-MHz center-frequency probe 
was used to plo• the sound field at the axial center of 
the focal region, A lateral beam plot without interyen- 
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FIG. 12. Means and standard deviations of 

insertion-loss measurements on sample No. 
4 under three different criteria for lateral 

and angular displacements. 

[ng skull was followed by plots with four different in- 
tervening skulls (Nos. 1, 6, 8, and 9) between the 
transducer and probe (skulls were approximately 14.5 
cm from the transducer and 3.5 cm from the probe). 
The results are shown in Fig. 13. Skull No. 1 shows a 
lateral displacement of 2 ram, No. 6 shows 1 ram, No. 
8 is essentially undisplaced, and No. 9 shows 2-ram 
displacement. The 6-dB beamwidth is approximately 
50% larger for skulls Nos. 6, 8, and 9, while skull 
No. i produces no essential beam broadening. The 
pressure amplitudes have been normalized for these 
plots. When skull No. 6 is studied with the focused 
transducer operating as a transceiver and the same 
probe used in the transmission studies is used as a re- 
flecting target, the beam plot for the no-skull and the 
skull insertion conditions are essentially similar 
(Fig. 14). The lateral displacement of the beam is 1 
mm which is the same as for the one-way transmission 
case. A beam plot using a 1-mm-diam steel ball as. 
the target separated by skull No. i from the transceiver 

is also shown in Fig. 14. Again, we see that the beam 
broadening is virtually eliminated and that only the 
small axis offset remains. This property of the axisym- 
metric focused beam is naturally highly desirable for 
any medically oriented transkull system. Skulls 6, 8, 
and 9 were studied for their beam broadening effect 
using the 0.5 MHz (5-cm-d[am spherical cap type with 
18-cm focal length) transceiver and the 4-mm-diam disk 
probe as a target. Figure 15 shows the 6-dB beamwidth 
for the interposed skulls placed from 2- to 10-cm dis- 
tance from the probe. Skull No. 9 could not be placed 
10 cm from the probe because it was a smaller section 
than skulls Nos. 6 and 8 and would have permitted 
sound diffraction around its edge. For skulls 6 and 8 
the maximum deviation from the mean peak pressure 
for all positions was + 0.15 dB. This was also true for 
all positions of skull 9 except for the 2-cm position 
where the peak pressure was 0.8 dB below the mean of 
the other readings. The 6-dB width of this beam should 
not be taken as indicating the resolution capability of a 

.6 

.4 

• .2 Skull 6 

I I I I I i I I I i I i I i i , i I i i i ] 
J• .6 .4 .2 0 .2 .4 .4 .2 0 .2 .4 .2 0 .2 A .4 .2 0 .2 .4 .6 .8cm 

Lateral Beam Dimensions 

FIG. 13. Lateral beam dimensions of 0.5 

MHz transducer taken with probe at the beam 
focus and with intervening akull -•ample• 
Nos. 1, 6, 8, and 9. 
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FIG. 14. Lateral beam dimensions with 

probe as target at the beam focus taken 
with 0.5-MHz transceiver with skull 

sample No. I and with 1-mm-diam steel 
ball as target and skull No. 6 intervening 
bet•veen the target and the transeexver. 

0.5-MHz transceiver for human brain visualizatton or 

interrogation. The 3-dB be•Lmwtdth is more closely 
related to this capabthty, and it varies from 4 to 5 min. 

No attempt will be made here to compare, in a derira- 
tire manner, our acoustical transkull studies with the 
extensive opbcal hterafure on wave propagation in ran- 
domly tnhomogeneous media. t4-,6 

As a further example of thts transceiver capability, 
the scan of a set of nylonftlaments (0. 010-in. di•uneter 
spaced 1 cm apart) in a 5x3 array is shown in Fig. 16(a). 
Here, a ?-cm-diam 1 MHz center-frequency transceiver 
with a 20-cm focal distance was used. Skull No. I was 

inserted between the transceiver and the target while 
undergotng a linear scan. The skull was simply hand 
moved beneath the iranscetver to maintain approximate 
normality of the central ray with respect to the skull 
section [Ftg. 16(b)]. To obtain the data shown in Fig. 
16(c) we moved the skull more violently, particularly 
in the mxial direction, so that we could show the reflec- 
tion between the transducer and the skull. The skull 

ts moved changtag the skull to target position by 6 cm 
with no visual evidence to suggest a deterioration of 
lateral resolution capability. 

•Skull 8 

.......... •- •1o Skull 
•- v Skull 9 

' Skull 6 

cm 

2.(2 

t0 

I I I I I 

0 2 4 6 8 10cm 

Skull to Probe Distance 

FIG. 15. 6-dB beamwidth measured wtth 0.5-MHz transceiver 

and 4-mm-diam probe target with intervening skulls Nos. 6, 8, 
and 9 for vartous skull-probe distances. 

G. Skull insertion loss for various skulls as a function of 
fixation 

Skulls 1, 6, and 8 were studied only after having been 
formalin-fixed for at least six months. Figure 17 shows 
insertion losses at 0.5 and 1.5 MHz for all skulls 

studied. Measured insertion-loss values of formalin- 

fixed samples exceed the loss values of fresh samples 
by an average of 3 dB, out of an average total loss val- 
ue of 10 dB, Therefore, we expect our insertion-loss 
values obtained from detailed measurements made over 

a protracted period of time to represent fresh skull 
values to within 3 dB. 

III. CONCLUSION 

For the skulls measured in these experiments and in 
accord with other reports, it ts apparent that insertion 

A 

-2 

FIG. 16. Echogram of 3x5 
array of 0.010-in. -diam 
monofilament nylon strings 
each spaced 1 cm apart. (l- 

B MHz focused transcetver in 
mechanical driven linear 

scan mode. ) (a) No skull: (1) 
focus marker and (2) bottom 
of tank; (b) with interposed 
skull moving Iraearly with 
trar•ceiver motion; (c) with 
interposed skull moving hn- 
early with transceiver motion 

C but with 6-cm axtal motion 
-3 of skull superimposed on the 

linear motion (3). 
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FIG. 17. Comparison of 0.5- and 1.5- 
MHz insertion losses measured on fresh 

(FR) skull samples with losses measured 
after formalin fixation (FO). 

lOSS is reduced to a minimum when the acoustic fre- 

quency is lowered to the order of 0. 5 MHz. In this fre- 
quency range, the diploe losses are minimized and the 
insertion loss is dominated by reflection loss and by 
absorption losses that are directly proportional to fre- 
quency. As mentioned earlier, for pulse-echo visual- 
ization and interrogation of brain, these losses are not 
prohibitive. It is also apparent that a number of adult 
skulIs can be interrogated at frequencies up to 1 MHz 
and that within this range, there is little temporal or 
spatial distortions to the acoustic wave. Frequencies 
as low as 0. 5 MHz will, of course, be necessary at 
times to penetrate more difficult skulls, but these 
studies do show a well preserved target-discriminating 
capability under transkull transceiver operating con-. 
ditions. Use of a focused axisymmetric beam is a good 
choice for preserving the focused beam configuration. 
It thus appears that resolution limits and scattering 
strengths for brain tissue will now play a major role in 
refining the presently well established choice of fre- 
quencies for successful transkull clinical diagnostic de- 
vices. 
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