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Abstract² Lately, neuromodulation of the brain is 

considered one of the promising applications of ultrasound 

technology in which low-intensity focused ultrasound (LIFU) is 

used noninvasively to excite or inhibit neuronal activity. In 

LIFU, one of critical barriers in the propagation of ultrasound 

wave is the skull, which is known to be highly anisotropic 

mechanically: this affects the ultrasound focusing, thereby 

neuromodulation effects. This study aims to investigate the 

influence of the anisotropic properties of the skull on the LIFU 

via finite element head models incorporating the anisotropic 

properties of the skull. We have examined the pressure and 

stress distributions within the head in LIFU. Our results show 

that though most of the pressure that reaches to the brain is due 

to the longitudinal wave propagation through the skull, the 

normal stress in the transverse direction of the wave 

propagation has the main role to control the pressure profile 

inside the brain more than the shear stress. The results also 

show that the anisotropic properties of skull contribute in 

broadening the focal zone in comparison to that of the isotropic 

skull.  

I. INTRODUCTION 

Ultrasound technology has a variety of applications in the 

medical field. Traditionally it has been used as a diagnostic 

imaging modality. Also it is utilized in high-intensity focused 

ultrasound (HIFU) for therapeutic applications like 

tumor-removal surgeries by noninvasively inducing heat to 

tissues, leading to irreversible tissue ablation. On the other 

side, it is possible to achieve reversible effects using 

low-intensity focused ultrasound (LIFU), which could be 

useful in neuromodulation to relieve the symptoms of 

GHSUHVVLRQ��VWURNH��DQG�3DUNLQVRQ¶V�disease as Fry predicted 

[1]. The studies have shown that neuromodulation, either 

excitation or inhibition, is possible using LIFU in the 

frequency range of 20-500 KHz [1], [2]. 
Although exploring LIFU started in parallel with HIFU, 

many aspects in LIFU remain unexplored. One of these 
aspects is investigating the parameters for energy delivery 
through the human skull where the skull is heterogeneous in 
terms of mechanical and acoustic properties.  

There have been studies that have investigated the 
influence of the skull on HIFU or LIFU. Some HIFU studies 
used in vivo experiments to show the feasibility of delivering 
focused energy through the skull [3]. Many HIFU studies used 
analytically and ex vivo experiments to estimate the phase 
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distortion to the propagating ultrasound waves that caused by 
the skull [4]. Few HIFU studies investigated the influence of 
skull inhomogeneity in terms of the sound speed and density 
on its focusing using finite difference method (FDM) [5]. 
Other HIFU studies used finite element method (FEM) to 
study the influence of the frequency and the scanning path on 
the focal zone and the resultant thermal effect, however a large 
portion of the skull was removed to avoid its distortion [6],[7]. 

Few LIFU studies investigated the ability of steering and 
focusing using a contact hemispherical ultrasound transducer 
without the skull-specific aberration correction [8], [9]. 
However, there is a lack of knowledge about the influence of 
the anisotropic mechanical properties of the skull on the 
pressure and stress distribution within the head. 

In this paper, we have simulated LIFU using realistic finite 
element head models to examine the influence of the skull 
anisotropic properties on the pressure and stress distribution 
within the head. Two types of head models used in this study: 
a circular head model simplifying the effect of skull 
irregularity and thickness variance, and a realistic head model. 
First, LIFU was simulated with the circular head model with 
an application of a plane incident wave to get the basic 
understanding of the role of the anisotropic properties on the 
wave propagation within the head. Then the circular and 
realistic head models were used in LIFU simulations with the 
isotropic and anisotropic properties of the skull.  Our results 
on the distribution of the pressure inside the skull during LIFU 
indicate that the normal stress in the transversal direction of 
the wave propagation has the main role on the propagation 
pattern inside the brain. Also the skull anisotropic properties 
broaden the focality on the degree of 19% and 13% in the 
longitudinal and the transverse directions respectively in the 
realistic head model. 

II. METHOD 

A. Generating 2-D FE Head Models 

Two geometrical head shapes were considered as 
mentioned: the circular and realistic heads. The circular head 
was simulated to simplify the influence of the shape 
irregularity of the skull and the variations in the skull thickness 
which were considered in the realistic head model. The 
following four layers were considered: scalp, skull, 
cerebrospinal fluid (CSF), and brain. The models were 
simulated as immersed in water that has a radius of 18 cm. 

1) Circular Head Model 

The circular head model was simulated as four-concentric 

circles. The radius of scalp was 9 cm. The outer and inner 

radii of the skull were 8.4 cm and 7.6 cm respectively. The 

,QIOXHQFH�RI�WKH�$QLVRWURSLF�0HFKDQLFDO�3URSHUWLHV�RI�WKH�6NXOO�LQ�
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radius of brain was 7 cm. The thickness of the scalp and skull 

is in the range of literature [10-12]. 

2) Realistic Head Model 

The realistic model was generated from a MR image slice 

acquired on a 3-T MRI scanner. The slice had dimensions of 

212×181 with a voxel size of 1 mm
3
. The brain was 

segmented using Freesurfer [13], while the scalp and skull 

regions were segmented using our in-house morphological 

techniques. Fig. 1 shows the two head models. 

B. Isotropic and Anisotropic Properties 

Two types of acoustical property settings were used in 
both models. The first one considered only the isotropic 
properties for all simulated layers, while the second 
considered the anisotropic properties of the skull. The CSF 
and brain were simulated as fluids because the values of 
density and sound speed in both are similar [14]. The isotropic 
SURSHUWLHV�RI�ZDWHU�ZHUH�GHILQHG�DV�WKH�GHQVLW\�! ������NJ�P

3
 

and the sound speed c = 1500 m/s [14]. The isotropic 
SURSHUWLHV�RI�WKH�&6)�ZHUH�! ������NJ�P

3
 [15] and c = 1508 

P�V�>��@��7KH�LVRWURSLF�SURSHUWLHV�RI�WKH�EUDLQ�ZHUH�! ������
kg/m

3
 [17] and c = 1550 m/s [14]. The isotropic mechanical 

SURSHUWLHV�RI�WKH�VFDOS�ZHUH�! ������NJ�P
3
 >��@��WKH�<RXQJ¶V�

modulus E = 16.7 MPa [20], and WKH�3RLVVRQ¶V�UDWLR�� ������
>��@��7KH�LVRWURSLF�SURSHUWLHV�RI�WKH�VNXOO�ZHUH�! ������NJ�P

3
 

>�@��WKH�<RXQJ¶V�PRGXOXV�(� �����*3D�>��@��and WKH�3RLVVRQ¶V�
UDWLR� � � ����� >��@�� )RU� WKH� DQLVRWURSLF� skull model, the 
<RXQJ¶V�PRGXOXV�LQ�WKH�UDGLDO�GLUHFWLRQ��(r ) was 2.4 GPa and 
in the tangential direction (Et) 5.6 GPa [23] with the shear 
modulus (G) waV�����*3D�>��@�DQG�WKH�3RLVVRQ¶V�UDWLR�� ������
[23]. 

C. Ultrasound Simulation 

A circular transducer that has a length of 0.195 m and 

covers the range of angles of [-����������������@�V\PPHWULF�

around the negative x-axis was used instead of a linear 

transducer to generate 2 types of waves: plane and focused 

wave. 

The plane wave was generated based on the following 

equation [24]: 

ìÜ L �
�å�?�ëÔ�

Ö
                                  (1) 

where Wi is the delay time of the i-th node on the circular 

transducer to generate the incident wave. xi is the 

x-component of the i-th node on the circular transducer, r is 

the radius of the transducer, and c is the sound speed. 

The focused wave was generated to achieve focusing at an 

arbitrary point on the x-axis within the brain based on the 

following equation [24]: 

ìÜ L
å,?åÔ

Ö
                                        (2)                                  

where r0 is the distance between the central node on the 

circular transducer and the targeted focal point. ri is the 

distance between the i-th node on the circular transducer and 

the targeted focal point. The simulated waves had a central 

frequency 70 KHz. 

 Fig. 1 Simulation configuration of a) circular and b) realistic head models 

The pressure distribution within the fluid medium was 

computed by solving the second-order wave equation: 
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The ultrasound propagation in fluid is converted into 

stress in the skull at the interface between the fluid and skull. 

The stress is derived from the particle displacement, based on 

the following equation [15]: 
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                             (4) 

where un is the displacement in the direction of the wave 

propagation. The sparse solver in ANSYS was used to 

calculate the pressure and stress distributions [25].   

III. RESULTS 

The examined stress components include (i) shear stress, 
(ii) normal stress in the longitudinal direction (x-stress) which 
is the direction of wave propagation, and (iii) the normal stress 
in the transverse direction (y-stress) which is the normal 
direction to the wave propagation. 

A.  Plane Wave 

Figs. 2 (a) and (b) show that the x-stress distribution within 
the skull is higher in the case of the isotropic skull than the 
anisotropic one. Figs. 2(c) and (d) show the distribution maps 
of the three types of stresses within the scalp and skull whose 
values survive the threshold of half of maximum of each 
stress. For example, the red region means that this area was 
affected by the x-stress, y-stress, and shear stress. However the 
value of the shear stress was the highest and exceeded the 
shear stress threshold value. This result indicates that the 
affected area by the y-stress and shear stress was enlarged in 
the case of the anisotropic model about 10% and 67% 
respectively as shown in Table 1. 

B. Focused Wave 

1) Circular Head Models 

Figs. 3(a) and (b) show the influence of the skull 
anisotropic properties on the shape of the focal spot. The 
distribution maps of the stresses within the scalp and skull in 
Figs. 3(c) and (d) show that the affected area by the y-stress 
was translated from the lateral sides of the affected region in 
the isotropic model to the middle of this region in the 
anisotropic model. 
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Fig. 2 Plane pressure distribution within the circular head model in the case 

of a) isotropic and b) anisotropic skull. Labeled maps of stresses within the 

scalp and skull in the case of c) isotropic and d) anisotropic skull properties. 

To examine the effect of the anisotropic properties of the 
skull on focusing, three parameters were investigated: 
maximum pressure, focal length, and focal width. The focal 
length and width were defined to be the full width at a half of 
maximum of the focal spot within the brain region in the 
longitudinal and transverse directions respectively. 

The skull anisotropy reduced the maximum pressure 

within the focal spot slightly about 9%, and expanded the 

focal length and width about 7% and 9% respectively as 

shown in Table 2.  

2) Realistic Head Models 

In the realistic head model, the wave got focused while 
considering the isotropic and anisotropic skull. Figs. 4 (a) and 
(b) show the longitudinal stress distribution within the scalp 
and skull while Figs. 4(c) and (d) show the stresses 
distribution maps. 

Note that the focality was reduced with the skull 

anisotropy where the focal length was expanded about 19% 

and the focal width about 13% while the maximum pressure 

was damped slightly about 5% as shown in Table 2. 

IV. DISCUSSION 

A. Plane Wave 

The plane wave study using the circular head model was 

conducted to understand the interaction between the 

propagated wave and the skull anisotropic properties. The 

results show that the x-stress within the skull is proportional 

WR�WKH�<RXQJ¶V�PRGXOXV��7KHUHIRUH��WKH�[-stress in the  

Table 1 The affected skull regions by stresses in the case of plane wave 

Model Type X-Stress 
(cm2) 

Y-Stress 
(cm2) 

Shear Stress 
(cm2) 

Isotropic 45 4.93 1.24 

Anisotropic 39 5.42 2 

 

Fig. 3 Focused pressure distribution within the circular head model in the 

case of a) isotropic and b) anisotropic skull. Labeled maps of stresses within 

the scalp and skull in the case of c) isotropic and d) anisotropic skull 

properties 

 
Fig. 4 Focused pressure distribution within the realistic head model in the 

case of a) isotropic and b) anisotropic skull. Labeled maps of stresses within 

the scalp and skull in the case of c) isotropic and d) anisotropic skull 

properties. 

anisotropic model is low in the regions where the radial 
FRPSRQHQW�RI�WKH�<RXQJ¶V�PRGXOXV�LV�GLUHFWHG�ORQJLWXGLQDOO\� 

Table 2 Quantitative analysis of the focal spot in the circular and realistic 

head models with respect to the properties of the skull 

Model Type 

Focal Spot 

Max. 
Pressure 

(Pa) 

Focal 
Length (cm) 

Focal 
Width (cm) 

Circular 
Head 
Model 

Isotropic 3.11 2.73 1.40 

Anisotropic 2.82 2.91 1.52 

Realistic 
Head 
Model 

Isotropic 2.82 2.12 1.45 

Anisotropic 2.68 2.53 1.64 
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and lower than that of x-stress in the isotropic model, while the 
WDQJHQWLDO�<RXQJ¶V�PRGXOXV�LQ�WKH�VDPH�GLUHFWLRQ�resulting in 
higher values of the x-stress. 

On WKH�RWKHU�KDQG��WKH�WDQJHQWLDO�<RXQJ¶V�PRGXOXV�DQG�WKH�
shear modulus dissipate the incident energy in the forms of 
y-stress and shear stress. This effect occurs when these 
modulus are almost in the longitudinal direction with respect 
to the incident wave. The locations and the area of the affected 
regions by the y-stress affect the pressure profile inside the 
brain. These areas in the anisotropic model are wider than that 
in the isotropic, resulting in narrowing the skull region that the 
incident wave passes through, leading to more a concise 
propagation pattern inside the brain 

B. Focused Wave 

The skull anisotropy affects the focality by damping the 
maximum pressure in the focal spot and expanding its 
dimension. These effects take place because of generating the 
affected region by the y-stress within the path of the 
propagated wave, where energy dissipation occurs, leading to 
some phase distortion. 

V.      CONCLUSION 

This study aimed at investigating the influence of the 
anisotropic properties of the skull on LIFU. The pressure and 
stress distributions within the head were examined by utilizing 
the realistic finite element head models incorporating the 
isotropic and anisotropic properties of the skull. The results 
indicate that the normal stress in the transverse direction to the 
wave propagation direction within the skull is the main factor 
that forms the pressure profile inside the brain. The anisotropic 
properties tend to decrease the focal pressure and expand the 
size of the focal spot about 19% and 13% in the longitudinal 
and the transverse directions respectively in the realistic head 
model. Towards neuromodulation using LIFU, one needs to 
consider the skull anisotropy and adjust the parameters 
accordingly. 
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