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Acoustic properties across the human skull
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Abstract

Transcranial ultrasound is emerging as a noninvasive tool for targeted treatments of brain disorders. Transcranial ultrasound has
been used for remotely mediated surgeries, transient opening of the blood-brain barrier, local drug delivery, and neuromodulation.
However, all applications have been limited by the severe attenuation and phase distortion of ultrasound by the skull. Here,
we characterized the dependence of the aberrations on specific anatomical segments of the skull. In particular, we measured
ultrasound propagation properties throughout the perimeter of intact human skulls at 500 kHz. We found that the parietal bone
provides substantially higher transmission (average pressure transmission 31+7%) and smaller phase distortion (242+44 degrees)
than frontal (13+2%, 425+47 degrees) and occipital bone regions (16+4%, 416+35 degrees). In addition, we found that across
skull regions, transmission strongly anti-correlated (R = —0.79) and phase distortion correlated (R = 0.85) with skull thickness.
This information guides the design, positioning, and skull correction functionality of next-generation devices for effective, safe,

and reproducible transcranial focused ultrasound therapies.
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1. Introduction

Transcranial focused ultrasound offers incisionless and tar-
geted treatment options for disorders of brain function [1-3].
At high intensities, ultrasound has been used to lesion malfunc-
tioning or diseased deep brain targets [4, 5]. At low intensities,
ultrasound can be used to deliver large drugs, genes, or stem
cells across the blood-brain barrier [6—8]; release drugs in spe-
cific brain regions without affecting the blood-brain barrier [9—
11]; and to modulate neural activity in a transient [12—15] or
sustained [16-22] fashion.

The clinical utility of these applications has been impeded by
the severe aberrations of ultrasound by the human skull. In the
surgical applications, the highly variable attenuation and phase
distortions can leave a substantial proportion of patients un-
treated [23]. The skull aberrations have limited the predictabil-
ity of the ultrasound magnitude delivered into target [24] and so
have also impeded the translation of low-intensity applications.
A tight control of the delivered dose is particularly important
for ultrasound-mediated opening of the blood-brain barrier, in
which small changes in the ultrasound pressure at target can
lead to vast differences in the scale of the blood-brain barrier
disruption [6, 25]. The skull aberrations have also curbed ef-
fective and reproducible applications of ultrasonic neuromod-
ulation [26, 27] and local drug release, which require a well-
defined ultrasound dose [10, 28].
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To maximize ultrasound penetration through the skull and to
maximize the predictability of the delivered dose, ultrasound
should be applied through skull segments that cause the least
amount of attenuation and phase distortion. In diagnostic appli-
cations, small imaging probes can be applied through the tem-
poral window, which has a relatively low ultrasound attenuation
[29-32]. However, therapeutic applications often require large
apertures or arrays with many elements for focal delivery of
considerable amount of energy [4, 16, 17, 26, 33-36]. Any fu-
ture design that maximizes ultrasound penetration and the pre-
dictability of the delivered dose should take into account the
dependence of the aberrations on specific anatomical regions of
the skull.

This information is currently incomplete. Existing studies
have provided insights into inter-subject variability of acous-
tic properties [29, 37-40], estimates of average attenuation and
phase distortions [29, 37—46], as well as approaches on how
these aberrations may be compensated for [4, 47-53]. How-
ever, acoustic measurements have only been provided for dis-
crete sets of chosen samples or skull flaps [29, 37-41]. Con-
sequently, there is no systematic assessment of acoustic prop-
agation properties within single intact skulls as a function of
anatomical location.

To address this, we devised a setup that allowed us to mea-
sure ultrasound propagation properties throughout the perime-
ter of intact human skulls. We complemented these acoustic
measurements with caliper measurement of the corresponding
skull thickness. The resulting data quantify the transmission
and phase distortion through anatomically defined segments of
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the skull, and show how these variables depend on the skull
thickness. This information guides the design and placement
of future devices for effective applications of transcranial ultra-
sound in the clinics.

2. Materials and Methods

2.1. Subjects

Three ex-vivo skulls were used in this study (Skull 1: male,
84 years; Skull 2: male, 61 years; Skull 3: female 68 years).
The skulls were obtained under a research agreement from
Skulls Unlimited (Oklahoma City, OK). An opening was made
at the bottom of each skull to enable skull rotation around a
receiving transducer positioned inside the skull.

Each skull was degassed overnight in a deionized water. Fol-
lowing the degassing, the skull was transferred, within the de-
gassed water, into an experimental tank filled with continu-
ously degassed water (AIMS III system with AQUAS-10 Wa-
ter Conditioner, Onda). The water conditioner (AQUAS-10)
treats water for ultrasound measurements in compliance with
IEC 62781. The conditioner degasses water to remove unde-
sired bubbles, removes suspended particles and biological con-
taminants, and deionizes water. The dissolved oxygen is be-
tween 2.0-2.5 PPM during continuous operation, according to
measurements provided by the manufacturer (Onda). In com-
parison, tap water contains about 10.5 PPM of dissolved oxy-
gen.

The skull was held in place by a pair of thin neodymium
rare earth magnets (5501bs lift, 2.5-inch diameter, Neosmuk),
one positioned below the skull and one above, at the center of
the sagittal suture. The magnets allowed us to firmly hold and
rotate each skull without having to perturb its surface.

2.2. Coordinates

Prior to degassing, the through-transmit plane was estab-
lished using 4 markers that were chosen such as to avoid frontal
and sphenoidal sinuses and to maintain perpendicular ultra-
sound propagation. Specifically, a frontal marker was posi-
tioned 49 mm above the center of the nasion. Two parietal
markers, one on the left and one on the right, were made 17
mm above the squamous suture and at the widest point of the
skull. The final, occipital marker was made approximately 17
mm above the center of the inion. An angular positioner assem-
bly (AP02-S, Onda) was aligned with the 4 markers in the fol-
lowing way: the frontal marker corresponded to O degrees, the
right parietal marker to 90 degrees, the occipital marker to 180
degrees, and the left parietal marker to 270 degrees (Fig. 1b).

2.3. Skull thickness measurements

To measure skull thickness, the 4 markers were connected
with a line. A precision caliper gage (Fowler 54-554-630, 0.1
mm accuracy) was used to measure the thickness of the skull
in 3 mm steps. Each measurement was repeated 3 times; the
resulting values were averaged together. Only rarely was there
a difference of more than 0.1 mm between the 3 measurements.

2.4. Through-transmit setup

Two transducers operating at 500 kHz center frequency
(V301-SU, Olympus, unfocused, 28.5 mm face diameter) were
mounted to a breadboard such that they faced each other. One
transducer served as a transmitter and one as a receiver. The dis-
tance between the transducers’ faces was 100 mm. The bread-
board with the mounted transducers was positioned at the bot-
tom of the water tank. The center of each face of the transducer
was 145 mm above the breadboard. Each skull was electroni-
cally translated and rotated such that 1) the line connecting the
centers of the two transducers intersected with the 4 markers 2)
all segments of the skull were in the far field of the transmit-
ting transducer (at a distance greater than 68.6 mm). The line
connecting the centers of the two transducers was implemented
using a custom 3D printed plastic pointer that was positioned
into the holder of the transmitting transducer.

2.5. Ultrasound system and pulses

The through-transmit protocol was implemented on the Van-
tage256 system (Verasonics), using a custom matlab script. We
used chirp pulses of 3 distinct forms. Chirps are frequency-
modulated waveforms that have a narrow autocorrelation func-
tion. A narrow autocorrelation function maximizes the accu-
racy of the detection of time delays in through-transmit pro-
cedures [54, 55]. Chirp3 consistent of three consecutive cy-
cles of [0.75, 1, 1.25] times the center frequency of 500 kHz.
Chirp4 consistent of four consecutive cycles with [0.75, 1, 1.25,
1.5] times the center frequency. Chirp5 consistent of five con-
secutive cycles with [0.5, 0.75, 1, 1.25, 1.5] times the center
frequency. Our transducers were broadband (Videoscan se-
ries, Olympus) and so capable of emitting the frequency spec-
trum. Each pulse was transmitted and detected 32 times; the
responses were averaged together.

2.6. Through-transmit procedure

The through-transmit procedure quantifies the changes in
amplitudes and received times following an introduction of an
object (e.g., skull) into the transmit-receive path. Data were
first collected in water. This provided an average no-skull re-
ceive waveform. Consequently, the skull was lowered into a lo-
cation described above, and gradually rotated in 1 degree incre-
ments, with the through-transmit data taken at each. This pro-
vided through-skull receive waveforms. The maximum of each
through-skull receive waveform divided by the maximum of the
no-skull receive waveform provided the relative pressure trans-
mission, separately for each angle (Fig. 3, Fig. 5). To deter-
mine the time shift, a cross-correlation was computed between
the no-skull and through-skull receive waveforms, separately
for each angle. The peak of the cross-correlation defined the
time shift. This time corresponds to the speedup values shown
in Fig. 6 and Fig. 7. The three pulses produced equivalent
values of time shift in most cases. These values were averaged
together.
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2.7. Through-transmit relationships

The ultrasound speedup through a skull segment 7 is math-
ematically proportional to the thickness of the segment h

through:
1 1
{22,
Cw Cs

where ¢,, = 1481 m/s is the speed of sound through water, and
¢, is the average speed of sound through the skull segment. The
phase distortion or shift caused by the speedup is equal to wr,
where w is the angular frequency.

The measured pressure transmission (7°) depends on ultra-
sound reflection from the individual layers of the skull and on a
set of attenuation factors (@) that include ultrasound absorption
and scattering. Under an assumption that these factors can be
considered separate and independent, we can write:

T = Rexp(—ah),

where R is the loss due to reflection and 4 is the skull segment
thickness. Taking a logarithm of this equation yields:

InT = In(R) — ah.

The set of thickness-dependent attenuation factors a can be
inferred as a slope of the relationship between In(7) and &
(Fig. 5).

3. Results

We assessed the acoustic properties across intact ex-vivo hu-
man skulls using an apparatus that allowed controlled rotation
about a central axis (Fig. 1). The acoustic properties were char-
acterized using standard through-transmit measurements (Ma-
terials and Methods), with the transmitting/receiving transducer
positioned outside/inside of the skull. The position of the two
transducers was fixed; only the skull was rotated. The through-
transmit values obtained through the skull were compared to
free-field values in which no skull was present, as in previous
studies [37, 51].

We performed the through-transmit measurements in three
degassed and hydrated ex-vivo skulls. The CT images of the
skulls within the through-transmit plane are shown in Fig. 2.

The relative pressure transmission across the individual
anatomical locations is shown in (Fig. 3). The figure reveals
that the highest transmission was observed in segments cen-
tered over the parietal bone. The average transmission in the
parietal regions was 2.4 higher than in the temporal regions
and 2.0 higher than in the occipital regions (Table 1). The
transmission was maximal within the parietal bone and deliv-
ered an average 41.6% of the ultrasound pressure across the
three skulls. As apparent from the figure, the transmission var-
ied substantially across the 3 subjects—the 3 skulls showed
an average 22.2%, 16.8%, and 29.5% transmission, respec-
tively. Effects of the skull position and subject were both sig-
nificant. In particular, a two-way ANOVA revealed a signifi-
cant modulation of the pressure transmission by the skull po-
sition (F(360,720) = 7.48, p = 4.7 x 107'1%) and by subject
(F(2,720) = 353.90, p = 9.1 x 1071%8),

Skull frontal

parietal
|eloued

Water tank
with degassed water

occipital

Figure 1: Through-transmit measurements across intact skulls.

(a) Top view of the setup. Degassed and hydrated ex-vivo skulls were held
by a robotic arm and were secured to the skull using two opposing magnets
positioned at the center of the sagittal suture (the thin circle shows the posi-
tion of the magnets). This robotic arm, connected to the magnet at the top
of the skull, allowed us to electronically rotate the skull and so collect through-
transmit measurements over individual segments of the skull within the imaging
plane. The through-transmit measurements were achieved using a transmitting
(Tx) and a receiving (Rx) transducer facing each other at a distance of 100 mm.
The direction of ultrasound transmission is indicated by the dashed arrow. The
through-transmit measurements were acquired at each rotation step of 1 de-
gree. (b) Parameterization of the skull bone into parietal (45-135 and 225-315
degrees), occipital (135-225 degrees), and frontal (315-45 degrees) regions.

Skull 1 Skull 2 Skull 3

Figure 2: Subjects. CT scans for the three ex-vivo skulls used in this study. The
images were taken at the through-transmit plane.
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Figure 3: Ultrasound transmission throughout the skull. The figure shows
the relative pressure attenuation (skull versus no skull) for each measured seg-
ment of the skull. The carrier frequency was 500 kHz.

We measured the thickness of the skulls across the through-
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7 (%) = (uS) » (mm) s (M/s)

Mean  SD | Mean SD | Mean SD | Mean  SD

Frontal 132 19 24 03 | 73 06 | 2871 289

Parietal 312 73 13 02 | 51 06 | 2486 193
Par. optimum | 416 94 | 11 04 | 43 06

Occipital 158 44 | 23 02 | 85 14 | 2603 160

All 29 102 | 18 06 | 65 17 | 2609 266

Table 1: Acoustic properties quantified over distinct skull regions. The table
lists the mean+SD transmission (7'), speedup (7), thickness (%), and speed of
sound (cs) as a function of skull position (rows). The parietal optimum entry
lists maximal transmission, minimal speedup, and minimal thickness, averaged
across the 3 skulls.

transmit plane using a caliper (see Materials and Methods). The
skull thickness as a function of position is shown in Fig. 4.
The figure reveals a substantial variability in skull thickness
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Figure 4: Skull thickness across angular position. Mean thickness of each
segment of the skull within the through-transmit plane. Three independent mea-
surements were taken at each position.

within and across individuals. The thickness ranged from 3.1
mm to 14.0 mm, with an average of 6.5 mm and a standard
deviation of 1.7 mm. The parietal bone was on average thin-
ner than the frontal and occipital bones (Table 1). The thick-
ness varied across the 3 subjects, with average values of 5.6
mm, 6.4 mm, and 7.5 mm, respectively. A two-way ANOVA
revealed a significant modulation of thickness by the skull po-
sition (F(66,332) = 3.75, p = 7.2 x 107%) and by subject
(F(2,332) = 64.96, p = 1.6 x 107%%).

The profiles of pressure transmission (Fig. 3) and skull thick-
ness (Fig. 4) suggest an inverse relationship between these
quantities: the thinner the skull, the more effective the trans-
mission. Indeed, we found that skull thickness is a strong pre-
dictor of the transmission efficacy (Fig. 5). In the three skulls,
skull thickness explained 45%, 65%, and 81% of the variance
in the pressure transmission, respectively. An ANCOVA model,
with a continuous factor of skull thickness and a discrete factor
of subject, found a significant effect of thickness (F(1,495) =
974.45, p = 49 x 10711%) as well as an effect of subject
(F(2,495) = 161.15, p = 1.3 x 107*) and thicknessxsubject

interaction (F(2,495) = 90.31, p = 3.7 x 1073*). Thus, there is
a significant difference in the pressure transmission across the
subjects, and the dependence of transmission on skull thickness
is subject-specific. We further investigated the thickness de-
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Figure 5: Ultrasound transmission is strongly governed by skull thickness.
Ultrasound pressure transmission (top) and its natural logarithm (bottom) as a
function of skull thickness. The R? values listed in the inset provide the amount
of variance explained by the linear fits superimposed on the plots.

pendence of the natural logarithm of the pressure transmission.
The logarithmic formulation may enable the quantification of
skull thickness-dependent attenuation factors @ from the slope
of the linear relationships showed in the bottom part of Fig. 5
(see Materials and Methods). The slopes for the 3 skulls were
—0.176, —0.489, and —0.208, respectively. According to the
simple—though likely simplistic—model (Materials and Meth-
ods), this slope translates into thickness-dependent attenuation
factors of @ = 176 Np/m, @ = 489 Np/m, and @ = 208 Np/m,
respectively.

It is known that the skull speeds up the propagation of ul-
trasound compared to water. This relative speedup leads to
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distortions or shifts of the ultrasound phase. We investigated
how this speedup and phase distortion depend on the individ-
ual segments of the skull. We found that the distortion was
smallest for the parietal regions (Fig. 6), with a value 1.8 times
smaller than for the frontal and 1.7 times smaller than the oc-
cipital regions (Table 1). A two-way ANOVA revealed a sig-
nificant modulation of the phase distortion by the skull posi-
tion (F(360,654) = 5.08, p = 1.5 x 1077?) and by subject
(F(2,654) = 694.63, p = 1.7 x 107162),
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Figure 6: Speedup and phase distortion across the skull. Ultrasound speedup
through the skull (7) and the associated phase distortion (w7) as a function of
the skull position. Several segments of the occipital and frontal bones in Skull 2
provided extreme aberration, rendering the through-transmit cross-correlation
unreliable; values for these segments are therefore not shown.

The speedup and the associated phase distortion should
be linearly proportional to skull thickness (see Materials and
Methods). This proportionality has been demonstrated previ-
ously [45]. Indeed, we confirmed these findings (Fig. 7). In
the 3 skulls, skull thickness explained 73%, 78%, and 81%
of the variance in the phase aberration, respectively. An AN-
COVA model, again with a continuous factor of thickness and a
discrete factor of subject, found a significant effect of thick-
ness (F(1,464) = 1175.53, p = 2.9 x 107'%) as well as
an effect of subject (F(2,464) = 5592, p = 1.7 x 107%)
and thicknessxsubject interaction (F(2,464) = 142.78, p =
4.8 x 107*°). Thus, the linear relationship between the phase
aberration and skull thickness, albeit robust within an individ-
ual, is variable across individuals.

The previous finding suggests an appreciable difference in
the average speed of sound across the skulls. We investigated
the speed of sound across the skulls and across the individ-
ual segments of each skull (Fig. 8). There was a substantial
variability in the speed of sound, both across and within the
subjects. In particular, the three skulls showed a mean+SD
of 2451+383 m/s, 2401307 m/s, and 2887+412 m/s, respec-
tively. Although there was a trend for the speed of sound to be
lower for the parietal bone (Table 1) compared to frontal and
occipital bone, this was not consistent across subjects (Fig. 8).
A two-way ANOVA confirmed the significant variability of the
speed of sound by skull position (F(359,652) = 1.29, p =
0.0024) and by subject (F(2,652) = 173.07, p = 5.1 x 10761),

5 — Skull 1 (R?=0.73)
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Figure 7: Ultrasound phase distortion is proportional to skull thickness.
Ultrasound speedup through individual segments of the skull as a function of
skull thickness. The R? values listed in the inset provide the amount of variance
explained by the linear fits superimposed on the plots.
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Figure 8: Speed of sound across the skull. The speed of sound (c;) determined
from the through-transmit 7 values (see Materials and Methods) as a function
of the skull position.

4. Discussion

In this study, we investigated the transmission and phase dis-
tortion of ultrasound across intact human skulls.

We found that 500 kHz ultrasound—a common frequency
for transcranial applications in humans—was most effectively
transmitted through segments of the parietal bone (Fig. 3), in
all three ex-vivo specimens. We further found that the transmis-
sion was strongly dependent on the skull thickness: the thinner
the skull, the more effective the transmission (Fig. 5). Since
parietal bone was found to be the thinnest on average (Fig. 4,
Table 1), this negative correlation can partially explain the fa-
cilitated transmission through the parietal bone.

A negative correlation between skull thickness and ultra-
sound transmission could be expected, but has not, to our
knowledge, been shown explicitly. Our direct measurements
of skull thickness using a caliper uncovered a surprisingly tight
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relationship (64% of variance explained, mean across 3 skulls)
between the skull thickness and ultrasound transmission. How-
ever, the slopes of the dependence on the thickness varied
across the 3 skulls. In addition—and as observed in previ-
ous studies [37, 39, 40]—we found a significant difference in
the average transmission across the 3 skulls. These subject-
specific factors complicate a parsimonious description of ultra-
sound transmission based on skull thickness alone.

We found that the speedup of ultrasound due to the propaga-
tion through the skull bone, and the associated phase distortion,
are also smallest over parietal bone segments (Fig. 6). This
finding can be explained by our (Fig. 7) and previous [45] find-
ings that the speedup and phase shift are proportional to skull
thickness. The slope of this dependence, which is a function
of the average speed of sound through the skull (see Materials
and Methods), varied significantly across the skulls. This vari-
ability has been observed also in previous studies, but can be
accounted for using CT skull density measurements [S1, 56].

The data provided in this study corroborate the notion of
substantial variability of acoustic properties across individuals
[29, 37-40]. In addition to the inter-subject variability, we have
shown, in a systematic experiment, that there is substantial skull
location-dependent variability. Transmission and phase shift
comprised a well-defined function of skull location (Fig. 3,
Fig. 6). The speed of sound, in contrast, showed a much less
predictable pattern (Fig. 8).

The primary goal of our study was to identify the regions
of the skull that provide optimal transmission. Although our
robotic system allowed us to assess the acoustic properties
across the perimeter of the skull, it only enabled us to oper-
ate along the middle segments of the skull. Acoustic properties
for more dorsal portion of calvariae are to be found elsewhere
[38, 39]. It should also be noted that ex-vivo skulls do not model
fresh or well-preserved skulls exactly [37]. Therefore, the val-
ues presented in this study should be taken as relative—with
respect to anatomical location or skull thickness, rather than
absolute.

In this study, we could directly measure skull thickness us-
ing a caliper to within 0.1 mm precision. Using these measure-
ments, we uncovered a surprisingly tight relationship between
ultrasound transmission and skull thickness. This relationship
invites future investigations with the goal to account for the at-
tenuation of ultrasound transmission through the skull based on
CT [57], MRI [57, 58], or other imaging modalities [53].

In summary, we measured the acoustic properties through-
out the perimeter of intact human ex-vivo skulls. We found
that regions of the parietal bone provide much more effective
transmission and lower phase distortion than frontal and occip-
ital regions. We further found that the ultrasound transmission
strongly depends on the skull thickness. These data inform fu-
ture approaches to compensate for ultrasound skull aberrations
and guide the design of future devices for safe, effective, and
reproducible transcranial ultrasound therapies.
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