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Abstract—With the advancement of aberration correction techniques, transcranial ultrasound imaging has
exhibited great potential in applications such as imaging neurological function and guiding therapeutic ultra-
sound. However, the feasibility of transcranial imaging varies among individuals because of the differences in
skull acoustic properties. To better understand the fundamental mechanisms underlying the variation in imaging
performance, the effect of the structure of the porous trabecular bone on transcranial imaging performance (i.e.,
target localization errors and resolution) was investigated for the first time through the use of elastic wave simu-
lations and experiments. Simulation studies using high-resolution computed tomography data from ex vivo skull
samples revealed that imaging at large incidence angles reduced the target localization error for skulls having
low porosity; however, as skull porosity increased, large angles of incidence resulted in degradation of resolution
and increased target localization errors. Experimental results indicate that imaging at normal incidence intro-
duced a localization error of 1.85 § 0.10 mm, while imaging at a large incidence angle (40˚) resulted in an
increased localization error of 6.54 § 1.33 mm and caused a single point target to no longer appear as a single,
coherent target in the resulting image, which is consistent with simulation results. This first investigation of the
effects of skull microstructure on transcranial ultrasound imaging indicates that imaging performance is highly
dependent on the porosity of the skull, particularly at non-normal angles of incidence. (E-mail: brooks.
lindsey@bme.gatech.edu) © 2021 World Federation for Ultrasound in Medicine & Biology. All rights reserved.

Key Words: Incidence angle, Longitudinal wave, Mode conversion, Porosity, Shear wave, Trabecular bone,
Transcranial ultrasound.

INTRODUCTION

Transcranial ultrasound imaging has been reported to be a

useful tool not only for assessment of neurological func-

tion and cerebrovascular diseases but also for real-time

monitoring and guidance of transcranial focused ultra-

sound therapy (Qiu et al. 2020). Because of its portability

and real-time imaging capability, ultrasound has been

used for imaging during early stages after acute stroke

events (Holscher et al. 2008; Schlachetzki et al. 2012;

Herzberg et al. 2014; Antipova et al. 2020). Blood flow to

major arteries such as those of the circle of Willis and

internal carotid arteries can be imaged and quantified

using 2-D or 3-D ultrasound Doppler imaging through the

temporal bone window (Tsuchiya et al. 1991; Lyden and

Nelson 1997; Krejza et al. 1999; Lindsey et al. 2011,

2013; Lindsey and Smith 2013). Microbubble contrast

agents have also been used to enhance the ability to quan-

tify blood flow and map spatial and temporal perfusion of

the brain (Wiesmann et al. 2004; Bartels et al. 2005;

Della Martina et al. 2005). The emergence of high-frame-

rate ultrasound imaging techniques has enabled imaging

and quantification of the hemodynamic response of

regional brain tissue caused by variation in neurological

activity with subsecond temporal resolution

(Errico et al. 2016; Imbault et al. 2017). Furthermore, the

development of super-resolution imaging techniques has

enabled the visualization of the vasculature through the

skull with spatial resolution beyond the diffraction limit

(O'Reilly and Hynynen 2013; Soulioti et al. 2020).

In addition to its use as a diagnostic tool, transcranial

ultrasound imaging has been found to be a useful tool for
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monitoring and guiding transcranial ultrasound therapy by

both visualizing and quantifying ultrasound-induced cavita-

tion. Utilizing acoustic cavitation emissions in the form of

shock waves, Sukovich et al. (2020) reported the capability

of transcranial ultrasound imaging of cavitation events dur-

ing transcranial histotripsy. Moreover, by using passive cavi-

tation imaging techniques, researchers have been able to

transcranially image cavitation events (Arvanitis and

McDannold 2013; O'Reilly et al. 2014), map the ultrasound-

induced blood�brain barrier opening (Sun et al. 2017;

Burgess et al. 2018; Jones et al. 2018; Wu et al. 2018;

Yang et al. 2019; Lin et al. 2020) and monitor non-thermal

brain tissue ablation (Xu et al. 2019; Jones et al. 2020).

Recent advances in 2-D array design have enabled 3-D

transcranial focusing (Chaplin et al. 2018; Wu et al. 2021)

and mapping of the acoustic emissions originating from

ultrasound-induced cavitation (Deng et al. 2016;

Crake et al. 2018; Liu et al. 2018; Sukovich et al. 2020). In

addition to monitoring cavitation, transcranial acoustoelec-

tric imaging has been used for monitoring directional current

in deep brain stimulation (Preston et al. 2020).

Transcranial imaging relies on transmission of suffi-

cient acoustic amplitude through the skull in both direc-

tions for pulse-echo imaging. Because of spatially

varying speed of sound in the tissues (especially in the

skull), aberration is introduced that degrades the imaging

performance (Ivancevich et al. 2008; Jones et al. 2013;

Lindsey and Smith 2013). Thus, transcranial imaging

often requires additional steps to correct for aberration

by accounting for the velocity of the longitudinal wave

in the skull, which is significantly higher than that in soft

tissues (Clement and Hynynen 2002; Aubry et al. 2003;

Ivancevich et al. 2008; Lindsey et al. 2011, 2013;

Jing et al. 2012; Jones et al. 2013; Lindsey and Smith

2013; Kyriakou et al. 2015; Jiang et al. 2019;

Schoen and Arvanitis 2020). In these studies, the shear

waves, which are much slower than the longitudinal

waves, are usually neglected. This assumes that longitu-

dinal-to-shear mode conversion, which occurs at all

interfaces between the skull and soft tissues (i.e., skin,

brain, bone marrow), is negligible when the incidence

angle is close to normal. However, the assumption of

negligible mode conversion is not always valid when the

angle is increased for targets near the skull

(Pichardo and Hynynen 2007); for cases of irregular

bone�soft tissue interfaces, that is, marrow-filled pores,

in the trabecular bone layer (Robertson et al. 2018); or

for phased array imaging at larger angles of incidence

(Vignon et al. 2010; Lucht et al. 2013; Lindsey and

Smith 2014). Furthermore, because of the unique bound-

ary conditions, the human skull also supports various

modes of Lamb waves at different phase velocities

(Estrada et al. 2018). Recently, researchers have deter-

mined the potential for using Lamb waves for

characterizing the skull (Mazzotti et al. 2021a) or as a

means of coupling acoustic energy into the brain

(Firouzi et al. 2017; Mazzotti et al. 2021b).

Alternatively, longitudinal-to-shear mode conver-

sion has been reported to have benefits for transcranial

acoustic focusing and aberration reduction in multiple ex

vivo human skulls by transmitting ultrasound waves at

large angles of incidence (Clement et al. 2004;

White et al. 2006). This reduced aberration is believed to

be owing primarily to the significant reduction in the

mismatch in the wave velocity between the skull and

brain tissue when the shear wave mode dominates in the

skull at an incidence angle above Snell’s critical angle (i.

e., 25˚�30˚; Clement et al. 2004; White et al. 2006;

Yousefi et al. 2009; Vignon et al. 2010;

Lucht et al. 2013; Lindsey and Smith 2014). However,

shear wave mode conversion imaging does not always

improve transcranial image quality for some individual

skulls, even though several methods such as coded exci-

tation (Yousefi et al. 2009), subharmonic imaging

(Lucht et al. 2013) and ultrafast Doppler imaging

(Jing et al. 2020) have been used to compensate for

acoustic attenuation, improving imaging signal-to-noise

ratio (SNR) and the ability to detect coherent targets

through the skull. Some individual skulls appear to be

more difficult to image through for reasons that are not

fully explained by SNR alone (Marinoni et al. 1997;

Yousefi et al. 2009; Lindsey et al. 2013;

Lucht et al. 2013; Gahn et al. 2000). In fact, the assump-

tion of the dominance of shear wave propagation at large

incidence angles is not always accurate because of the

presence of the bone�soft tissue interfaces (porous

structure) inside the skull, which has not been fully

investigated because of the high resolution required to

resolve the fine, heterogenous microstructure within the

center layer (trabecular bone) of the skull

(Pichardo et al. 2017). Although there have been studies of

elastic ultrasound propagation through skulls using numeri-

cal simulation with finely resolved trabecular heterogeneity

(Liu 2012; Pinton et al. 2012; Robertson et al. 2018), the

effect of the porous structure of the human skull on trans-

cranial focusing or pulse-echo imaging at various incidence

angles in the presence of longitudinal-to-shear mode con-

version has not been investigated.

In this study, transcranial pulse-echo imaging per-

formance is examined via simulations and experimental

studies with ex vivo human skull samples, with the goal

of developing an initial understanding of the effects of

skull microstructure on image quality in the presence of

elastic wave mode conversion at various incidence

angles. To our knowledge, this is the first investigation

of the effects of skull microstructure on transcranial

ultrasound imaging, at either normal or varying angles

of incidence. Numerical acoustic simulations of
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transcranial imaging were conducted using high-resolu-

tion micro-computed tomography (microCT) data of the

ex vivo human skull. Transcranial imaging was simu-

lated at different frequency ranges and through different

parts of the skull to mimic both transcranial monitoring

of ultrasound therapy and transcranial Doppler imaging.

For the simulation of transcranial monitoring of thera-

peutic ultrasound, low-frequency (1 MHz) transmission

was performed through skull plates 6 and 10 mm thick.

Transcranial Doppler imaging was simulated with trans-

mission in the range 1.5�3 MHz for imaging through an

~3-mm-thick temporal bone window. Experimental stud-

ies in the range 1.5�3 MHz were conducted to validate

findings in the simulation study. In these studies, a dif-

ferential imaging method with a long ensemble was used

to minimize the influence of electronic noise to investi-

gate only phenomena of acoustic origins in transcranial

pulse-echo imaging.

METHODS

Simulation study

Transcranial imaging numerical simulation meth-

ods. In this study, the K-wave simulation toolbox

(Treeby et al. 2014) based on the k-space pseudo-spectral

method was used to simulate the propagation of ultra-

sound waves through the skull. Because of its scale, the

simulation was performed in 2-D space. The thickness of

the perfect matching layer, which was used to minimize

periodic waves and reflection in the k-space computation

domain, was set to be 20 grid points.

A 100-element transducer array (0.3-mm pitch) was

simulated for both transmitting and receiving. The per-

formance of transcranial imaging was evaluated at vary-

ing angles of incidence (i.e., 0˚, 15˚, 30˚ and 40˚),

resulting in the ultrasound waves traveling in different

wave modes through the skull.

A sub-wavelength point scatterer was used as a sim-

ple target to provide straightforward feedback on the per-

formance of pulse-echo ultrasound imaging through

skull with varying angle, frequency and skull properties.

To clearly measure the effect of these variables on imag-

ing of the brain, a strong reflective point target with an

acoustic impedance of 47.7 £ 106 Rayl and a diameter

of 0.25 mm was placed 40 mm away from the trans-

ducer. The skull plate was placed between the transducer

and the target at a distance of 30 mm from the transducer

surface (Figs. 1d and 2e). The reason the transducer was

not attached directly to the skull was to ensure enough

space for the skull to rotate with respect to the transducer

surface. By characterizing the imaging response to a

simple, highly scattering target positioned in the brain,

the effect of the independent variables can be analyzed,

allowing for extrapolation of these results to cases with

diffuse, speckle-producing targets typically found in the

brain.

For simulated transcranial images, two frames of

images were acquired: with and without the point target.

Each image was obtained by transmitting a plane wave.

The final image was obtained by subtracting the beam-

formed radiofrequency data simulated without the point tar-

get from the data with the target to discard the skull signal,

which is similar to clutter filtering in Doppler imaging. A

delay-and-sum approach was used for reconstructing

images. For the delay calculation for delay-and-sum beam-

forming, the speed of sound was assumed to be a constant,

equal to the speed of sound in water. Imaging performance

was evaluated without using any aberration correction

method to examine the effect of varying incidence angle

(i.e., up to large angles to induce mode conversion) on the

accuracy of single-target localization.

Simulation using different porous skull samples. Tag-

gedPTo simulate different scenarios in transcranial ultrasound

imaging, three different skull samples were included in

the simulation. The skull acoustic properties are listed in

Table 1 and are in accordance with previous studies of

acoustic absorption in the skull (Pinton et al. 2012). The

tissue in the pores and brain is simplified as water, which

is consistent with the experimental studies using an ex

vivo skull.

First, to investigate the effect of porosity on trans-

cranial imaging, ideal bone plate phantoms with a flat

surface were generated artificially. The thicknesses of

the outer cortical table, inner cortical table and center tra-

becular layer were set to be 2, 1 and 3 mm, respectively.

Three levels of porosity were simulated using the method

described in a recent study (Mazzotti et al. 2021b),

Fig. 1. (a�c) Simulation setup for transcranial imaging
through skull plates at three different levels of porosity: (a)
5.18%, (b) 8.44%, (c) 14.51%. (d) The skull plate was placed
in the water with a varying angle (a) to simulate transcranial
imaging at various angles of incidence (i.e., 0˚, 15˚, 30˚, 40˚).
A point target was placed 10 mm below the skull. The distance

from the transducer array to the point target is 40 mm.
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including 5.18% (250 pores), 8.44% (500 pores) and

14.51% (1000 pores), as illustrated in Figure 1.

The porosity was calculated based on the ratio between the

porous area and the total area of the bone. In this part of the

study, ultrasound images were simulated at a low frequency

of 1 MHz with minimal absorption. The 2-D grid spacing

was 0.05 mm, which ensures that the minimum number of

spatial grid points per wavelength was larger than 25 to

minimize the staircase error (Robertson et al. 2017a,

2017b). The Courant�Friedrichs�Lewy number was set to

be 0.1 to ensure a stable numerical solution.

Next, to simulate low-frequency ultrasound imag-

ing through actual human skulls (i.e., for cavitation map-

ping) (Arvanitis and McDannold 2013; Jones et al. 2013;

Crake et al. 2018; Sukovich et al. 2020), a second skull

sample for simulations was generated from an ~10-mm-

thick parietal bone scanned using high-resolution

microCT at a voxel size of 0.048 mm. A 2-D cross-sec-

tion of the skull was obtained. The CT image was seg-

mented to preserve the pores of the trabecular bone, as

illustrated in Figure 2. To investigate the effect of poros-

ity, the porosity was varied by randomly discarding

pores. The original porosity of the skull sample was

26.9% (Fig. 2a) based on the area of pores in the 2-D

cross-section. By randomly discarding half of the pores,

five skull samples with a porosity of 13.45% (Fig. 2d)

were generated. By discarding 90% of pores, five skull

samples with a porosity of 2.69% (Fig 2c) were gener-

ated. By discarding all the pores in the skull, a single

sample of a pore-free skull was generated (Fig. 2b). The

binarized image of the skull was used to simulate ultra-

sound propagation. The acoustic properties of the bone

were kept the same as those in the first simulation. In

this part of the study, ultrasound images were simulated

at 1 MHz.

In the third part of the simulation study, transcranial

imaging through the temporal acoustic window (~3 mm)

was simulated to mimic conventional transcranial

Doppler imaging (Tsuchiya et al. 1991;

Baumgartner et al. 1997; Lindsey et al. 2011; Lindsey

and Smith 2013). The skull sample was scanned using

microCT at a voxel size of 0.021 mm. Following the

same procedure described above, the 2-D cross-section

of the skull was used to simulate transcranial imaging at

frequencies from 1.5�3 MHz. In this part, a 0.7-mm tar-

get with an acoustic impedance of 47.7 £ 106 Rayl was

simulated to form a strong reflecting target in the field of

view (FOV). The 2-D grid spacing was reduced to

0.02 mm because of the decreased wavelength. The Cou-

rant�Friedrichs�Lewy number was set to 0.05.

All the ex vivo human skull samples used in this

study were purchased from Skulls Unlimited Interna-

tional Inc. (Oklahoma City, OK, USA), a supplier of

skulls for researchers; thus, no identifying information

was collected and no institutional review board approval

was required.

Experimental study

In the experimental study corresponding to the sim-

ulated imaging through the temporal bone, we

Fig. 2. Simulation of transcranial imaging using micro-computed tomography data of an ex vivo human skull piece.
(a�d) Four levels of porosity were simulated: (a) original skull with all naturally occurring pores (porosity of 26.9 %);
(b) the skull with all the pores removed; (c) the skull with a porosity of 2.69%; (b) the skull with a porosity of 13.45%.
(e) The skull was placed in the water to simulate transcranial imaging at various incidence angles (i.e., 0˚, 15˚, 30˚, 40˚).
A point target was placed 10 mm below the skull. The distance from the transducer array to the point target is 40 mm.

Table 1. Acoustic properties of the skull used in the simulation

Cortical
bone

Water
(filled pores)

Density (kg/m3) 1850 1000
Longitudinal wave speed (m/s) 3000 1540
Shear wave speed (m/s) 1500
Longitudinal absorption (dB/cm/MHz2) 2.7 0.002
Shear absorption (dB/cm/MHz2) 5.4
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investigated the performance of transcranial ultrasound

imaging through the ex vivo temporal bone sample at

varying incidence angles. A linear array transducer (P4-

1, ATL, Bothell, WA, USA) was used to image through

the 3-mm-thick skull piece with transmit frequencies

varying from 1.5�3 MHz. The images were acquired at

incidence angles of 0˚, 15˚, 30˚ and 40˚. An air-filled pol-

ytetrafluoroethylene microtube (0.7-mm diameter) target

was placed at a distance of 50 mm away from the trans-

ducer surface to produce a stable, strong reflection with

a high SNR in the experimentally acquired images. The

skull piece was placed 30 mm away from the transducer

to allow enough space for varying the incidence angle

while also preventing reverberation artifacts close to the

skull and transducer from overlapping at the same depth

as the target. To image through the skull sample at a

location close to the same location as in the simulation

study, a landmark on the bone surface (i.e., bony ridge)

identified in the CT image was identified in real-time

ultrasound imaging by placing a metal wire maker in the

location of this landmark. The wire was then removed

before data acquisition. For each frequency and inci-

dence angle, 100 frames of images were obtained for

each of the two cases: with and without the target. Each

image was obtained by using a single-plane-wave trans-

mission without using multiple angle compounding. The

final differential image (Fig. 3b) was obtained by calcu-

lating the difference between the in-phase and quadra-

ture (IQ) data obtained with and without the target, then

averaging across 100 frames to suppress the random

noise. The combination of the strong reflecting target

and the 100-frame averaging approach was designed to

produce sufficient SNR to enable investigation of all

phenomena of acoustic origin with minimal influence

from the system noise. To measure the noise level of the

differential imaging method and quantify the SNR,

another set of differential images were obtained by cal-

culating the difference between two sets of IQ data that

were both acquired without deploying the hyperechoic

target. This set of data is denoted as the noise image

(Fig. 3c).

Quantitative image analysis

Imaging performance was evaluated for both aber-

ration (i.e., localization error) and spatial resolution. For

determining localization errors, the location of the point

target was identified by finding the pixel with the highest

magnitude in the image (Fig. 3b) and comparing it with

the image obtained without the skull (Fig. 3a) to calcu-

late the shift error of the target. The shift errors along

both the axial (i.e., depth) and lateral directions were

reported. The resolution was evaluated by calculating

the full width at half maximum (FWHM, indicated by

the blue rectangle in Fig. 3b) of the target in the image

along both the axial and lateral directions. Comparisons

of the absolute shift error along both the axial and lateral

directions with the FWHM between different imaging

angles and porosities were conducted using a one-way

analysis of variance test. The difference between groups

were considered significant when the p value was <0.05.

In the experimental study, the SNR values of

images formed using the differential imaging strategy

were quantified. In each image, the signal amplitude was

the average signal amplitude in the �6-dB region in the

differential image (Fig. 3b). The noise amplitude was

measured as the average amplitude in the same region in

the noise image (Fig. 3c).

RESULTS

Simulation of imaging through a bone plate phantom

As illustrated in all the images obtained at incidence

angles of 0˚ and 15˚ (Fig. 4), the location of the point tar-

get shifted upward toward a shallower depth compared

with the ground truth location of the target (green cir-

cle). As indicated by the quantitative results, the upward

shift along the axial direction is between 2 and 4 mm at

0˚ and 15˚ across different porosities (Fig. 5a). When the

incidence angle increased to 30˚, a shift was still seen

across varying porosities, while the direction of the shift

varied (Fig. 4g�i). At an incidence angle of 40˚ and

porosities of 5.18% and 8.44%, the location of the target

in the transcranial image shifted near the ground truth,

indicating that the shift error decreased (Fig. 4j, 4k).

Fig. 3. Example of quantitative image analysis approach used
in this work, shown without the skull. (a) B-Mode image of the
single hyperechoic target without the skull. (b) The differential
image of the target was obtained by calculating the difference
between the two sets of in-phase and quadrature (IQ) data
obtained with and without the target below the skull. (c) The
noise image was obtained by calculating the difference
between two sets of IQ data that are both acquired without the
hyperechoic target. The red star indicates the location of the
single target identified by finding the maximum pixel value.
The green circle indicates the location of the ground truth loca-
tion of the target identified in the image obtained without skull
(a). The blue rectangle indicates the full width at half-maxi-
mum (FWHM) along the axial (i.e., depth) and lateral direc-
tions measured in the differential image. Each image is
normalized to the maximum pixel value and displayed in a

dynamic range of 20 dB.
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The size of the point target visualized in the image

varied at different incidence angles and porosity levels

(Fig. 4). The point target was visualized as a dense,

high-contrast signal in the image at 0˚, especially at

porosities of 5.18% and 8.44%. There were no signifi-

cant differences in the axial and lateral extents between

different porosities at 0˚ (Fig. 6). However, at both 15˚

and 30˚, the axial FWHM was significantly enlarged at a

porosity of 14.51% (p < 0.05) compared with those of

5.18% and 8.44%. At 40˚, the point target was visualized

in the image as different patterns of multiple points

(rather than the single point target) at different

Fig. 4. Simulated transcranial images obtained using artificially generated skull plates. The red star indicates the loca-
tion of the target, which was identified at the location of the peak pixel value in each image. The green circle indicates
the ground truth location of the target identified in the image simulated without the skull. Each row was obtained at the

same porosity level. Each column was obtained at the same incidence angle.

Fig. 5. (a) Axial and (b) lateral shift error quantified in the simulated transcranial images at three different levels of
porosity (i.e., 5.18%, 8.44%, 14.51%) and four different incidence angles (i.e., 0˚, 15˚, 30˚, 40˚). The black dashed line

indicates the 0-mm shift.

Skull microstructure effects on transcranial US imaging � B. JING AND B. D. LINDSEY 2739



porosities. At the lowest porosity level, imaging the

point target through the skull resulted in a dense, coher-

ent signal in the image (Fig. 4j), while at the highest

porosity level, the point target resulted in a group of mul-

tiple points in the image (Fig. 4l). Quantitative results

indicate that at 40˚, the axial size of the target at a poros-

ity of 5.18% was <1.62 mm, which was significantly

smaller than that (8.08�9.54 mm) at a porosity of

14.51% (p < 0.05). There was no significant difference

in lateral FWHM between different incidence angles at

porosities of 5.18% and 8.44%. At 40˚, the lateral

FWHM was significantly enlarged at a porosity of

14.51% (p < 0.05), which was in accordance with the

multiple target appearance seen in Figure 4l.

Simulated imaging through parietal bone

At 0˚, the point target shifted upward toward the

transducer, as indicated by the red star (Fig. 7). When

the incidence angle increased to 30˚ (i.e., very close to

the nominal critical angle of 30.8˚ when

cskull = 3000 m/s and ctissue = 1540 m/s), it was not

always feasible to detect the location of the point target

within the simulated FOV at the highest level of porosity

(26.9%) (Fig. 7i). When the incidence angle increased to

40˚ above the critical angle, the feasibility of identifying

the point target location in the images differed across dif-

ferent levels of porosity. For both the full skull and the

13.45% porosity level, the identification of the point

target was barely achievable as the peak intensity loca-

tion shifted out of the FOV (Fig. 7m, 7n). Alternatively,

the target was identified near the ground truth location of

the target as indicated by the red star and green circle

(ground truth) in Figure 7o and p at the lower levels of

porosity (i.e., 2.69% and 0%).

Similar to the results obtained in the artificially gen-

erated bone plate, the point target resulted in an image of

a dense, hyperechoic target in the FOV at 0˚ with porosi-

ties of 0% and 2.69%. The axial FWHM of the target was

<4.31 mm (Fig. 8a). When the large-incidence-angle

(40˚) imaging method was used, the performance varied

significantly across different porosities (Fig. 7m�p). At a

porosity of 0% (red dashed line), the size of the axial

FWHM was 1.15 mm (Fig. 8a), although the lateral spa-

tial extent was 10.09 mm (Fig. 8b) at an incidence angle

of 40˚. At a porosity of 2.69%, the axial spatial extent

increased to 7.39 (varying from 4.46�10.08) mm. As the

location of the peak intensity identified as the point target

shifted out of the FOV because of the presence of the

porous bone with porosities of 13.45% and 26.9%, quanti-

fication of the FWHM and the imaging resolution was not

achievable in these cases.

Simulation and experimental studies of transcranial

imaging through temporal bone window

In both the experimental and simulated images

(Figs. 9 and 10), there was a shift of the target

Fig. 6. (a) Axial and (b) lateral full width at half-maximum (FWHM) of the point target quantified in the simulated trans-
cranial images at three different levels of porosity (i.e., 5.18%, 8.44%, 14.51%) and four different incidence angles (i.e.,

0˚, 15˚, 30˚, 40˚).
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identified in the images in the presence of the skull

sample. When the images were obtained at 0˚ and 15˚,

the location of the target shifted upward toward the

transducer (Fig. 9a�h). The axial shift induced by the

skull ranged from �1.76 to �2.11 mm (Table 2). The

target appeared as a dense, hyperechoic signal located

at a depth between 45�50 mm. When the incidence

angle increased to angles near or above the critical

angle (i.e., 30˚, 40˚), the microtubing target resulted in

an image of a group of multiple targets located across

a region from 45 to >50 mm deep. Localizing the tar-

get by finding the peak intensity location resulted in a

significant lateral shift, as outlined in Table 2. In addi-

tion, the variation in transmit frequency within the

range of 1.5�3 MHz did not have any significant

impact on the imaging performance at large incidence

angles.

In the simulated images obtained at 0˚ (Fig. 10),

despite the reverberation below the hyperechoic target,

the FWHMs of targets were �0.62 and �7.78 mm along

axial and lateral directions, respectively. At 40˚, the

location of the target identified in the image shifted fur-

ther away from the ground truth location. The FWHM

increased to 4.54 mm axially and 13.86 mm laterally,

which made localization of the target difficult.

DISCUSSION

Although there have been numerous studies of

human skull properties for the purpose of aberration cor-

rection, there are only a limited number of reports of

transcranial ultrasound propagation in which the role of

the microstructure of the porous skull bone was investi-

gated and none of them addresses imaging directly

(Liu 2012; Pinton et al. 2012; Robertson et al. 2018;

Webb 2018; Mazzotti et al. 2021b). To our knowledge,

this is the first time that the effects of the microstructure

of the human skull on transcranial ultrasound image

quality have been studied.

An upward axial shift was seen in both simulation

and experimental results when the image was obtained at

an incidence angle of 0˚. The shift error could be owing

mainly to the aberration that occurred when a constant

speed of sound was used to calculate the time delay for

image reconstruction, while ultrasound traveled through

the skull at a speed higher than the assumed speed of

sound. The degree of axial shift was expected to be pro-

portional to the mismatch between the average sound

speed in the 6-mm-thick bone plate (Figs. 1, 4 and 5)

and the assumed speed. However, there was no signifi-

cant difference (p > 0.05) in axial shift error between all

Fig. 7. Simulated transcranial images obtained using micro-computed tomography data of an ex vivo human skull. The
red star indicates the location of the target, identified as the location of the peak pixel value in each image. The green cir-
cle indicates the ground truth location of the target identified in the image simulated without bone. Each row was

obtained at the same porosity level. Each column was obtained at the same incidence angle.
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three levels of porosities (5.18 %, 8.44% and 14.51%) at

0˚ (Fig. 5a), indicating that the difference in the average

speed of sound between different porosities was not sig-

nificant. This implies that average sound speed depends

on other factors more than porosity (Webb 2018),

although porosity alone has been previously used to esti-

mate the speed of sound for aberration correction in

transcranial focused ultrasound (Clement and Hynynen

2002; Aubry et al. 2003).

In the simulation using the artificially generated

bone plate, the axial shift at 40˚ (Fig. 4j) was signifi-

cantly lower (p < 0.05) at a porosity of 5.18% than those

of 0˚ and 15˚ images (Figs. 4a, 4d and 5a), which was

consistent with the previous report that it is feasible to

reduce the effects of aberration by increasing the inci-

dence angle to large angles above the critical angle of

longitudinal waves (30.8˚, calculated based on the longi-

tudinal wave speed in water and bone)

(Clement et al. 2004; Yousefi et al. 2009;

Lucht et al. 2013). However, there was a significantly

larger shift (p < 0.05) at a porosity level of 14.51% than

at lower porosity levels (Fig. 5a, 40˚). For the skull sam-

ples with porosity levels of 5.18% and 8.44% imaged at

40˚, the lateral shift error was not significantly different

from that at small angles (0˚ and 15˚), while for a poros-

ity of 14.51%, there were cases with a lateral shift as

large as 8.2 mm. Overall, the absolute error (calculated

based on axial and lateral shifts) reached a minimum

value of 0.93 mm at 40˚ for the bone with a porosity of

5.18%. The simulation of imaging through both the arti-

ficially generated bone plate (Fig. 5) and the parietal

bone (Fig. 11) indicated that the feasibility of aberration

reduction via increasing angle of incidence to introduce

mode conversion depends on the microstructure (poros-

ity) of the bone. Increasing the incidence angle did

appear to reduce aberration effects at low porosity. How-

ever, at higher levels of porosity, increasing the angle of

incidence resulted in large shift errors during point target

localization. The results of the FWHM of the target

(Fig. 6) also indicated that imaging resolution was highly

dependent on the level of porosity, even when the influ-

ence of degradation of SNR was excluded in simulations.

The feasibility of localizing even a strongly scattering

point target through the skull in shear wave mode con-

version imaging at large incidence angles depended

heavily on the porosity of the skull.

In addition to the simulation study, the experimen-

tal results were obtained by imaging through a 3-mm

Fig. 8. (a) Axial and (b) lateral full width at half-maximum (FWHM) of the point target quantified in the simulated trans-
cranial images using an ex vivo human skull at four different levels of porosity (i.e., 26.9%, 13.45%, 2.69%, 0%) and four
different incidence angles (i.e., 0˚, 15˚, 30˚, 40˚). Because only one image was simulated for both the original skull with a
porosity of 26.9% and the pore-free skull, the results are presented as a scalar number for each case. The red dashed line

indicates the results obtained in the pore-free skull. The blue line indicates the results obtained in the original skull.

2742 Ultrasound in Medicine & Biology Volume 47, Number 9, 2021



temporal bone. The multiple-target appearance in the

transcranial ultrasound images in Figure 9i�p was simi-

lar to that in the images obtained in simulations when

the porosity level increased (Figs. 4 and 7). It should be

noted that these diffuse-appearing targets were not ran-

dom noise and were visible only with the target, as the

SNR measurement indicated that these diffuse-appearing

targets were 37.51 to 42.40 dB above the noise level

(Fig. 3c). Thus, the degradation of imaging SNR related

to the acoustic attenuation can be ruled out as the cause

of these incoherent diffusive-appearing objects in the

images. While further study would be required to verify

the cause definitively, the main cause of the loss of

coherence could be multiple scattering at the interface

between the bone and the pores.

Previous publications have reported that transcra-

nial ultrasound imaging at large angles of incidence has

successfully detected contrast agent-filled microtubing

in 6 of 9 skulls at subharmonics (~375 kHz) and 1 of 9 at

the fundamental frequency (750 Hz), while in the

remaining skulls, the targets were not detectable in the

images at large incidence angles (Lucht et al. 2013). The

present study using simulations and a differential imag-

ing strategy provides new insights into the efficiency of

target detection and sources of image degradation at

large angles of incidence. On the basis of this study, the

inconsistency in target identification and localization

across skulls could be owing to the incoherent scattering

of the ultrasound wave in the presence of the porous

structures inside the skull.

The current simulation was conducted in 2-D rather

than 3-D space because of the enormous computational

cost of the present acoustic simulation having high spa-

tial and temporal resolution (>106 grid points, >20,000

time steps). In 3-D space, the porous network within the

trabecular bone exhibits varying orientation and

Fig. 9. Experimental transcranial images obtained using an ex vivo human skull piece at frequencies from 1.5 to 3 MHz
and angles from 0˚ to 40˚. The red star indicates the location of the target, which was identified as the location of the
peak pixel value in each image. The green circle indicates the ground truth location of the target identified in the image
acquired without the skull. Each row was obtained at the same frequency. Each column was obtained at the same inci-
dence angle. The white arrows indicate the signal from the skull. Each image is normalized to the maximum pixel value

and displayed in a dynamic range of 20 dB.
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anisotropy (Chaffai et al. 2002), which was not simu-

lated in the 2-D domain in this study. In addition, while

a best attempt was made to spatially register transducer

placement in ultrasound imaging with that in simulations

based on microCT images, the registration between the

3-D microCT images and the 2-D ultrasound images is

not perfect, which could be another source of differences

between the images obtained in simulations and experi-

ments (Fig. 9 vs. Fig. 10).

The acoustic properties, including sound speed and

absorption, defined in this current simulation were in

accordance with the previous report of the modeling of

the absorption of longitudinal and shear waves in the

skull (Pinton et al. 2012). Thanks to the high-resolution

CT scan of the skull, the absorption term was modeled

independently of the scattering-induced attenuation.

However, as discussed in the previous report

(Pinton et al. 2012), the absorption of the longitudinal

and shear waves is not independently modeled. In the

present study, the absorption was modeled using the

classic Kelvin�Voigt model of viscoelasticity

Fig. 10. Simulated transcranial images using the micro-computed tomography data of the skull sample in the experimen-
tal study. The red star indicates the location of the target, which was identified at the location of the peak pixel value in
each image. The green circle indicates the ground truth location of the target identified in the image acquired without

the skull. Each row was obtained at the same frequency. Each column was obtained at the same incidence angle.

Table 2. Quantitative measurements of the shift error and the
FWHM of the target in the image

Frequency (MHz) Angle

0˚ 15˚ 30˚ 40˚

Axial shift (mm)
1.5 �1.99 �1.82 �0.41 2.05
2 �1.88 �2.11 0.82 1.58
2.5 �1.76 �2.05 0.76 1.64
3 �1.76 �2.11 1.11 1.64

Lateral shift (mm)
1.5 �0.23 0.46 0.87 �7.22
2 �0.17 0.29 �7.45 -3.95
2.5 �0.17 0.12 �7.56 �6.93
3 �0.17 0.23 �10.89 �7.1

Axial FWHM (mm)
1.5 1.17 1.93 8.8 13.14
2 0.82 1.35 8.57 6.86
2.5 0.82 1.23 10.97 7.62
3 0.82 1.17 10.97 7.45

Lateral FWHM (mm)
1.5 2.79 3.02 26.95 18.8
2 4.71 4.83 26.6 13.62
2.5 4.71 4.77 27.06 11.58
3 4.65 4.83 27.01 10.47
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(Treeby et al. 2014). The absorption coefficient was

modeled to be proportional to frequency squared, which

is different from the attenuation reported previously

(White et al. 2006; Treeby and Cox 2014;

Pichardo et al. 2017). However, it should be noted that

measurements of the attenuation coefficient vary

between different studies with different experimental

setups. Unlike this study in which microCT was used to

resolve the skull microstructure, in previous reports in

which the attenuation coefficient was measured using

models based on clinical CT data of the skull, these data

represent the combination of absorption and other effects

such as scattering and mode conversion at the trabecular

porous structure (Aubry et al. 2003; Pichardo et al. 2011,

2017).

In this study, a limited number of skull samples

were tested experimentally at transmit frequencies from

1.5�3 MHz. Testing at frequencies <1.5 MHz was not

achievable because of the limited bandwidth of the com-

mercially available array transducer. Further experimen-

tal studies are needed to validate the findings in the

simulation at the low-frequency range (�1 MHz), which

may be of interest for several imaging applications and

could be achieved by using customized, low-frequency

transducer arrays (Lucht et al. 2013).

As described in the Results, there appear to be mul-

tiple reflections in these images, which could be owing

to propagation of acoustic waves along different paths

with varying velocities for different wave modes (i.e.,

shear wave and longitudinal wave). In the present study,

to determine the actual target among multiple target-like

signals in the image, the peak was located, that is, the

pixel with the highest magnitude. As the measurement

of the localization error depends on the choice of target

localization method, we also tested the method of com-

puting the centroid instead of the peak to determine the

target location to analyze the data in Figure 4. The locali-

zation error measurements did not significantly differ

between these two methods of analysis, resulting in the

same conclusion.

The simulation and experimental results reveal similar

patterns in the variation of images of a single reflective tar-

get with increasing angle of incidence from normal to

above the critical angle (Figs. 9 and 10). In the simulation

study of the effect of porosity on imaging performance, the

variation of localization shift error and resolution (FWHM)

is smaller at 0˚ than that at 40˚ (Figs. 6�8), which indicates

that the 0˚ (i.e., longitudinal) imaging approach is less

affected by the variation in the skull’s microstructure than

shear wave mode imaging at 40˚. The different

Fig. 11. (a) Axial and (b) lateral shift error quantified in the simulated transcranial images using an ex vivo human skull at
four different levels of porosity (i.e., 26.9%, 13.45%, 2.69%, 0%) and four different incidence angles (i.e., 0˚, 15˚, 30˚,
40˚). Because only one image was simulated for both the original skull with a porosity of 26.9% and the pore-free skull,
the results are presented as a scalar number for each case. The red dashed line indicates the results obtained in the pore-free

skull. The blue line indicates the results obtained in the original skull. The black dashed line indicates the 0-mm shift.
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performance between small and large incidence angles may

be attributed to the difference between the longitudinal and

shear waves in interaction with the porous structure of the

bone, which involves mode conversion and multiple scat-

tering (Bossy et al. 2005; Wear 2020). It has been reported

previously that improvement in imaging SNR could

improve the detection rate of the shear wave mode con-

verted transcranial imaging for some individual skulls

(Yousefi et al. 2009; Lucht et al. 2013). Our study using

both simulation and experimental approaches presents the

first evidence that the detection and localization of the point

target below the skull are highly dependent on the porosity

of the skull even when the imaging SNR is sufficiently

high, which might explain why improving imaging SNR

alone is not enough to enable localization of the single

hyperechoic target for some individual skulls.

It also should be noted that no post-processing

methods were applied to realign the phase of the dis-

torted wavefront (i.e., aberration correction), as we are

interested in examining the effect of varying incidence

angle (i.e., up to large angles to induce mode conver-

sion) on the feasibility and accuracy of single-target

localization. The improvement in image quality that

could be achieved by realigning the phase of the

received signal is unclear, however, based on both the

simulation and experimental results, localization accu-

racy might be easy to improve in some skull specimens

when the angle of incidence is 0˚ by compensating the

upward shift error in beamforming. However, at non-

normal angles of incidence, localizing the single target

by realigning the wavefront in the presence of the mul-

titarget artifact is likely unachievable, particularly in

cases of larger angles of incidence, as illustrated in

Figure 9i�p. At non-normal angles of incidence and as

skull porosity increases, aberration correction becomes

more challenging, requiring a time-reversal approach

accounting for multiple scattering of the wavefront in

the skull (Fink 1992).

The immediate indications of this present study include

the following: (i) aberration reduction resulting from mode

conversion depends on skull porosity, which must be

accounted for in transcranial ultrasound imaging and trans-

cranial focused ultrasound; (ii) skull microstructure needs to

be accounted for when determining the transmitting angle of

incidence and, therefore, the configuration of the transducer

array position for imaging or therapeutic focusing on a spe-

cific brain region, for example, regions close to the skull.

Although we only investigated the transcranial pulse-echo

response to a single sub-wavelength hyperechoic target in

this study, the findings regarding the dependence of imaging

performance (i.e., localization error, resolution) on skull

porosity are also expected to remain valid in imaging diffuse

or complex targets found in tissue such as brain vasculature

(Tsuchiya et al. 1991; Lyden and Nelson 1997;

Krejza et al. 1999; Lindsey and Smith 2013;

Lindsey et al. 2011, 2013), microbubble contrast agents

(Wiesmann et al. 2004; Bartels et al. 2005; Della Martina

et al. 2005) and focused ultrasound-induced cavitation bub-

bles (Sukovich et al. 2020). This is also the first study to

investigate the effects of skull microstructure on transcranial

ultrasound imaging. Additionally, although this study is

focused primarily on the effects of skull structure and inci-

dence angle in two-way pulse-echo transmission, the

observed effects on the porosity-dependent performance of

mode-converted transcranial ultrasound imaging are also

expected to apply to one-way transcranial focusing, that is,

in transcranial ultrasound therapy and passive acoustic map-

ping. The variation of transcranial imaging performance

across samples with the same porosity also indicates that a

knowledge of skull micromorphology would be essential for

techniques such as time-reversal transmit focusing

(Fink 1992; Clement and Hynynen 2002; Aubry et al. 2003)

in transcranial ultrasound therapy, especially when longitudi-

nal-to-shear wave mode conversion is not negligible, which

occurs at large incidence angles when focusing on targets

near the skull.

CONCLUSIONS

Previous research has indicated the potential for reduc-

ing aberration in transcranial ultrasound focusing and imag-

ing by intentionally increasing the incidence angle above the

critical angle of the longitudinal wave. In this study, to better

understand the fundamental mechanisms underlying the var-

iation in imaging performance, the effect of the structure of

the porous trabecular bone on transcranial imaging perfor-

mance (i.e., target localization errors and resolution) at vary-

ing incidence angles was investigated in elastic wave

simulations and experiments. Simulation studies using high-

resolution computed tomography indicated that the feasibil-

ity of aberration reduction via increasing angle of incidence

to introduce mode conversion depends on the microstructure

(porosity) of the bone. Increasing the incidence angle

appeared to reduce aberration effects at low porosity. How-

ever, at higher levels of porosity, increasing the incidence

angle resulted in large shift errors during point target locali-

zation and significant degradation of image resolution com-

pared with imaging at normal incidence angle. Experimental

investigation of varying angle of incidence also confirmed

the findings of the simulation study.
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