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a b s t r a c t 

Transcranial focused Ultrasound Stimulation (TUS) at low intensities is emerging as a novel non-invasive brain 

stimulation method with higher spatial resolution than established transcranial stimulation methods and the 

ability to selectively stimulate also deep brain areas. Accurate control of the focus position and strength of the 

TUS acoustic waves is important to enable a beneficial use of the high spatial resolution and to ensure safety. 

As the human skull causes strong attenuation and distortion of the waves, simulations of the transmitted waves 

are needed to accurately determine the TUS dose distribution inside the cranial cavity. The simulations require 

information of the skull morphology and its acoustic properties. Ideally, they are informed by computed tomog- 

raphy (CT) images of the individual head. However, suited individual imaging data is often not readily available. 

For this reason, we here introduce and validate a head template that can be used to estimate the average effects 

of the skull on the TUS acoustic wave in the population. 

The template was created from CT images of the heads of 29 individuals of different ages (between 20–50 

years), gender and ethnicity using an iterative non-linear co-registration procedure. For validation, we compared 

acoustic and thermal simulations based on the template to the average of the simulation results of all 29 individ- 

ual datasets. Acoustic simulations were performed for a model of a focused transducer driven at 500 kHz, placed 

at 24 standardized positions by means of the EEG 10–10 system. Additional simulations at 250 kHz and 750 kHz 

at 16 of the positions were used for further confirmation. The amount of ultrasound-induced heating at 500 kHz 

was estimated for the same 16 transducer positions. Our results show that the template represents the median of 

the acoustic pressure and temperature maps from the individuals reasonably well in most cases. This underpins 

the usefulness of the template for the planning and optimization of TUS interventions in studies of healthy young 

adults. Our results further indicate that the amount of variability between the individual simulation results de- 

pends on the position. Specifically, the simulated ultrasound-induced heating inside the skull exhibited strong 

interindividual variability for three posterior positions close to the midline, caused by a high variability of the 

local skull shape and composition. This should be taken into account when interpreting simulation results based 

on the template. 
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. Introduction 

Transcranial focused ultrasound stimulation (TUS) at low intensities

s emerging as novel non-invasive neuromodulation method with far

etter spatial resolution than existing non-invasive stimulation methods

nd the ability to create three-dimensional foci also in deep brain areas

 Bystritsky et al., 2011 ; Fomenko et al., 2018 ; Kubanek et al., 2020 ;

egon et al., 2014 ; Nakajima et al., 2022 ; Pasquinelli et al., 2019 ). The

ood focality of TUS also comes with the need to accurately control the

coustic wave distribution inside the brain in order to reach a reliable
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ngagement of the target area. In addition, the stimulation strength

eeds to be kept within safe, yet neurally effective pressure levels. How-

ver, an accurate control of the TUS dose is difficult as the human skull

trongly attenuates the wave and distorts its shape ( Cain et al., 2021 ).

his effect depends on both the outer shape and internal composition of

he skull, which vary between persons and across positions on the head.

t many positions, the skull consists of a three-layer structure – an

nner layer of spongy bone embedded between outer layers of compact

one (J.-F. Aubry et al., 2003 ) - while it is only composed of compact

one at its thinnest positions or has a very heterogeneous structure
23 
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round the sutures. Estimating the TUS acoustic wave transmitted into

he brain thus requires detailed numerical simulations informed by

omputed tomography (CT) or magnetic resonance (MR) data to reach

ood estimates of the spatial distribution and intensity of the acoustic

ave after skull transmission ( Montanaro et al., 2021 ; Mueller et al.,

017 ; Pasquinelli et al., 2020 ; J. Robertson et al., 2017 ). 

Individual imaging data is often not available and can be costly. In

ddition, when exploring and optimizing the TUS intervention during

tudy planning, imaging data of the study participants is often not yet

vailable and using existing individual datasets instead has the chal-

enge that it is unknown how well they represent the population. In this

tudy, we therefore generate a head template from calibrated CT data

f 29 healthy individuals of different ages (20-50 years), gender and

thnicity. We then compare key anatomical properties of the template,

n particular skull thickness, to the median values of the 29 individ-

al datasets. In addition, we perform a comprehensive set of acoustic

imulations at 250, 500 and 750 kHz at several standardized positions

n the heads in order to compare the results based on the template to

he median of the results of the individual datasets. Finally, we deter-

ine how well thermal simulations of the TUS-induced heating based

n the template represent the median of the simulation results from the

9 individual datasets. Our results demonstrate that the template-based

imulations give a helpful insight into the average acoustic and thermal

US dose, highlighting the practical relevance of the new template in

he planning of future TUS applications. 

. Material and Methods 

In this section, we first describe the dataset employed in the study.

e then outline how head models for personalized ultrasound simu-

ations were prepared from the CT and MR images, and how the group

emplate was constructed from the CT images of the individual subjects.

ubsequently, we provide details of the acoustic and thermal simula-

ions, including the procedures to determine the transducer positions

n the heads. Finally, we describe the metrics used to compare the

roup template with the individual datasets, covering selected anatom-

cal properties and the acoustic and thermal simulation results. 

.1. Dataset 

In this study, an existing dataset of CT and MR images of the heads

f 29 healthy participants was used. The participants were selected to

over different ages (between 20-50 years old), gender (16 male and

3 female) and ethnicity (15 Caucasian, 13 Asian and 1 African). The

T scan was performed with a Siemens Biograph mCT (PET-CT) with

 voxel size of 0.42 × 0.42 × 0.6 mm 

3 , tube potential of 80 kV and a

aximum effective dose below 0.35 mSv for all subjects. In addition,

 T1-weighted MR image (3D Turbo Field Echo) was acquired at a 3T

hilips Achieva scanner using a 32-channel head coil with a repetition

ime (TR) of 6 ms, echo time (TE) of 2.7 ms, flip angle (FA) of 8° and

n isotropic voxel size of 0.85 mm 

3 . Further details regarding demo-

raphics and scan parameters can be found in ( Farcito et al., 2019 ). The

tudy was approved by the Ethical Committee of the Capital Region of

enmark. 

.2. Preparation of an individual head model 

An overview of the complete workflow for preparing an individ-

al head model and performing the acoustic and thermal simulations

s shown in Fig. 1 A, and the workflow is further explained in the follow-

ng. As first step, the CT and MR images for the same head were cropped

sing fslroi (FSL v6.0, Smith et al., 2004 ) to remove the neck since it

as outside the region of interest for this study. The CT and MR im-

ges were coregistered and segmented with the complete head anatomy

econstruction method (CHARM; Puonti et al., 2020 ) to create regional

asks of the scalp, compact bone, spongy bone, cranial cavity and inner
2 
ir compartments. CHARM also generates a non-linear transformation

o the coordinate space of the MNI152 template of the Montreal Neu-

ological Institute (termed “MNI space ” in the following), which is used

ere for determining reproducible transducer positions (further details

re given below). 

For preparation of the acoustic simulations, values for the material

ensity ( 𝜌), the speed of sound (c) and the acoustic attenuation coeffi-

ient ( 𝛼) were then assigned to the different compartments ( Table 1 ).

nless indicated otherwise, the scalp and cranial cavity were modelled

s homogenous water, given the similar acoustic properties of soft tis-

ues and water. In addition, the medium around the head was modelled

s homogenous water to simplify the acoustic simulations and ensure

dequate coupling between the transducer and the head. As the acous-

ic wave is focused underneath the transducer, this simplification does

ot affect the simulation results in our case. 

For positions in the compact and spongy bone compartments of the

kull, the material density was estimated from the CT Hounsfield units

HU). To accurately determine the relationship between both param-

ters, an electron density phantom (model 062M, CIRS, Norfolk, VA,

SA) with inserts covering a density range from ca. 1000 to 2500 kg/m 

3 

nd a small water container were scanned with the same parameters as

sed for the CT images of the human heads. The results were used to es-

ablish linear relationships between HU and density (J.-F. F. Aubry et al.,

003 ; Montanaro et al., 2021 ; Pasquinelli et al., 2020 ; Stanziola et al.,

022 ): 

= 𝑠 ⋅ HU + 𝜌𝑖𝑛𝑡 (1)

hereby 𝑠 and 𝜌𝑖𝑛𝑡 denote the slope and intercept in kg/m 

3 . Based

n the results of the reference measurements (see Fig. 1 C), separate

elationships were defined for the ranges from -1000 ≤ HU ≤ 0 and

U > 0. For the range -1000 ≤ HU ≤ 0, the relationship was estab-

ished using air (-1000 HU) and water (0 HU) as anchor points, giving

 slope 𝑠 = 0 . 9987 kg ∕ m 

3 and an intercept 𝜌𝑖𝑛𝑡 = 1000 . 0 kg ∕ m 

3 . For the

ange HU > 0, a line was fitted to minimize the mean squared error

etween the predicted and true densities of the inserts of the electron

ensity phantom using the polyfit function in Matlab (The MathWorks,

A, USA). This resulted in a slope 𝑠 = 0 . 4559 kg ∕ m 

3 and an intercept

𝑖𝑛𝑡 = 1003 . 8 kg ∕ m 

3 . Finally, inside the skull, density values below 1000

g ∕ m 

3 caused by spurious noise in the CT images were set to 1000 kg ∕ m 

3 

density corresponding to water). 

A linear relationship between density and speed of sound was

ssumed, based on existing literature (J.-F. F. Aubry et al., 2003 ;

ontanaro et al., 2021 ; Pasquinelli et al., 2020 ): 

 = 𝑐 𝑟𝑒𝑓1 + 

𝑐 𝑟𝑒𝑓2 − 𝑐 𝑟𝑒𝑓1 

𝜌𝑟𝑒𝑓2 − 𝜌𝑟𝑒𝑓1 

(
𝜌 − 𝜌𝑟𝑒𝑓1 

)
(2)

Here, air and water were chosen as anchor points 𝑟𝑒𝑓1 and 𝑟𝑒𝑓2 .
lso other anchor points such as water and skull have been used in

revious studies (e.g., Montanaro et al., 2021 ), moderately changing

he linear relationship. However, as this would affect the simulations

imilarly across all subjects and the template and as our study aims at a

elative comparison of template-based versus personalized simulations,

his choice is not critical for the purpose of our study. 

The acoustic attenuation coefficient of the skull was assumed to be

onstant, given that a stable and validated mapping of this material

roperty from the CT data is so far missing ( Montanaro et al., 2021 ). In

ine with this, experimental measurements of the acoustic intensity are

ften employed to tune the attenuation parameters (J.-F. Aubry et al.,

003 ; Marquet et al., 2009 ; J. Robertson et al., 2017 ). 

For the thermal simulations, regional compartments of the scalp, the

ranial cavity and the cortical and cancellous bone parts of the skull

ere created from the segmentation. They were modelled as homoge-

ous materials with spatially constant values of density, speed of sound,

hermal conductivity and specific heat capacity (see Table 1 ). The outer

nd inner air were modelled as water to simplify the thermal simula-

ions. As most acoustic energy was deposited in regions underneath the
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Fig. 1. A) TUS simulation workflow. The CT and MR images were fed into SimNIBS CHARM for mutual coregistration, segmentation and non-linear registration to 

MNI space. The segmentations were used to prepare regional masks for scalp, air, bone (combined compact and spongy bone, unless indicated otherwise) and the 

skull cavity. With the exception of the skull region, homogenous material properties were assigned to the different regions for the acoustic simulations. The density 

and speed of sound of the skull bone was estimated from the CT image. In order to obtain standardized transducer positions, 24 positions of the EEG 10–10 standard 

system were defined in MNI space and transformed to the CT image space of the individual participant using the non-linear registration provided by CHARM. The 

acoustic and thermal simulations were performed in cylindrical regions of interest (ROIs) under the transducer positions. B) Exemplary coronal, sagittal and axial 

slices of the CT template. C) The mapping between CT Hounsfield units (HU) and material density was determined using an electron density phantom having several 

inserts with varying density, as well as water and air. The blue horizontal lines show the standard deviation around the mean for the HU values in each of the inserts 

and the water and air ROIs. The red lines show the fitted linear relationships between CT HU and density (two regions, HU ⟨ 0 and HU ⟩ 0, with different slopes). D) 

Intracranial volume. The boxplot shows the lower and upper quartiles around the median (green line) of the 29 individual data sets. The whiskers indicate the 1.5 

times interquartile ranges. The template result is shown as a red dot. 
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ransducer and along its central axis, this simplification does not have a

elevant influence on the simulation results. 

.3. Construction of CT Head Template 

For creating the template, all CT images were initially cropped to re-

ove the neck part. The script antsMultivariateTemplateConstruction2

f the Advanced Neuroimaging Tools (ANTs) ( Avants et al., 2011 ) was
3 
hen run for four iterations using standard settings with affine average,

onlinear registration, cross-correlation as similarity metric, and sym-

etric normalization as transformation model. The final CT template is

hown in Fig. 1 B. Similar to the individual datasets, the template was

egmented using CHARM to obtain masks of the major tissue compart-

ents (scalp, compact bone, spongy bone, cranial cavity and inner air

ompartments) and determine a non-linear transformation to the coor-

inate space of the MNI152 template (the “MNI space ”). 
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Table 1 

Parameters and values used for acoustic and thermal simulations ( Connor and Hynynen, 2004 . 

Material 𝜌

(
𝑘𝑔 

𝑚 3 

)
𝑐 

(
𝑚 

𝑠 

)
𝛼

(
𝑑𝐵 

𝑀 𝐻 𝑧.𝑐𝑚 

)
𝑘 

(
𝑊 

𝑚.𝐾 

)
𝐶 

(
𝐽 

𝑘𝑔.𝐾 

)
�̇� 𝑚 

(
𝑊 

𝑚 3 

)
𝜔 

(
1 
𝑠 

)

Water (20°C) 1000 1500 36 × 10 −4 0.615 4180 - - 

Air (20°C) 1.275 343 8 . 99 × 10 −4 - - - - 

Brain 1000 1500 36 × 10 −4 0.528 3640 13400 8 . 3 × 10 −3 

Skull From CT data From CT data 8.26 0.43 1591 0 3 . 3 × 10 −4 

Scalp 1000 1624 36 × 10 −4 0.34 3530 Skin 368 1 . 5 × 10 −3 

Fat 58 

Blood 1069 - - - 3650 - - 

Cortical bone ∗ 1908 3514.9 - 0.32 1300 - - 

Cancellous bone ∗ 1178 2117.5 - 0.31 1440 - - 

∗ only used for the thermal simulations (skull in the acoustic simulations) 

Table 2 

Simulation parameters for three different center frequencies. 

Simulation parameter 250 𝑘𝐻𝑧 500 𝑘𝐻𝑧 750 𝑘𝐻𝑧 

PPW in water 22 13 9 

Grid size (Nx,Ny,Nz) 335 × 335 × 481 402 × 402 × 524 402 × 402 × 524 
Spatial discretization (mm) 0.274 0.228 0.228 

Temporal discretization (ns) 17 14 14 

2
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.4. Ultrasound Simulations 

Simulations were performed for three acoustic frequencies, 250 kHz,

00 kHz and 750 kHz. A focused bowl transducer with a radius of

urvature of 64 mm, an aperture diameter of 64 mm and a focal dis-

ance of 52 mm was modelled, having broadly similar characteristics

s the commercially available transducers for weak transcranial ultra-

ound stimulation of the human brain. The template-based versus per-

onalized acoustic simulations were compared at 24 transducer posi-

ions ( Fig. 1 A) to cover variations in local skull thickness and composi-

ion while maintaining the total number of simulations in a practically

anageable range. In order to achieve a reproducible and standardized

ositioning across all individual CT images and the template, the posi-

ions were initially selected from the international 10-10 EEG standard

ystem ( Oostenveld et al., 2001 ) and defined in MNI space. They were

hen warped from MNI space to the space of the individual (and tem-

late, respectively) CT images using the non-linear transformation pro-

ided by CHARM. The transducer center was placed at the transformed

osition and then moved orthogonally to the local head surface to en-

ure a distance of 10 mm to the skin. The central axis of the transducer

as chosen to be orthogonal to the local head surface. For the acous-

ic frequency of 500 kHz, all 24 transducer positions were used for the

imulations. As the results for left-right mirror-symmetric positions (e.g.

ositions C3 and C4) turned out to be very similar, only the 16 positions

rom the center line and the left side of the head were chosen for the

imulations with 250 kHz and 750 kHz ( Fig. 4 A top). This helped to

educe the required computational resources without affecting the gen-

ralizability of the findings. 

The k-Wave toolbox (J. L. B. Robertson et al., 2017 ) was used for

he acoustic simulations and set to solve a linear wave equation in

ispersion-free material based on a pseudospectral method (details in

hapter 2.1 of ( Treeby et al., 2016 )). The transducer was modeled as a

taircase-free geometry using the kWaveArray class ( Wise et al., 2019 ).

nless specified differently, a 10-cycle tone-burst within an overall time

eriod of 147 μs was simulated. The effect of standing waves was neg-

igible for the chosen length of the tone-burst. The material property

aps were linearly interpolated to an isotropic grid with a spacing of

 points per wavelength (PPW) in air for 500 kHz, 5 PPW for 250 kHz,

nd 2 PPW for 750 kHz, which was sufficient to ensure the numeri-

al stability of the simulations in the presence of internal air cavities.

he resulting PPW in water are listed in Table 2 and are well in the

ange to achieve good numerical accuracy for the region of the pres-
4 
ure wave. The Courant-Friedrichs-Lewy number was set to 0.2 to have

 sufficiently fine temporal resolution for stable simulations (J. L. B.

obertson et al., 2017 ). 

To reduce the computation time, the simulation domain was chopped

nd rotated during the interpolation step to obtain a volume covering

he transducer and its pressure wave and having a z-axis aligned with

he central axis of the transducer. A perfectly matched layer (PML) was

dded to the outer boundaries of the domain and set to 30 grid points to

nsure that the reflected waves from the boundaries were absorbed. The

esulting grid sizes and spatial resolutions are listed in Table 2 for all

hree frequencies. Initial comparisons with reference simulations in the

on-chopped and non-rotated domain confirmed a close correspondence

f the results (data not shown). 

.6. Thermal Simulations 

To calculate the temperature increase within the head due to

he ultrasound stimulation, simulations of the bio-heat equation

 Pennes, 1948 ) were performed with k-Wave: 

 ( 𝑘. ∇ 𝑇 ) + 𝑄 = 𝜌𝐶 

𝜕𝑇 

𝜕𝑡 
(3)

The temperature is denoted by 𝑇 , constants 𝑘 and 𝐶 are the thermal

onductivity and the heat capacity of the material and 𝑄 is the volume

ate of heat deposition. In the absence of ultrasound stimulation, the

etabolic heat generation ( ̇𝑞 𝑚 ) and heat transfer from blood to tissue

perfusion) ( ̇𝑞 𝑝 ) are the main contributors to 𝑄 ( Incropera et al., 1996 ):

 = �̇� 𝑚 + �̇� 𝑝 (4)

ith �̇� 𝑝 = 𝜔 𝜌𝑏 𝐶 𝑏 ( 𝑇 − 𝑇 𝑎 ) 
Constants 𝜔, 𝜌𝑏 and 𝐶 𝑏 are the perfusion rate, density and specific

eat capacity of blood, and 𝑇 𝑎 is the ambient temperature. In case of

ltrasound stimulation, the absorbed acoustic power also contributes to

 : 

 = �̇� 𝑚 + �̇� 𝑝 + 𝑄 𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 (5)

ith 𝑄 𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 = 𝛼
𝑃 2 

𝜌𝑐 
, where 𝑃 is the pressure obtained in the acoustic

imulations. The material properties used for the thermal simulations

re listed in Table 1 . For the thermal simulations, homogeneous val-

es of density, speed of sound, thermal conductivity, and specific heat

apacity for cortical and cancellous bone were considered. 
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Three different cases were considered in the thermal simulations: a)

ltrasound-induced heating (pressure from individual simulations) with

etabolic generated heat and blood perfusion: The individual pressure

aps at 500 kHz acoustic frequency were rescaled to obtain a focal

eak pressure of 1 MPa. This case relates to a usage scenario where

he stimulation intensity is adjusted according to the individual simula-

ion results. b) Ultrasound-induced heating (pressure based on template

imulations) with metabolic generated heat and blood perfusion: The

ndividual pressure maps at 500 kHz acoustic frequency were rescaled

y the factor required to obtain a focal peak pressure of 1 MPa in the

emplate simulations. This relates to a scenario where the stimulation

ntensity is adjusted according to the template simulation results, e.g.

hen individual imaging data is not available. c) Baseline with only

etabolic generated heat and blood perfusion. It was included here as

ontrol for the temperature changes during the simulation period that

ere unrelated to the application of the ultrasound. This baseline case

as added as ultrasound was applied directly at the start of the simu-

ations in cases a and b, so that the tissue temperatures were not yet

ully within their steady state (details see below). In order to isolate

ltrasound-specific temperature changes, the results of case c were sub-

racted from those of cases a and b, respectively, in the further analyses.

s note, the temperature differences to steady state were generally small

nd the above analysis approach did not affect the general conclusions

ompared to analyses based only on cases a and b. 

For all cases, the initial temperature for different tissues and sur-

ounding medium were set to 37.4 °C, 35.2 ◦C , 33 . 2 ◦C , and 24 °C for

he cranial cavity, skull, scalp, and medium, respectively. These values

orrespond to the average steady state values in these regions for the

aseline case. However, as the same temperature value was assigned to

ll parts of a tissue compartment (i.e. temperatures were piecewise spa-

ially constant), the simulations were not fully in steady state yet, and

ase c controls for the extent of that effect. This approach was also vali-

ated with a single-subject simulation of an ultrasound-induced heating

tarting from steady state. 

All simulations with ultrasound-induced heating were executed with

s on-time (time step of 10ms) and 40s off-time (time step of 100ms) for

coustic source. The baseline case had a corresponding duration of 44 s.

s for the acoustic simulations with 250 kHz and 750 kHz, only the 16

ransducer positions from the center line and the left side of the head

ere used for the thermal simulations in order to reduce the required

omputational resources. 

.7. Comparison Metrics 

The template was compared to the individual CT images using the

ollowing metrics that assessed relevant anatomical properties and the

esults of the acoustic and thermal simulations: 

• Anatomical properties: 1) The intracranial volume was determined

from the corresponding regional mask provided by CHARM. 2) The

thicknesses of skull and scalp under the transducer positions were

calculated. For that, the scalp and bone masks were rotated so that

the z-axis of the interpolated volumes were aligned with the central

axis of the transducer. The thicknesses of scalp and skull were then

determined in 2D columns along the z-direction and used to calcu-

late average thickness values in cylindrical regions-of-interest (ROIs)

of a diameter of 60 mm and a length of 80 mm underneath the trans-

ducer. The ROI size was selected to cover the regions of increased

acoustic pressure inside the scalp, skull and the cranial cavity. 3)

Histograms of skull density were determined in the same cylindrical

volumes. 
• Acoustic simulation results: 1) The intracranial peak pressure was

determined for each transducer position and normalized by the

peak pressure in free water. 2) The volume of the full-width-at-

half-maximum (FWHM) was determined for the intracranial pres-

sure maps. 3) The misalignment of the peak pressure location from
5 
the central axis of the transducer was determined by calculating the

angular deviation between a line from the transducer center to the

peak pressure location and the central axis of the transducer. 
• Thermal simulation results were assessed inside the cylindrical ROIs

underneath the transducer positions. This was done after the TUS

on-time of 4s and again at the end of the simulated cooling phase

after 44s: 1) Peak temperatures were determined separately for the

cranial cavity, the skull and the scalp. 2) Mean temperatures were

determined in the same subvolumes. 3) The peak temperature dif-

ferences relative to the baseline case without ultrasound were deter-

mined in the same subvolumes. 

Box plots were used to descriptively compare to the template results

o the results of all participants. In addition, the strength of the linear

elationships between the template results and median of the population

esults were determined using Pearson’s correlation coefficient and t-

ests. 

. Results 

.1. Anatomical properties 

The template moderately underestimates the median of the popula-

ion for intracranial volume, but falls well within the interquartile range

 Fig. 1 D) and its intracranial volume falls well within the range reported

n prior studies ( Abbott et al., 2000 ; Kruggel, 2006 ). The skull thickness

f the template is consistently slightly higher than the population me-

ian ( Fig. 2 A). However, the template values are within the interquar-

ile range, except for position T8, and the deviations from the median

re generally small ( Table 3 ). Importantly, the systematic differences

n skull thickness that occur between positions (e.g. lower thicknesses

or T7 and T8 compared to C1, Cz and C2) are well captured by the

emplate, as confirmed by a strong correlation between the population

edian and the template value across positions ( Fig. 7 A). The devia-

ions in scalp thickness of the template from the population median are

mall as well ( Fig. 2 B, Table 3 ), and are far smaller than the differences

n scalp thickness that occur across positions (e.g. high thicknesses for

7 and T8). The systematic variations across positions are again well

aptured by the template ( Fig. 7 B). 

Visual comparison of the histograms of the skull densities indicates

hat high density values corresponding to compact bone ( ∼1500-2000

g/m 

3 ) were generally well maintained in the template (Figure S1). This

uggests that the template building process achieved a good registration

f the two outer skull layers consisting of compact bone across the dif-

erent datasets. Correspondingly, the outer skull layers of the template

re visible as well-defined lines of increased intensity with a sharp tran-

ition towards soft tissue in Fig. 8 . On the other hand, localized peaks in

he histograms in the lower density range corresponding to spongy bone

 ∼1000-1500 kg/m 

3 ) occurred at some head positions for the template,

ut were absent in the average histograms of the 29 datasets. We sug-

est that interindividual differences in the density of spongy bone get

averaged out ” during template building, resulting in a smaller range

f densities for spongy bone in the template that shows up as peak in

he histogram. Overall, the skull density ranges fit well to the values

eported in prior literature ( Delye et al., 2015 ; Marsac et al., 2017 ; J.

obertson et al., 2017 ). 

.2. Acoustic simulations 

The results of the acoustic simulations for 500 kHz are summarized

n Fig. 3 . The corresponding correlation plots between the population

edian and the template value across the 24 positions are shown in

ig. 7 C-E (black lines and circles). The template values deviate more

rom the population median for the acoustic results than for the ba-

ic anatomical properties reported above and fall often outside the in-

erquartile range. However, they still capture the systematic differences
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Fig. 2. A) Skull, and B) scalp thickness for the 24 transducer positions. The boxplots show the lower and upper quartiles around the median (green lines) of the 29 

individual data sets. The whiskers indicate the 1.5 times interquartile ranges. The template results are shown as red dots. 
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hat occur between positions, as confirmed by significant correlations.

n average, the deviations of the template values from the population

edian are around 15% for the normalized peak pressure and 21% for

he FWHM volume ( Table 3 ). The angular deviations are low in general,

endering also the deviations of the template values from the population

edian of limited practical relevance. 

As expected, comparing the acoustic simulation results for 500 kHz

 Fig. 3 ) with those for 250 kHz and 750 kHz ( Fig. 4 ) shows a general

ecrease of the normalized peak pressure with increasing frequency and

n increase in focality. The template values capture the systematic dif-

erences that occur between positions also for 250 kHz and 750 kHz, as

onfirmed by significant correlations ( Fig. 7 C-E, blue and red lines). For

he normalized peak pressure, the average deviations of the template

alues from the population median for the 16 simulated positions are
6 
round 12% and 18% at 250 and 750 kHz, respectively. For the FWHM

olume, the corresponding average deviations are around 14% and 32%.

hese deviations are in similar ranges compared to those observed for

00 kHz. The angular deviations remain generally low also for 250 kHz

nd 750 kHz. 

The transmitted acoustic wave is affected by the local skull shape

nd composition underneath the transducer in a complex way, making

t unlikely that differences between the simulation results based on in-

ividual data and the template can be attributed to a single parameter.

or illustration, Fig. 8 shows the acoustic waves for positions Oz and

Oz that exhibit clear interindividual variations of both the local shape

f the inner skull boundaries and the density of the spongy bone. The

ndividual simulation results having the highest and lowest intracranial

ressures and the template results are depicted. Low intracranial pres-
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Table 3 

Population median and interquartile range (IQR) and median of the absolute differences between the template result and 

the population median for anatomical properties, acoustic simulations, and thermal simulations (heating periods only). In 

addition, the maximal absolute differences between the template result and the population median and the corresponding 

transducer position are reported. The results for 500 kHz acoustic frequency were determined from all 24 positions. For 

the frequencies of 250 kHz and 750 kHz and the thermal simulations, the results were determined from 16 positions (see 

Fig. 4 A top). 

Parameter 

Population 

Median/IQR 

Absolute Difference 

Median/IQR Maximal value Position with maximal value 

Skull thickness (mm) 7.01/2.11 0.87/0.83 5.59 AFz 

Skin thickness (mm) 6.76/2.40 0.91/1.12 3.56 P4 

500 kHz Normalized peak pressure 0.39/0.09 0.06/0.07 0.35 C6 

FWHM vol. (mm 

3 ) 413.5/232.9 87.2/169.1 2179.5 AFz 

Angular Deviation (°) 1.00/0.93 0.47/0.64 7.05 Fz 

250 kHz Normalized peak pressure 0.47/0.13 0.06/0.07 0.27 P7 

FWHM vol. (mm 

3 ) 2281.0/832.5 325.4/449.5 3595.5 POz 

Angular Deviation (°) 0.81/0.81 0.39/0.44 9.10 Oz 

750 kHz Normalized peak pressure 0.31/0.11 0.07/0.09 0.31 CPz 

FWHM vol. (mm 

3 ) 196.7/208.5 64.1/137.7 1631.2 P7 

Angular Deviation (°) 1.03/1.09 0.52/0.83 9.09 Cz 

Case a Cranial cavity (°C) 0.15/0.49 0.10/0.36 2.78 Pz 

Skull (°C) 4.07/3.40 1.41/2.09 21.1 Oz 

Scalp (°C) 1.22/0.87 0.47/0.61 3.79 O1 

Case b Cranial cavity (°C) 0.12/0.57 0.08/0.44 2.11 POz 

Skull (°C) 3.85/2.97 0.88/1.40 18.41 Oz 

Scalp (°C) 1.15/0.97 0.33/0.46 2.48 POz 
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t  

n  
ures coincide with a more complex inner skull boundary and a lower

ensity of the spongy bone, causing a splitting of the transmitted wave

nto two parts and a complex standing wave pattern inside the skull. 

.3. Thermal simulations 

The peak temperature differences inside the cranial cavity, skull and

calp compared to the baseline case without ultrasound are reported for

ases in which the intracranial peak pressure was set to 1 MPa based on

he results of the individual acoustic simulations (case a in Fig. 5 ) and

he template simulations (case b in Fig. 6 ), respectively. 

There is generally little ultrasound-induced heating inside the cranial

avity and only moderate heating in the scalp. The latter is particularly

een for transducer positions Pz, POz and Oz, and visual inspection re-

ealed that it occurred at positions close to the skull and was caused

y heat conducted from the skull. Expectedly, the strongest tempera-

ure increase occurs inside the skull as it strongly attenuates the ultra-

ound wave. For the skull, the template values capture the systematic

ifferences in the population median across the 16 positions reasonable

ell, as confirmed by significant correlations (Figure 7F&G, black lines

nd circles). Also the median deviations of the template values from the

opulation median are in reasonable ranges ( Table 3 ). However, there

s notable interindividual variability in the amount of peak temperature

ncrease in particular for positions Pz, POz and Oz, and a strong increase

n the peak temperature in one of the individuals. 

We additionally determined the mean temperature increases inside

he scalp, skull and cranial cavity parts within the cylindrical ROIs under

he transducers. Generally, the mean temperature increase in the cranial

avity and scalp remained robustly below 1°C in all cases and was there-

ore not analyzed further. The results for the skull confirm the findings

bserved for the peak temperatures, namely that the template results

epresent the population median reasonably well, but that strong heat-

ng occurs in some of the individual for positions Pz, POz and Oz (Fig.

2). However, the highest increase in the mean temperature remained

nder 3° in all cases. 

. Discussion 

In this study, a head template was created from calibrated CT images

f 29 healthy adults of varying age, gender and ethnicity. The template
7 
as comprehensively validated for use in simulations of the acoustic

ave and the thermal effects of transcranial focused ultrasound stimu-

ation. By comparing anatomical measures obtained for the template to

he median of the 29 individual results, it was first confirmed that the

emplate adequately represented the average head anatomy of the indi-

idual datasets. In particular, the systematic differences in the median

calp and skull thicknesses between the 24 tested transducer positions

ere well captured by the template. Second, comparisons of the acoustic

imulation results confirmed that the template-based estimates repro-

uced the position-dependent variations of the intracranial peak pres-

ure, the volume and the direction of the acoustic wave well, in general.

he template-based acoustic simulations deviated from the population

edian sufficiently little to ensure the practical relevance of the tem-

late in the planning of future TUS applications. Third, this conclusion

as again confirmed for simulations of the TUS-induced heating, in par-

icular inside the skull, on a subset of 16 transducer positions. Our work

omplements a prior study ( Rorden et al., 2012 ) that generated a CT

ead template for the older population (median age 65 years). In con-

rast to that study, we here aimed at providing a template specifically

or TUS simulations in younger adults. Therefore, we based the template

n calibrated CT data for participants between 20 and 50 years age to

btain accurate estimates of the skull density and comprehensibly vali-

ated the anatomical properties of the template and its performance in

coustic and thermal simulations. 

The averaging procedure inherent in the template-building process

 Avants et al., 2011 ) reduces the spatial high-frequency content in the

T images. This decreases the imaging noise, but also removes informa-

ion about the individually unique porous structures of the inner skull

ayer ( Fig. 8 ). As result, histograms of the bone density revealed that

he template represents the high density range corresponding to the

wo outer layers of compact bone well, but that the inner skull layer

f the template consists of a more confined density range than observed

or the varying spongy bone compartments of the individuals. However,

e find it unlikely that this effect explains the remaining deviations of

he template-based simulation results from the population median. For

xample, the normalized peak pressure for position C5 is overestimated

or 250 kHz, underestimated for 500 kHz and slightly overestimated for

50 kHz again ( Figures 3 A, 4A&D). This error pattern is too complex

o be explained by a consistent misestimation of the porosity of the in-

er skull by the template. In addition, we ran exploratory analyses that
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Fig. 3. A) Normalized peak pressure, B) FWHM vol- 

ume, and C) angular deviation of the acoustic simu- 

lation results at 500 kHz. The results are restricted 

to positions within the cranial cavity. The boxplots 

show the lower and upper quartiles around the me- 

dian (green lines) of the 29 individual data sets. The 

whiskers indicate the 1.5 times interquartile ranges. 

The template results are shown as red dots. 
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imed to relate the remaining position-dependent deviations to the lo-

al skull or scalp thickness, which did not give conclusive results (data

ot shown). Thus, we suggest that the remaining deviations cannot be

ttributed to a single straightforward cause. 

Related to the above topic, it should be noted that we assumed a

onstant acoustic attenuation for bone, because a validated and gener-

lly accepted mapping from CT HU to attenuation is so far still missing
8 
 Montanaro et al., 2021 ). By that, the effects of interindividual differ-

nces of bone porosity on the pressure wave were reduced, which might

ave resulted in an underestimation of the true interindividual variabil-

ty of the TUS acoustic wave after skull transmission (e.g., Chen et al.,

023 ; Marsac et al., 2017 ; McDannold et al., 2019 ; Pichardo and Hyny-

en, 2007 ; Riis et al., 2022 ). In addition, the differences in the amount of

one porosity between the template and the individual CT scans might
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Fig. 4. Acoustic simulation results for 250 kHz and 750 kHz for 16 transducer positions (indicated in the inset on the top). A&D ) Intracranial peak pressure, B&E) 

FWHM volume and C&F) angular deviation. The boxplots show the lower and upper quartiles around the median (green lines) of the 29 individual data sets. The 

whiskers indicate the 1.5 times interquartile ranges. The template results are shown as red dots. 
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ecome more relevant once acoustic attenuation is estimated from CT

U, indicating that the performance of the template should be reevalu-

ted in that case. 

Knowledge about the expected amount of variability between the

ndividual simulation results is important for the interpretation of the

emplate-based simulations. This is because, even when the template

esults serve as a reasonable estimate of the population median, they

o not allow insight into the likelihood of strong deviations in some

f the subjects. Our results showed that the interindivdual variability
9 
aried with both the transducer position and the applied measure. This

s most relevant for measures related to TUS safety such as the esti-

ated peak pressure which showed only few high outliers, i.e. individ-

als in which the pressure was much stronger than the template esti-

ates (worst cases had roughly two times the peak pressure of the tem-

late). In contrast, the estimated heating (most pronounced in the skull)

ad strong interindividual variability and high outliers that strongly ex-

eeded the template results for two of the 16 tested transducer positions

Pz and POz, the latter being above the cruciform eminence that shows
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Fig. 5. Peak temperature differences for thermal simulations in- 

formed by the acoustic results for 500 kHz, relative to the baseline 

case (case c) without stimulation. The results for case a are shown, 

which refers to the scenario in which the peak pressure in the cra- 

nial cavity of 1 MPa was determined from individual simulations for 

500 kHz. The peak temperature difference are shown for A) the cranial 

cavity, B) skull, and C) scalp. The peak temperature differences were 

recorded after an ultrasound-induced heating of 4 s (yellow color) and 

after 40 s of cooling (light blue). The boxplots show the lower and 

upper quartiles around the median (green lines) of the 29 individual 

data sets. The whiskers indicate the 1.5 times interquartile ranges. The 

template results are shown as red dots. 

10 
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Fig. 6. Peak temperature differences for thermal simulations in- 

formed by the acoustic results for 500 kHz, relative to the baseline 

case (case c) without stimulation. The results for case b are shown, 

which refers to the scenario in which the peak pressure in the cra- 

nial cavity of 1 MPa was determined from template simulations for 

500 kHz. The peak temperature difference are shown for A) the cra- 

nial cavity, B) skull, and C ) scalp. Please see the legend for Fig. 5 for 

further details. 
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trong anatomical variability between participants). Interestingly, visual

nspection of the outliers with a strong heating of the skull revealed that

he individual skull shape and high skull thickness (similar to the lowest

ressure cases shown in Fig. 8 ) resulted in a localized energy deposition

t some positions inside the spongy bone of the skull. Given the low den-

ity of spongy bone compared to compact bone ( Pichardo et al., 2010 ),

his led to a particularly high local heating. This was more pronounced

or “case a ”, as a high ultrasound intensity was needed to counteract

he strong attenuation caused by the individual skull in order to ob-

ain the desired peak pressure of 1 MPa inside the cranial cavity in that

ase. These results suggest that, as the peak temperature in the skull

s influenced by local properties of the skull shape and composition, it

ill exhibit more interindiviudal variability compared to the intracra-

ial peak pressure for some transducer positions such as those close to

he occipital pole. 
11 
In conclusion, TUS simulations based on our template head repre-

ent the median of the individual simulation results well enough, both

or the acoustic pressure wave and the related heating effects, to be use-

ul in the planning and optimization of TUS studies. In particular, the

emplate-based results reproduce the systematic dependencies on trans-

ucer position and ultrasound frequency that occur for the median of the

ndividual results. Knowledge of the expected interindividual variabil-

ty around the median is important for interpreting simulations based

n a group template. Future studies could aim to link the amount of

nterindividual variability of the local skull shape and composition to

he variability of the simulation results in order to gain systematic in-

ight into the head regions that provide the most reliable TUS targeting.

nce a validated and stable mapping from CT HU to acoustic attenua-

ion is available, it would be relevant to update our results accordingly

o obtain a better estimate of the interindividual variability of the TUS
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Fig. 7. Correlation analyses between the results for the template 

and for the median of the 29 individual data sets. A&B) Thicknesses 

of skull and scalp. C) Normalized intracranial peak pressure, D) 

FWHM volume, and E) angular deviation. The results for 500 kHz 

are based on simulations for 24 transducer positions. The results for 

250 kHz and 750 kHz are based on simulations for 16 transducer 

positions. F&G) Peak temperature differences relative to baseline 

for cases a and b, respectively. All results are stated without cor- 

rection for multiple comparisons. 

12 
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Fig. 8. Visual representation of the propagated acoustic beam for 500 kHz acoustic frequency through the skull and after passing it for transducer positions at A) 

Oz and B) POz for the two subjects with the lowest and highest intracranial pressure for these positions and the template. The columns (from left to right) show the 

acoustic wave overlaid on the individual CT image (sagittal view), the acoustic wave (axial view), the acoustic wave (coronal slice, position indicated as blue dashed 

line in the second column) and the skull (axial slice, position indicated as green box in the second column). 

13 
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coustic wave after skull transmission and to confirm the validity of the

roposed head template. 

ata and code availability 

The template with relevant auxiliary data is made publicly available
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herefore not be made publicly available. They may still be obtained

rom the authors upon reasonable request. The MR and CT data cannot

e made available due to privacy restrictions. 
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