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Purpose: Experimentally verify a previously described technique for performing passive acoustic
imaging through an intact human skull using noninvasive, computed tomography (CT)-based aberra-
tion corrections Jones et al. [Phys. Med. Biol. 58, 4981–5005 (2013)].
Methods: A sparse hemispherical receiver array (30 cm diameter) consisting of 128 piezoceramic
discs (2.5 mm diameter, 612 kHz center frequency) was used to passively listen through ex vivo
human skullcaps (n= 4) to acoustic emissions from a narrow-band fixed source (1 mm diameter,
516 kHz center frequency) and from ultrasound-stimulated (5 cycle bursts, 1 Hz pulse repetition
frequency, estimated in situ peak negative pressure 0.11–0.33 MPa, 306 kHz driving frequency)
Definity™microbubbles flowing through a thin-walled tube phantom. Initial in vivo feasibility testing
of the method was performed. The performance of the method was assessed through comparisons
to images generated without skull corrections, with invasive source-based corrections, and with
water-path control images.
Results: For source locations at least 25 mm from the inner skull surface, the modified recon-
struction algorithm successfully restored a single focus within the skull cavity at a location within
1.25 mm from the true position of the narrow-band source. The results obtained from imaging
single bubbles are in good agreement with numerical simulations of point source emitters and
the authors’ previous experimental measurements using source-based skull corrections O’Reilly
et al. [IEEE Trans. Biomed. Eng. 61, 1285–1294 (2014)]. In a rat model, microbubble activity was
mapped through an intact human skull at pressure levels below and above the threshold for focused
ultrasound-induced blood–brain barrier opening. During bursts that led to coherent bubble activity,
the location of maximum intensity in images generated with CT-based skull corrections was found to
deviate by less than 1 mm, on average, from the position obtained using source-based corrections.
Conclusions: Taken together, these results demonstrate the feasibility of using the method to guide
bubble-mediated ultrasound therapies in the brain. The technique may also have application in
ultrasound-based cerebral angiography. C 2015 American Association of Physicists in Medicine.
[http://dx.doi.org/10.1118/1.4922677]

Key words: transcranial ultrasound, passive beamforming, ultrasound propagation modeling,
computed tomography, blood-brain barrier opening

1. INTRODUCTION

The use of focused ultrasound (FUS) therapy in the brain
has been clinically investigated for the treatment of essential
tremor,1,2 brain tumors,3–6 chronic neuropathic pain,7,8 Parkin-
son’s disease,9,10 and obsessive-compulsive disorder,11 with
pilot trials for other indications currently ongoing.12 These
treatments are thermal in nature, relying on absorption of
acoustic energy at the therapeutic focus in order to generate
temperature elevation within the target tissue volume, leading
to irreversible protein denaturation and cell death once a suffi-
cient thermal exposure has been reached.13 A major advantage

of thermal-based FUS therapies is that the induced tempera-
ture rise can be measured noninvasively using magnetic reso-
nance (MR) thermometry techniques,14,15 which exploit the
temperature dependence of the magnetic properties of water.16

MR thermometry is currently used to confirm targeting accu-
racy prior to treatment as well as provide online temperature
monitoring during clinical FUS brain therapy,2,5 with a tem-
poral resolution on the order of seconds, ensuring overall
treatment safety and efficacy.

Apart from thermal-based applications of FUS in the brain,
a number of promising nonthermal, cavitation-mediated brain
therapies are currently undergoing preclinical investigations,
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such as blood–brain barrier (BBB) opening for targeted drug
delivery,17–21 sonothrombolysis,22–25 and ultrasound-induced
tissue fractionation.26,27 In contrast with the thermal-based
therapies described above, these treatments rely on mechanical
interactions, namely, those of the incident ultrasound field
with gas- or vapor-filled microspheres that are either formed
via nucleation using high amplitude pulsed ultrasound expo-
sures28 or injected intravenously in the form of encapsulated
microbubbles, long used as contrast agents in diagnostic imag-
ing.29,30 These procedures are more challenging to monitor
online via MR imaging (MRI), in part because the macro-
scopic temperature rise generated is insignificant.17,26,31 The
development of methods to reliably monitor acoustic activity
in real-time throughout such nonthermal FUS brain therapies
is critical to ensure that the induced cavitation activity and its
associated bioeffects are contained within the intended target
volume during treatment.

In FUS-induced BBB opening,20,32–37 sonothromboly-
sis,38–42 and histotripsy43,44 studies, correlations between the
cavitation activity measured using a single-element passive
cavitation detector (PCD) and treatment outcome have been
reported. Moreover, microbubble emissions have been used to
select treatment pressures36 and modulate them in real-time
between subsequent therapy pulses35 during FUS-induced
BBB opening. However, the information obtained from a
single-element PCD is fundamentally limited due to the
inherent trade-off between the volume of sensitivity and
spatial specificity of the device. The use of multielement
arrays, combined with passive beamforming algorithms bor-
rowed from other fields,45–48 has been shown to overcome this
limitation and enable spatial mapping of cavitation activity
during the application of FUS in both in vitro49–62 and in
vivo63–67 settings.

The integration of passive imaging during mechanical-
based FUS brain therapies would make the procedures prac-
tical, by providing a method for real-time treatment monitoring
and control. However, ultrasound imaging in the brain is
complicated due to the existence of the skull, which severely
attenuates and distorts acoustic waves as they pass through,
particularly at higher frequencies.68 Because of this, transcra-
nial sonography is typically achieved through “acoustic win-
dows” in the skull, regions where the bone thickness is minimal
and fairly uniform, such as the temporal and suboccipital
windows.69–72 One approach to utilizing passive imaging in the

brain could be to image through these windows using a narrow-
aperture array.64,65 However, due to the superior resolution
afforded by large apertures while employing passive imaging
techniques,48 an implementation with an array covering the
entire skull surface would be optimal.

Based on our findings from a numerical study investigat-
ing the use of sparse hemispherical receiver arrays for pas-
sive imaging in the brain,73 a hydrophone array was designed
and integrated within an existing hemispherical phased array
prototype.74 We have previously characterized the receiver
array and demonstrated our system’s ability to image bub-
ble clouds transcranially during ultrasound brain therapy66

through the use of an invasive, source-based skull correc-
tion method.75–77 In a separate study, we demonstrated that
computed tomography (CT)-based aberration corrections,78,79

currently used in clinical FUS brain treatments78 for precise
focusing of the therapy beam,2,5 can additionally be used dur-
ing beamforming on receive to spatially map acoustic source
fields through a human skull in silico.73 The purpose of the cur-
rent study was to validate the proposed noninvasive aberration
correction technique through a series of benchtop and in vivo
experiments with ex vivo human skullcaps and our dual-mode
prototype system.

2. MATERIALS AND METHODS
2.A. Ultrasound arrays

The transmit and receive arrays employed in this study have
been described previously.61,66,74 Briefly, the transmit array
consisted of a subset of 128 elements from a 30 cm diameter,
hemispherical phased array comprising 1372, 10 mm diameter
piezoceramic tube elements with a fundamental frequency
of 306 kHz.74 The receive array consisted of 128, 2.5 mm
diameter piezoceramic disk elements operating at a center
frequency of 612 kHz, tuned to the second harmonic of the
transmit array.61,66 The receiver elements were fixed in the
middle of 128 transmit elements in a sparse, pseudorandom-
ized arrangement [Fig. 1(a)] that was optimized to suppress
grating lobe formation and improve image quality through
computer simulations.73 The locations of the transmit and
receive elements used in this study were determined using
a triangulation-based localization method66 using a ceramic,

F. 1. (a) Receiver element distribution. (b) Experimental setup.
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narrow-band fixed source (1 mm diameter, 516 kHz center
frequency).

2.B. Skull specimens

Four of the human calvaria specimens described in Ref. 80
were used in this study. The skull samples were fixed in 10%
buffered formalin for preservation. In order to investigate a
range of human skull types, four specimens were chosen to
represent thin (Skull A), intermediate (Skull B and Skull D),
and thick (Skull C) skulls, as shown in Fig. 2. Each specimen
was mounted in a polycarbonate frame, placed in a large
plastic container filled with degassed/deionized water, and had
previously been imaged with a CT scanner (LightSpeed VCT,
GE Healthcare, Chalfont St Giles, UK) using a bone kernel
and with an isotropic resolution of 625×625×625 µm3. The
CT scans were used as inputs into the numerical model pre-
sented in Sec. 2.F. Table I provides a summary of the average

T I. Mean (± standard deviation) thickness and density values of the
skull specimens used in this study. The values are calculated based on rays
from the geometric focus of the array to each of the 128 receiver elements.

Skull Thickness (mm) Density (kg m−3)

A 6.1 ± 1.0 1797 ± 85
B 7.5 ± 1.3 1951 ± 196
C 10.2 ± 1.6 1946 ± 86
D 8.0 ± 1.6 1687 ± 91

thickness and density values for the skull specimens used in
this study.

2.C. Benchtop experiments

The experimental setup is shown in Fig. 1(b). The dual-
mode array was filled with degassed/deionized water and was
centered below a three-axis positioning system. An ex vivo

F. 2. Coronal and sagittal views of the hemispherical array, inner and outer skull surfaces, and source locations investigated for each of the specimens used in
this study. The black x’s (circles) indicate locations investigated in the fixed source (tube phantom) experiments.
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human skullcap was degassed in a vacuum jar for a minimum
of 3 h prior to beginning each experiment and positioned
such that its geometric center was approximately coincident
with the natural focus of the array (Fig. 2), though the frame
attached to the skullcap limited the depth into the dome that it
could be placed. A plastic bag was suspended within the skull
cavity in order to raise the water level, and rubber absorbers
were suspended along the air–water interface in order to miti-
gate confounding reflections [Fig. 1(b)].

In the first set of benchtop experiments, the fixed source
described in Sec. 2.A was mounted to the three-axis positioner
and moved around the field to different locations, as shown
in Fig. 2. At each point, the fixed source was excited us-
ing a broadband impulse from a pulser/receiver (Panametrics,
Olympus-NDT, Waltham, MA), and the signals received at
each array element were recorded. The source was excited 16
consecutive times and the signals were averaged to improve the
signal-to-noise ratio (SNR) of the measured traces. The result-
ing signals were band-pass filtered (50 kHz–2 MHz passband,
fourth order Butterworth,™), removing high frequency
noise and any DC bias. This experiment was conducted with
four different skullcaps (Skull A, Skull B, Skull C, and Skull
D) placed between the array and the source, for a total of 106
source locations spanning [−50,50] mm in X, [−70,60] mm in
Y, and [0,40] mm in Z (Fig. 2).

A second set of benchtop experiments were conducted,
where a thin-walled tube phantom was mounted to the three-
axis positioner, and a solution of Definity™ microbubbles
(Lantheus Medical Imaging, North Billerica, MA) diluted in
saline was gravity fed through the tubing (flow rate: 2.1 ml
min−1). The polytetrafluoroethylene tubing (Cole-Parmer, Ver-
non Hills, IL) had an inner and outer diameter of 0.8 and
1.4 mm, respectively. The transmit array was used to excite the
microbubbles transcranially, and the resulting acoustic emis-
sions were recorded by the receiver array. Exposures were con-
ducted at various target locations within the skull cavity [Skull
B (Fig. 2)] and with varying concentrations of microbubble
solution (dilution ratio ranged from 1:1000 to 1:16 000 000).
Both single focus sonications and volumetric scans were per-
formed. For volumetric scans, data were captured from the
sonications at each transmit focus, and frames containing a
single distinct source (peak sidelobe level <−3 dB) were kept
for image reconstruction.61 Each frame was normalized to
itself, and a maximum pixel projection was taken across all
remaining frames to generate a complete image of the tube.

Ultrasound transmission through the skull was achieved
using geometric focusing only, since at the relatively low driv-
ing frequency, skull-induced aberrations are minimal.81 The
transmit array elements were excited with a 5 cycle burst at a
pulse repetition frequency (PRF) of 10 Hz using a 128-channel
driving system (V-1, Verasonics, Redmond, WA), and the peak
negative focal pressure (mechanical index) obtained through
the skull was estimated to be 0.11–0.33 MPa (0.19–0.56) in
situ, which varied depending on the target location and applied
voltage. The pressure at the geometric focus of the array as
a function of the driving system input voltage was measured
using a calibrated fiber-optic hydrophone (Precision Acous-
tics, Dorset, UK) without the skull in place. This measurement

was then repeated with the 1 mm diameter emitter/receiver
used in the fixed source experiments, in order to calibrate
the ceramic transducer. The voltage output from the ceramic
transducer was measured using an oscilloscope (TDS 3014B,
Tektronix, Richardson, TX). In all subsequent measurements
with the skull in place, the focal pressure was monitored with
the calibrated ceramic transducer. The raw RF data from the
receiver array were recorded using a 128-element data acqui-
sition system (SonixDAQ, Ultrasonix, Richmond, BC, Can-
ada)82 at a sampling rate between 10 and 40 MS s−1. The speed
of sound in water was determined by measuring the water
temperature during each experiment83 using a digital ther-
mometer (Extech Instruments, Waltham, MA). The minimum
and maximum recorded temperatures were 19.2 and 24.5 ◦C,
respectively, and the inferred speed of sound ranged from
1480 to 1495 m s−1.

2.D. In vivo experiments

Three Wistar rats (male, 162–193 g) were used to assess the
technique in vivo. All experiments in this study were approved
by Sunnybrook Research Institute’s Animal Care Commit-
tee. The experimental protocol was similar to that of a pre-
vious study.66 The animals were anesthetized via intramus-
cular injection of a mixture of ketamine (40–50 mg kg−1)
and xylazine (10 mg kg−1). Hair on the animals’ heads was
removed using an electric razor followed by application of
depilatory cream. The animals were laid supine on a platform
and their heads were supported by a plastic membrane that was
in contact with the water-filled array. Ultrasound gel was used
to acoustically couple the animal head to the membrane. The
platform with the animal was moved between the array and
a 1.5 T MRI (Signa 1.5 T, GE Healthcare, Milwaukee, WI)
for treatment planning and monitoring of BBB opening. T2-
weighted images (fast spin echo; relaxation time: 2000 ms;
echo time: 60 ms; echo train length: 4; matrix size: 128×128;
field of view: 6 × 6 cm; slice thickness: 1 mm) were used
to select appropriate target locations. All sonications were
performed through the intact rat skull and through a human
skullcap (Skull B).

A total of four sonications were performed in each animal,
each at a different target location. Each sonication consisted
of 130, 5 cycle bursts of ultrasound at a driving frequency of
306 kHz with a 1 Hz PRF. In each animal, sonications were
performed at four different pressure levels (estimated in situ
pressure= 0.24/0.28/0.31/0.33 MPa). The exposure level as-
signed to a given target location was chosen randomly for each
animal. The transmit and receive equipments were the same
as those used for the benchtop experiments (see Sec. 2.C).
For each target location, an initial sonication was performed
without microbubbles to gather baseline signals. Next, a bolus
of Definity™ contrast agent (40 µl kg−1) was delivered via a
tail vein catheter simultaneous with the beginning of a sec-
ond sonication. A minimum of 5 min passed between soni-
cations in an animal. The received RF data were captured
and stored for further processing. Post-treatment, gadolinium-
based contrast-enhanced (200 µl kg−1 Omniscan, GE Health-
care, Milwaukee, WI) T1-weighted images (fast spin echo;
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relaxation time: 500 ms; echo time: 10 ms; echo train length: 4;
matrix size: 128×128; field of view: 6 × 6 cm; slice thickness:
1 mm) were acquired to detect BBB opening.

2.E. Image formation

The data analysis was performed offline in ™
(R2013a, Mathworks, Natick, MA). For the tube phantom and
in vivo experiments, reference data taken before the injection
of microbubbles were subtracted from data captured with
microbubbles in order to suppress reflections off the skull
and tubing, enhancing the overall contrast agent signal. The
resulting signals were then digitally filtered using a band-pass
filter (fourth order Butterworth, ™) with a 400 kHz
bandwidth centered about the second harmonic of the driving
signal.66

Images were formed using a modified version of the beam-
forming algorithm described in Ref. 48, known as “time
exposure acoustics,” which was adapted to include correction
terms to account for the acoustic propagation through skull
bone.73 First, a grid of points are prescribed over which the
image reconstruction will take place. For each grid point r,
the received signals from the array are “backpropagated” (i.e.,
scaled and delayed) as follows:

Qn(r;t)= an · p̂n

(
t+

∥rn−r∥
c

− sn

)
· ∥rn−r∥, (1)

where p̂n(t) is a filtered version of pn(t), the latter representing
the time-dependent pressure measured by receiver n located
at position rn, c is the speed of sound in water, an and sn are
amplitude and delay correction terms to compensate for skull
effects, and ∥rn−r∥ represents the distance between receiver
n and the grid point r. Multiplication by ∥rn−r∥ accounts for
geometric spreading that would occur during acoustic propa-
gation from a point source located at r to a receiver located at
rn. An image is generated by combining the scaled and delayed
signals as follows:48

I(r)= 1
T

 t0+T

t0



N
n=1

N
m=1

n,m

Qn(r;t) ·Qm(r;t)


dt, (2)

where [t0,t0+T] is the integration window and N is the total
number of elements in the array. It is worth noting that in
general the skull correction terms ({an},{sn}) are functions of
space and frequency. However, for a sufficiently small recon-
struction volume and narrow frequency band, they are not ex-
pected to vary substantially.84 Nevertheless, the use of voxel-
specific skull corrections73 may help improve image quality in
the future.

Two methods were used to calculate the amplitude and
delay terms to correct the aberrating effects induced by the
skull bone. The first method, hereafter referred to as source-
based corrections, is an invasive method based on comparing
the signals received from the fixed source emitter placed at
the imaging location of interest with and without the skull
in place.75–77,84 For receiver n, the signals received with and
without the skull in place are cross correlated85 to determine

the delay term (sn) based on the time-of-flight difference, while
the amplitude term (an) is given by the ratio of the maximum of
the signal envelope received without the skull in place to that
received with the skull in place. This apodization approach is
analogous to the “amplitude correction” technique described
by White et al.,86 and by others,76 for transcranial focusing of
the transmit beam.

The second method, hereafter referred to as CT-based
corrections, is a noninvasive method that uses a numerical
ultrasound propagation model to simulate the required aber-
ration corrections based on the skull CT morphology and
orientation with respect to the array elements.78,79 The pulse
emitted by a “virtual” point source located at the imaging
location of interest is numerically propagated through the skull
to the array elements, where the received signals are recorded
by averaging the pressure over each receiver element’s sur-
face.87 The simulation is repeated with the skull removed from
the computational domain in order to compute the aberration
corrections for the particular location of interest, as described
above. Spatial registration of the skull in the simulations was
determined by measuring the location of multiple landmarks
(Skull A: 7, Skull B: 8, Skull C: 6, and Skull D: 5) on the
inner and outer skull surfaces that were easily identifiable in
CT image data of the same specimen. For all experiments
performed, the mean error in the skull landmark positions after
registration was less than 1 mm.

Representative data illustrating skull aberration correction
calculations at the geometric focus for one skull are displayed
in Fig. 3. In determining the skull delay terms, cross correlation
was performed using data from the first five cycles of each
pulse. For source location-receiver element pairs where poor
transmission through the skull was observed relative to the
water-path case (less than 5% transmission, i.e., an > 20),
the corresponding received signals were omitted from the
beamforming process. The simulated signals were resampled
to match the sampling frequency of the experimental wave-
forms (40 MS s−1) prior to cross correlation. Transskull images
produced using noninvasive CT-based skull corrections were
compared with those obtained through the invasive source-
based correction approach, with images formed without skull-
specific corrections, and with water-path control images. Im-
ages formed with skull delay corrections only [i.e., an = 1 ∀ n
in Eq. (1)] were also investigated.

The time exposure acoustics beamforming algorithm is
well suited to parallel computation, since the intensity value
of each voxel at a given time can be calculated indepen-
dently. As such, the reconstruction algorithm was written in
the compute unified device architecture (CUDA) graphics pro-
cessing unit (GPU) platform, following the “parallelization
over time” approach outlined in Ref. 88. A typical recon-
struction (20×20×20 mm3 volume, 0.25×0.25×0.25 mm3

voxel size, 200 sample integration time, 128 elements) took
303± 3 ms/frame (mean± standard deviation, 10 frames) on
a single NVIDIA GPU (GeForce GTX Titan, 6 GB memory,
2688 cores), which resulted in more than a 2500-fold speedup
compared to a ™ implementation run on a custom-
built CPU (857± 7 s, 2.0 GHz processor, 32 GB memory, 6
cores). The normalized root-mean-square error89 between the
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F. 3. (a) Illustration of source- and CT-based skull aberration calculations at the array’s geometric focus for Skull B. Measured and simulated signals
(f = 516 kHz) captured with and without the skull in place are shown for one receiver element (top row), along with the delayed skull signals (middle row).
Envelopes of the aligned signals are shown (bottom row) to demonstrate amplitude correction calculation. (b) Skull amplitude and delay terms for the entire
128-element array. The vertical black line indicates the receiver chosen for the plots in (a).

GPU and CPU reconstructions was (3.9± 0.1)× 10−3 (mean
± standard deviation) for the same 10 frames.

2.F. CT-based aberration corrections

A full wave ultrasound propagation model90–92 was em-
ployed to calculate the aberration corrections required for
transcranial image formation. Briefly, the model solves the
Westervelt equation,93 which can be written as

∇2p− 1
c2

∂2p
∂t2 +

δ

c4

∂3p
∂t3 +

β

ρc4

∂2p2

∂t2 −∇p ·∇(lnρ)= 0, (3)

where p is the acoustic pressure field, and c, δ, β, and ρ
represent the local speed of sound, acoustic diffusivity, coeffi-
cient of nonlinearity, and density of the propagation medium,
respectively. In the particular case of a narrow-band source,
the acoustic diffusivity can be written in terms of the attenua-
tion coefficient as δ = 2αc3(2π f )−2, where f is the excitation
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frequency.94 It is worth noting that c and α represent the
speed of sound and attenuation coefficient, respectively, for
longitudinal waves. Shear wave propagation is not taken into
account in the Westervelt equation. For the purposes of this
work, the linearized form of Eq. (3) was solved (i.e., β = 0).

Spatial maps of the material properties within the simula-
tion domain were extracted from the CT images of the skull
specimen of interest. First, a map of the effective skull bone
density was estimated based on the CT image intensity, ac-
quired in Hounsfield units, assuming a linear dependence.91

The resulting density maps were manually segmented in -
™ via thresholding to identify all voxels corresponding
to skull bone. For a given source frequency of interest, maps
of the longitudinal speed of sound and attenuation coefficient
were generated by interpolating the empirical relations deter-
mined in Ref. 80. Voxels within the computational domain not
corresponding to skull bone were assigned material parameters
to that of water (ρ= 1000 kg m−3, α = 0) based on the values
presented in Ref. 95, while the speed of sound (c) was deter-
mined directly from measurement of the water temperature.83

In addition, triangulated meshes of the skull surfaces were
generated from the segmented data, following the procedure
outlined in Ref. 73, in order to determine the proximity of each
source location to the inner skull surface.

Equation (3) was solved in cylindrical coordinates using a
finite-difference time-domain (FDTD) scheme with second-
and fourth-order approximations for the temporal and spatial
derivatives, respectively.90 Sound was introduced into the
computational domain through a point source emitter (10-
cycle, 40% cosine-tapered pulse96 at the frequency of interest),
and the super-absorbing layer approach described by Mei
and Fang97 was applied on the domain boundaries. Spatial
discretization (∆h) was set to be ∆h = λ/10, where λ is the
acoustic wavelength in water. Numerical stability of the model

was enforced by selecting the temporal discretization (∆t)
such that the Courant–Friedrichs–Lewy (CFL) number98 (CFL
= cmax∆t∆h−1) was less than or equal to 0.25, where cmax is the
maximum speed of sound in the simulation domain, resulting
in 96–98 points/cycle for the skull specimens investigated
in this study. The model was implemented using C++ and
CUDA, and the simulations were run using the CPU and
GPU described in Sec. 2.E. For a source located at the array’s
geometric focus, the typical computation time per element
was approximately 240–300 s (propagation with and without
skull), depending on the source frequency and skull specimen,
translating to a total of 8.5–10.5 h for the 128-element array
considered in this study (compared to 24–30 h for an imple-
mentation written in C++, run on the CPU).

3. RESULTS

Figure 4 shows lateral (Z = 0; top row) and axial (Y = 0;
bottom row) contour images obtained from the fixed source
emitter placed at the array’s geometric focus. Transskull im-
ages generated without, with source-based, and with CT-based
skull delay corrections are shown, along with the correspond-
ing water-path control case. When skull corrections are not
taken into account during receive beamforming, significant
distortions in the reconstructed focal volumes result (i.e.,
shifted location of maximum intensity, increased sidelobe
levels, and general background signal), in comparison to
the water-path control case. However, by including skull
delay corrections (source- or CT-based) in the reconstruction
algorithm, images similar to those of the water-path case
are restored, which is consistent with our previous in silico
results.73

Figure 5 illustrates the dependence of source location on
image quality for the various reconstruction methods. Lateral

F. 4. Contour images of the fixed source emitter located at the array’s geometric focus, reconstructed in water, through a human skullcap (Skull C) without
skull corrections, with source-based skull delay corrections, and CT-based skull delay corrections. Lateral (Z = 0) and axial (Y = 0) reconstructions are shown.
The peak intensity (Imax) for each image is given normalized to the water control case at [0,0,0]. Linear contours are displayed at 10% intervals.
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F. 5. Contour images of the fixed source emitter located at [0,0,0], [20,0,0], and [40,0,0] mm. Reconstructions in water and through a human skullcap (Skull C)
with source-based and CT-based skull delay corrections. Lateral (Z = 0) reconstructions are shown. The peak intensity (Imax) for each image is given normalized
to the water control case at [0,0,0]. Linear contours are displayed at 10% intervals.

contour planes of image data obtained from the fixed source
emitter placed at three different locations spanning 40 mm
along the X-axis are plotted for both skull correction tech-
niques, along with the water-path control case. As the source
location is moved away from the array’s geometric focus and
closer to the inner skull surface, large sidelobes appear in
the image generated with CT-based skull delay corrections.
In contrast, both the source-based correction and water-path
control image quality are less sensitive to source location and
skull proximity.

Figure 6(a) quantifies the above trends by plotting the image
SNR as a function of source location for one skull specimen.
The image SNR was defined as the ratio of the main lobe
intensity to the standard deviation of the background signal
(all voxels located greater than a wavelength from the main
lobe intensity peak), as done in Ref. 73. The reconstruction
volumes were 20×20×20 mm3 with a uniform voxel size of
0.25× 0.25× 0.25 mm3, centered about the source location.

The image SNR was found to decrease as the source location
was moved away from the array’s geometric focus. Both skull
delay correction techniques provided improvements in image
SNR and peak sidelobe ratio (data not shown) compared to the
no correction case; however, due to the skull’s high insertion
loss,68 the image SNR of the water-path control case was
not fully restored. The inclusion of skull-specific amplitude
corrections produced similar results to phase-only corrections
for the invasive source-based technique; however, the CT-
based technique performed consistently worse for each image
quality metric when amplitude corrections were introduced
(Fig. 6). The spatial-dependence of skull aberration correc-
tions in transcranial ultrasound is demonstrated in Fig. 6(b). By
considering only skull delay corrections calculated for [0,0,0],
and applying these to the received signals from each of the
source locations investigated, it can be seen that an improve-
ment from baseline (i.e., no corrections) is only achieved for
source locations up to a maximum of 20 mm away from [0,0,0]
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F. 6. Image SNR as a function of fixed source location. (a) Results from transcranial (Skull C) reconstructions without skull corrections, with source-based
and CT-based skull corrections, and water-path control reconstructions. (b) Results from transcranial (Skull C) reconstructions without skull corrections, with
skull delay corrections (source- and CT-based) calculated from a single point (chosen to be [0,0,0]), and with location-specific skull delay corrections (source-
and CT-based), as presented in (a).

[Fig. 6(b)], which was the case for each of the four skullcaps
investigated.

The results from all four skullcaps investigated are summa-
rized in Fig. 7 through different image quality metrics. A
positional error with respect to the true source location was
observed in the reconstructed images [Fig. 7(a)]. For source
locations at least 25 mm from the inner skull surface (62 of
106), this error was 1.4±1.2 mm when the effects of the skull
were ignored during image reconstruction. With source-based
(CT-based) skull delay corrections, this error was reduced to
0.3±0.2 mm (0.4±0.4 mm). In the absence of skull correc-

tions, the −3 dB volume was found to increase with increasing
skull thickness [Fig. 7(b)]. When source-based skull correc-
tions were employed, a single focus was always produced and
the mean −3 dB volume was significantly reduced. Multiple
foci appeared for a subset of source locations less than 25 mm
from the inner skull surface using CT-based corrections. Both
skull correction techniques provided improvements in peak
sidelobe ratio [Fig. 7(c)] and image SNR [Fig. 7(d)] compared
to the no correction case.

Figure 8 shows results from a phantom microvessel experi-
ment where the thin-walled tube was fixed near the geometric

F. 7. Summary of the results from all fixed source experiments. The (a) positional error, (b) −3 dB volume, (c) peak sidelobe ratio, and (d) image SNR
are plotted (averaged over 62 locations tested at least 25 mm from the inner skull surface, error bars denote one standard deviation) for each transcranial
reconstruction case and for the water-path control case. Results for each skullcap investigated are shown, along with a mean value across all skulls.
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F. 8. Normalized maximum pixel projection images of the tube phantom, obtained through a human skullcap (Skull B), generated by electronically scanning
the transmit focus (grid dimensions: 20×5×12 mm3; step size: 0.5 mm in X, 1 mm in Y, and 4 mm in Z). Transcranial images formed without skull corrections
(nframes= 9), with source-based skull delay corrections (nframes= 238), and CT-based (nframes= 194) skull delay corrections are shown. The cross sectional
images (bottom row) were generated by taking the maximum pixel projection within the range of [−1,1] mm in X.

focus of the array, parallel to the X-axis, and Definity™ mi-
crobubbles diluted 1:1000 in saline were flowed through the
tube. A volume scan of the tube was performed using elec-
tronic steering to scan a 20×5×12 mm3 volume with a step size
of 0.5 mm in X, 1 mm in Y, and 4 mm in Z. The resulting image
generated without skull corrections is substantially distorted,
with strong signal appearing to originate from outside of the
tube. The use of CT-based skull delay corrections led to a larger
number of usable frames and resulted in a final compound
image with signal confined to the tube region, with a larger
portion of the tube visible. The invasive source-based skull
correction method restored similar images to those generated
using the noninvasive approach.

A second experiment was conducted with the phantom
microvessel setup, in which the microbubble concentration
was decreased to a dilution ratio of 1:16 000 000. At this
concentration, assuming a 50% loss of bubbles due to han-
dling,99 which is consistent with our previous measurements,66

there is approximately 1 bubble per 6 mm of tubing. Compared
to the relatively small size of the therapeutic focus (−3 dB
lateral width= 3 mm), it is reasonable to expect that the images
produced are those of single bubbles.61 Using data from single
bubbles [Fig. 9(a)], the imaging system’s PSF can be estimated
[Fig. 9(b)]. It is worth noting that the axial width of the main
lobe was found to be approximately twice that of the lateral
width, which is consistent with our previous simulations73

and experimental measurements,66 and is expected due to the
hemispherical element layout. In Fig. 9(b), the measured main
lobe beam dimensions, peak sidelobe ratio, and image SNR
metrics for ten individual bubbles were compared with the
results from corresponding simulations of point source emit-
ters with additive noise from the experimentally measured
signals,73 showing good agreement.

Figure 10 shows results from the in vivo experiments.
Representative maps of microbubble activity obtained dur-
ing ultrasound exposure at pressure levels below and above
the threshold for BBB opening are shown [Fig. 10(a)]. For
these bursts, the location of maximum intensity in the maps
generated without aberration corrections was displaced 2.3
and 7.5 mm, respectively, from the peak location in the maps
generated with source-based skull corrections. In both bursts,
the peak location in the maps generated with CT-based skull
corrections was less than 1 mm from the location obtained with
source-based corrections. A contrast-enhanced T1-weighted
MR image of the same rat is shown in Fig. 10(b). Signal
enhancement indicating BBB opening is seen at location 2
of the T1-weighted image. Sonications at the two highest
pressures (0.31/0.33 MPa) resulted in BBB opening in all six
cases, whereas no BBB opening was observed at either of
the lowest two pressures (0.24/0.28 MPa). Summarizing the
data from all sonications (Table II), it was found that during
bursts that led to coherent bubble activity (peak sidelobe ratio
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F. 9. (a) Normalized intensity profiles along the X, Y, and Z directions for a single bubble located near the array’s geometric focus. Transcranial (Skull B)
reconstructions with CT- and source-based skull delay corrections are shown. (b) Image quality metrics [full width at half maximum (FWHM), peak sidelobe
ratio, image SNR] averaged over ten bubbles are plotted for measured (CT- and source-based skull delay corrections) and simulated data. Error bars denote one
standard deviation.

<−3 dB; 416/1560 bursts), without skull corrections the mean
location of maximum intensity was displaced 2.3± 2.0 mm
from the position obtained using source-based corrections,
whereas with CT-based corrections this shift was reduced to
0.8±0.5 mm.

4. DISCUSSION

The results of this study confirm that the proposed method is
capable of compensating for the aberrating effects of the skull
and enable transcranial mapping of microbubble cavitation

activity in a noninvasive manner. In the future, the informa-
tion inferred regarding the acoustic activity within the entire
skull cavity could be incorporated into existing treatment con-
trol schemes35 in order to select optimal sonication parame-
ters such that a desired level of cavitation activity is reached
within the target volume. Apart from its use in a therapy
monitoring context, since the microbubbles are confined to
the vasculature until clearance by the lungs and kidneys, the
method could also be combined with super-resolution tech-
niques61,114,115 to enable vascular mapping of the brain for
diagnostic purposes.

F. 10. (a) Maps of microbubble activity generated in a rat model through an ex vivo human skullcap (Skull B) during FUS exposure at pressure levels below
(location 1; estimated in situ pressure = 0.24 MPa) and above (location 2; 0.33 MPa) the threshold for BBB opening. Lateral planes of maximum intensity are
shown for reconstructions with no skull corrections and with source- and CT-based skull delay corrections. Linear contours are displayed at 10% intervals. (b)
Contrast-enhanced T1-weighted (CE-T1W) MR image of the same rat postsonication showing enhancement at sonication location 2. The sonication direction is
into the page.
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T II. Summary of results from the in vivo experiments. The distance between the location of maximum
intensity (mean ± standard deviation) in images (peak sidelobe ratio <−3 dB) generated without corrections and
with CT-based skull delay corrections relative to the peak location in the source-based correction case (∆no and
∆CT, respectively) is shown for all four sonications in each rat. The number of frames with “coherent bubble
activity” (peak sidelobe ratio <−3 dB) during each sonication is also listed (nframes).

Rat Metric 0.24 MPa 0.28 MPa 0.31 MPa 0.33 MPa All

∆CT 0.6±0.4 0.8±0.4 N/A 0.8±0.6 0.7±0.5
1 ∆no 1.8±1.1 1.4±1.7 N/A 2.1±0.5 1.8±1.2

nframes 101/130 62/130 0/130 63/130 226/520

∆CT 0.8±0.6 0.7 ± N/A 1.1±0.5 0.5±0.2 0.9±0.6
2 ∆no 3.4±4.5 1.9 ± N/A 2.1±0.5 6.1±2.3 3.1±2.7

nframes 22/130 1/130 75/130 26/130 124/520

∆CT 0.2 ± N/A 0.7±0.4 0.9±0.5 N/A 0.7±0.4
3 ∆no 2.5 ± N/A 2.3±2.2 2.3±2.4 N/A 2.3±2.2

nframes 1/130 60/130 5/130 0/130 66/520

∆CT 0.6±0.4 0.7±0.4 1.1±0.5 0.7±0.6 0.8±0.5
All ∆no 2.0±2.2 1.9±2.0 2.1±0.8 3.3±2.3 2.3±2.0

nframes 124/390 123/390 80/390 89/390 416/1560

Dynamic beam focusing using measurements of the ultra-
sound field from a reference point, different from the focal
location, was investigated in the context of passive imaging
through the skull bone [Fig. 6(b)]. Previous studies have inves-
tigated the range of validity of this approach for transmit
beam focusing through heterogeneous media.84,100,116 Using
an 810 kHz, 120-element phased array (circular discs, 19 mm
diameter), Clement and Hynynen measured a 24 mm radial
steering range (50% intensity drop-off) when focusing through
an ex vivo human skull.84 In an earlier study, VanBaren et al.
focused a 500 kHz, 64-element cylindrical-section array (rect-
angular elements, 3× 150 mm2) through a rubber abberator
and found that any attempt to focus beyond 20 mm from the
reference point led to a degradation in focal quality.100 With
our system, improvements in image quality (i.e., image SNR)
relative to the no correction case were found for all locations
10 mm from the reference point ([0,0,0]) and for 70% of the
locations with a separation of 20 mm, while for locations
30 mm and farther from the reference point, no substantial
changes from baseline were observed. These results suggest
that this approach is valid over a similar range on receive as it
has been found to be on transmit, though it is worth noting that
this range is highly dependent on the specific array geometry
and operating frequency employed.

Results from the in vivo experiments demonstrated the
feasibility of mapping microbubble activity in the brain
through a human skull. Images of bubble activity were ob-
tained starting at pressure levels below the threshold for BBB
opening, which is consistent with our previous results ob-
tained without the presence of a human skull.66 Although
the technique was applied during FUS-induced BBB opening
in the present work, the method is directly applicable to
other cavitation-mediated brain therapies, such as ultrasound-
assisted clot lysis,24,25 tissue fractionation,26,27 or cavitation-
enhanced ablation.101–103 Furthermore, the proposed tech-
nology could be used to confirm the absence of inertial cavi-

tation during thermal ablation therapies in the brain, in order
to avoid hemorrhagic events.104,105

Potential sources of error when applying simulation-based
methods for transcranial aberration correction include registra-
tion (i.e., orientation of skull with respect to transducer array
elements) as well as modeling errors. In this study, registra-
tion was performed by measuring a handful of landmarks on
the inner and outer skull surfaces in the reference frame of
the array elements and locating their corresponding voxels in
the CT dataset of the same specimen. This process led to a
registration error on the order of 1 mm. Although this is a
non-negligible fraction of the wavelength at the frequencies
investigated in this study (≈0.4 λ), it is worth noting that this
misregistration would be reduced in a clinical setting, where
the patient’s entire pretreatment CT dataset would be regis-
tered to a corresponding MR dataset taken while the patient
was stereotactically fixed to the FUS device.

The transcranial propagation model used in this study
supports only longitudinal propagation in the skull bone. In
the future, the use of more complex models incorporating
shear-wave propagation106–108 or higher order numerical ap-
proaches109,110 may improve aberration correction, particu-
larly at source locations close to the inner skull surface where
the angles of incidence are such that significant mode conver-
sion is present. Indeed, our use of a model that neglects shear
wave propagation may explain the increased sensitivity of CT-
based correction image quality to skull proximity observed in
this study (Fig. 5), though further investigations are required
in order to confirm this. These approaches will first require
that the acoustical properties for shear wave propagation in
skull bone as a function of density and frequency be accurately
determined. On the other hand, more simplistic and compu-
tationally efficient models could also be employed,78,111–113

in order to reduce treatment planning times. Furthermore,
mapping of low-frequency cavitation activity in the brain may
be possible without skull-specific corrections,73 due to the
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diminished aberrations present with longer acoustic wave-
lengths.81

Apart from the mechanics of the numerical model, the
acoustic parameters used in the simulation domain must also
be accurately replicated. In this study, the longitudinal acous-
tical parameters of skull bone at our frequencies of interest
(516 kHz for fixed source experiments and 612 kHz for mi-
crobubble mapping) were estimated by interpolating empirical
datasets obtained at different frequencies ( f low= 270 kHz and
fhigh= 836 kHz).80 Although the longitudinal sound speed of
skull bone has been shown to be relatively constant over this
frequency range, the attenuation varies substantially.80 This
interpolation is likely the reason that the CT-based ampli-
tude and phase corrected images performed worse than phase
corrections only, and it is expected that amplitude correc-
tions calculated from data at the appropriate frequency would
improve the sidelobe structure and focal quality (i.e., image
SNR) compared to phase-only corrections, as is the case on
transmit.86

Finally, another limitation of this study is that skullcaps
were used as opposed to full human skull specimens. Although
it is unclear exactly how reflections off of the skull bone will
impact the reconstructed images, they are expected to have an
effect, particularly when longer pulse lengths are used. Despite
the outstanding issues with the method, it is worth noting that
clinical implementation of this technique would be simplified
by the fact that CT-based skull corrections are already required
for transmit focusing.

5. CONCLUSION

This study demonstrates that patient-specific aberration
corrections obtained using a numerical ultrasound propaga-
tion model combined with CT-derived cranial morphology
enable passive imaging of acoustic sources through the intact
human skull in a noninvasive manner. The technique was
shown to be capable of transcranially imaging a narrow-band
fixed source, as well as ultrasound-stimulated microbubbles
in microvessel-mimicking tube phantoms and in a rat model
of BBB opening. Based on the results of this noninvasive
approach, we conclude that the reconstruction algorithm may
be useful for the monitoring and control of FUS treatments
in the brain, particularly microbubble-mediated applications,
in order to improve therapeutic safety and efficacy. Addition-
ally, the method may also have application in ultrasound-
based vascular imaging in the brain. Future work in this
area will concentrate on comprehensive in vivo testing of the
technique, along with further algorithm development with a
view toward improving the imageable volume within the skull
cavity.
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