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Abstract: Methods to improve drug delivery efficiency through blood-brain barrier disruption (BBBD)
based on microbubbles and focused ultrasound (FUS) are continuously being studied. However,
most studies are being conducted in preclinical trial environments using small animals. The use of
the human skull shows differences between the clinical and preclinical trials. BBBD results from
preclinical trials are difficult to represent in clinical trials because various distortions of ultrasound
by the human skull are excluded in the former. Therefore, in our study, a clinical validation platform
based on a preclinical trial environment, using a human skull fragment and a rat model, was
developed to induce BBBD under conditions similar to clinical trials. For this, a human skull
fragment was inserted between the rat head and a 250 kHz FUS transducer, and optimal ultrasound
parameters for the free field (without human skull fragment) and human skull (with human skull
fragment) were derived by 300 mVpp and 700 mVpp, respectively. BBBD was analyzed according to
each case using magnetic resonance images, Evans blue dye, cavitation, and histology. Although
it was confirmed using magnetic resonance images and Evans blue dye that a BBB opening was
induced in each case, multiple BBB openings were observed in the brain tissues. This phenomenon
was analyzed by numerical simulation, and it was confirmed to be due to standing waves owing
to the small skull size of the rat model. The stable cavitation doses (SCDh and SCDu) in the human
skull decreased by 13.6- and 5.3-fold, respectively, compared to those in the free field. Additionally,
the inertial cavitation dose in the human skull decreased by 1.05-fold compared to that of the free
field. For the histological analysis, although some extravasated red blood cells were observed in each
case, it was evaluated as recoverable based on our previous study results. Therefore, our proposed
platform can help deduct optimal ultrasound parameters and BBBD results for clinical trials in the
preclinical trials with small animals because it considers variables relevant to the human skull.

Keywords: focused ultrasound; blood-brain barrier; acoustic cavitation; ultrasound field simulation

1. Introduction

Various drugs for the treatment of brain diseases such as Alzheimer’s disease, Parkin-
son’s disease, and brain tumors have been developed; however, the delivery of these drugs
into the brain parenchyma through the blood-brain barrier (BBB) is difficult [1–3]. Thus,
various studies have been conducted to increase drug efficacy by penetrating the BBB for
entry into the brain [4,5]. In these studies, BBB disruption (BBBD) with microbubbles and
low-intensity focused ultrasound (FUS) has been employed as the safest method, as it is
non-invasive and can be repeatedly carried out [6,7].
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The effectiveness of BBBD, based on microbubbles and FUS, has been reported in
various studies [8–10]. Following the injection of microbubbles into blood vessels, FUS is
sonicated at the targeted brain blood vessel, and the BBB is temporarily disrupted by the
vibration of microbubbles, resulting in improved drug permeability [11,12]. Recently, a few
clinical trials have demonstrated that this method is safe and promising for the treatment
of brain diseases [13,14].

Currently, most studies on BBBD are being conducted in preclinical trials using small
animals such as mice or rats, because the clinical trial application requires extensive valida-
tion [15–17]. However, it is difficult to directly apply experimental conditions determined
by preclinical trials to those for clinical trials, owing to the characteristic nature of the
human skull.

According to previous studies, when sonication was performed through a human skull,
energy conversion, reflection, and scattering caused ultrasound attenuation. Additionally,
it has been reported that strong heating was concentrated at the external edge of the
skull, and trabeculae increased according to the reflection and resonance due to internal
pressure [18]. Further, changes in the ultrasound focal spot caused by skull thickness
differences increased in severity as the center frequency of the transducer increased [19].
Thus, it is difficult to predict the optimal ultrasound power and focal spot distortion for
clinical trials from preclinical trial results due to differences in the skull thickness and area
between small animals and humans.

It has been reported that in some groups, the ultrasound power level for clinical trials
was derived by inserting a human skull over a pig head [20]. However, it is difficult to
determine the ultrasound parameters for clinical trials using animal models and human
skulls together. Most of the studies related to BBBD have been reported in small animal-
based experiments, in vitro experiments, and non-human primate experiments, which do
not require a human skull [10,21,22].

In BBBD clinical trials, excessive ultrasound sonication can cause occlusion of the
brain blood vessel and lead to a cerebral hemorrhage or stroke. In particular, if excessive
ultrasound is sonicated to an area involved in respiration and heartbeat, such as the pons,
it can cause severe damage or death by blocking the oxygen supply to the brain [23–25].

Therefore, in this study, our goal was to establish a clinical validation platform to
obtain optimal ultrasound parameters for clinical trials and predict clinical trial results
in the preclinical trial environment. Because a human skull is the most dominant factor
causing differences between clinical and preclinical trial results, which affects the ultra-
sound attenuation ratio and distortion at the focal point and focal depth of the ultrasound
beam, the proposed platform uses a human skull and small animal. In particular, a human
skull fragment is inserted between an ultrasound transducer and rat head, which helps to
determine the proper sonication conditions for clinical trials. Therefore, this approach can
minimize the gap between clinical and preclinical trial results.

2. Materials and Methods
2.1. Study Subjects and the Human Skull

A total of twenty male Sprague–Dawley (SD) rats (8 weeks old and weighing
300 ± 30 g, Koatech, Pyeongtaek, Korea) were used in this study. This study was ap-
proved by the Institutional Animal Care and Use Committee of the Daegu-Gyeongbuk
Medical Innovation Foundation. A total of four rats were used in the pilot study to define
experimental settings for stable BBBD. A total of ten rats were used for the in vivo experi-
ment for BBBD confirmation. A total of two rats were used for cavitation acquisition. The
remaining four rats were used for magnetic resonance imaging (MRI) and hematoxylin
and eosin (H&E) histology for assessment of any damage in the rat brain. Rats used for our
study are listed in Table 1.
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Table 1. Summary of Animal Numbers.

Experiments Pilot Study Evans Blue for BBBD
Confirmation

Cavitation
Acquisition

MRI and
Histology

Animal number 4 10 2 4

The rats were housed in cages at 20−25 ◦C with a 12-h light to dark cycle. All
procedures and handling of the animals were performed according to the ethical guidelines
for animal studies.

The human skull fragment, which was 120.54 mm long, 36.53 tall, and 75.55 wide with
an average thickness of 5.45 mm, was acquired from an adult male that had undergone
craniotomy because of cerebral hemorrhage and edema. The skull was treated with
chemicals, and the bones were separated and stored frozen at −20 ◦C. This study was
approved by the institutional review board (IRB) of Kyungpook National University
Hospital (IRB no. KNUH 2021-07-028).

2.2. Transducer Characteristics

For the BBBD experiment, a focused ultrasound transducer with a spherically curved
aperture (center frequency: f0, 250 kHz; diameter: 80 mm; focal distance: 100 mm;
f-number: 1.2) was used to generate the ultrasound energy. Given that the character-
istics of the transducer are one of the main factors affecting BBBD results or cavitation
dose analysis, a pulse–echo response test was carried out [26,27]. For this, the transducer
was placed in a water bath filled with degassed water, and a reflector made of stainless
steel was placed 100 mm away from the transducer surface, considering the focus of the
transducer. Using a pulser/receiver system (5072PR, Olympus, Tokyo, Japan), an impulse
signal with 80 Vpp was applied, and an echo signal was received with a 10-dB receive gain.

2.3. BBBD System

An FUS system (NS-US200, NEUROSONA CO., LTD, SEL, South Korea) was used
to sonicate the rat brain and to acquire acoustic cavitation emission. Figure 1 shows a
schematic of the FUS system and the experimental environment. A 10-ms tone burst
250 kHz sinusoidal wave was generated by the system with a 1-Hz pulse repetition fre-
quency (PRF) for 120 s, and it was amplified through a PRF amplifier and matching circuit.
A passive cavitation detector was diagonally placed on the side of the transducer to evalu-
ate the acoustic cavitation emission received from the brain of the rat. Acoustic cavitation
signals were recorded on a data acquisition (DAQ) board (ATS460, AlazarTech, Pointe-
Claire, QC, Canada; 20 MHz sampling rate, 14 bit, 125 MS/s) in the workstation. The
transducer was placed in a water bath filled with degassed water, and the human skull was
placed between the transducer and the head of the rat. To prevent irregular reflection and
heat damage at the near-field of the transducer, the distance between the inside curvature
of the human skull and the head of the rat was set to approximately 60 mm, and the
transducer was approximately 40 mm away from the human skull.
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Figure 1. Schematic of the focused ultrasound (FUS) system and experiment environment for blood-
brain barrier disruption (BBBD) in the rat. The rat was placed upside down on the surface of the
water. The convex part of the human skull was placed toward the transducer similar to that in the
clinical trial environment.

2.4. Ultrasound Acoustic Characteristics Measurement

BBBD depends on various factors, such as the microbubble dose and sonication
angle [7,28]. The selection of optimal ultrasound parameters is critical for safe BBBD
as it determines the acoustic cavitation level by microbubble activity [29]. Excessive
cavitation may damage the targeted region; therefore, the optimal ultrasound parameters
for the human skull were preferentially analyzed using radiation force balance (RFB,
Onda Corporation, Sunnyvale, CA, USA) and an acoustic intensity measurement system
(AIMS, Onda Corporation, Sunnyvale, CA, USA). Figure 2 shows the flow chart for the
determination of ultrasound parameters in the free field and the human skull. In the free
field, a 1 MHz FUS transducer generating 0.6−0.72 MPa at the focus can perform BBBD
in the rat brain [30]. Based on previous results, it was verified that driving a 1 kHz tone
burst signal with 1 Hz PRF for 10 ms to the ultrasound transducer can generate the same
acoustic characteristics as those generated using a 1 MHz transducer. Subsequently, the
power measurement of the 250 kHz FUS transducer according to the supplied voltage was
performed in the range of 300–900 mVpp to match the ultrasound power of a 1 MHz FUS
transducer (Figure 2B), and a signal equal to the RFB measurement of the 1 MHz FUS
transducer was supplied. For the human skull, it can be derived by compensating the
attenuation rate of ultrasound pressure according to the existence of the skull (Figure 2C).
In other words, the attenuation rates of the ultrasound pressure generated in the free field
and human skull were measured using AIMS, and ultrasound pressure was compensated
in the free field as much as the attenuation induced by the human skull (Figure 2D). Notably,
a signal with an amplitude of 300 mVpp, frequency of 250 kHz, and one cycle burst with
1 Hz PRF was supplied to the transducer for attenuation measurement.

2.5. BBBD Experiment

The procedure for FUS-induced BBBD is shown in Figure 1. The animals were
anesthetized with a mixture of Zoletil (25 mg/kg; Virbac Laboratories, Carros, France)
and Rumpun (4.6 mg/kg; Bayer, Leverkusen, Germany) and were constantly monitored
throughout the experimental procedures. There was no evidence of pain or suffering. The
hair on their heads was removed using a shaving razor and hair removal cream. The
animals were placed in a supine position on an MR-compatible animal bed.
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Figure 2. Flow chart for the derivation of optimal ultrasound parameters according to the existence
of the human skull. (A) Power level derivation of 1 MHz FUS transducer using safe BBBD pressure
proven by the previous study. (B) Deduction of an optimal supplied voltage of the 250 kHz FUS
transducer to match the power of the 1 MHz FUS transducer. (C) Measurement of the ultrasound
attenuation rate induced by the human skull. (D) Free field as much as the attenuation induced by
the human skull.

The BBBD target region was the right caudate putamen (CP). This location was selected
for its clinical relevance to neurological disease and to minimize the amount of tissue
boundary in the FUS focal area [31]. Before sonication, the microbubbles (0.02 mL/kg,
Definity, Lantheus Medical Imaging, North Billerica, MA, USA) were diluted 1:50 in normal
saline and injected via a tail vein catheter using an automated syringe pump (Pump 11,
Harvard Apparatus, Holliston, MA, USA) for 10 s. This was perfomed to ensure that
the circulating microbubbles fully reached the target region. In this case, although it is
difficult to directly confirm that the microbubbles had sufficiently reached the target brain
region, it can be confirmed indirectly through acoustic cavitation obtained by focused
ultrasound sonication.

Thereafter, the parameters selected for safe BBBD in the free field and human skull
were applied at the target region (right CP) to induce the FUS–BBBD with the diluted
microbubbles over 90 s. The FUS energy was delivered with pulsed sonication consist-
ing of 10-ms tone bursts at a pulse repetition frequency of 1 Hz for 120 s. Following
sonication, T1-weighted MR images were obtained with a 0.2 mM/kg gadolinium-based
contrast agent (Dotarem, Guerbet, Roissy, France) to confirm BBBD. Evans blue dye (2%;
Sigma-Aldrich, St. Louis, MO, USA) was injected intravenously to determine the BBB
disruption regions through the brain tissue. All rat brains were perfused and fixed us-
ing transcardial perfusion (0.9% normal saline, 200 mL; 4% buffered formalin phosphate,
250 mL). The brains were harvested and processed for H&E staining.

2.6. MRI

Imaging was performed using a 3.0 T clinical MRI system (Skyra, Siemens,
Erlangen, Germany). T1-weighted contrast-enhanced images were used to evaluate
the BBB opening. Susceptibility-weighted imaging (SWI) revealed cerebral microhem-
orrhage. Edema was evaluated using T2-weighted MR images. The following MRI param-
eters were employed for two-dimensional turbo spin-echo T1-weighted images: field of
view = 40 mm × 40 mm, matrix size = 128 × 128, slice thickness = 1.0 mm, slice gap = 0,
repetition time (TR) = 500 ms, echo time (TE) = 6.5 ms, and number of averages = 20. The
following parameters were used for T2-weighted images: TR = 2500 ms, TE = 33 ms,
number of averages = 20, and the other parameters were equal to those of the T1-weighted
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images; for SWI: field of view = 50 mm × 50 mm, matrix size = 128 × 128, axial slices = 16,
slice thickness = 1.5 mm, slice gap = 0, flip angle = 30, TR = 27 ms, TE = 20 ms, and number
of averages = 15. During the MRI scans, the temperature of the animals was maintained at
approximately 37 ◦C using a warm water blanket. ImageJ software (National Institutes of
Health, Bethesda, MD, USA) was used for image calculation.

2.7. Acoustic Cavitation

To verify the suitability of the selected acoustic parameters considering the existence of
the human skull, acoustic cavitation signals emitted from the brain of the rat were observed,
because acoustic cavitation signals reveal microbubble activity and tissue damage during
the BBBD process. Passive cavitation detection (PCD) (V306, Olympus, Waltham, MA,
USA) was used for the acquisition of cavitation signals, and the signals were recorded by
using a DAQ board. For the effective acquisition of various frequency components, such
as harmonic and ultraharmonics induced from a focused transducer of 250 kHz, a PCD
with a center frequency of 1 MHz and a broad bandwidth characteristic (f1: 0.47 MHz,
f2: 3.38 MHz at −20 dB) was used in this study. Cavitation signals were acquired via PCD,
transferred to the DAQ board, and recorded in s.

In this study, acoustic cavitation signals were analyzed according to the existence of
the human skull, and each case was divided as a base case without microbubble injection
to compare cavitation activity by microbubbles. Note that the base case was injected with
saline only. In the case of the base, it was conducted for 10 s before microbubble injection.
Afterward, microbubble injection was performed for 120 s. Thus, a total of 130 segments
(base: 10, microbubble: 120) were recorded for each free field and a human skull.

From these segments, the cavitation dose was derived to quantitatively compare the
cavitation activity, and it was classified as the stable cavitation dose (SCD) with harmonic
frequencies (nfc, n = 2,3,4, . . . ; SCDh) from the transmit frequency (fc) SCD with subhar-
monics (fc/2) and ultraharmonics (nfc/2, n = 3,5,7, . . . ; SCDu), and inertial cavitation dose
(ICD) with broadband noise [32,33]. The calculations were performed using MATLAB
(MathWorks Inc., Natick, MA, USA), and the calculation process of the cavitation dose was
as described below.

First, base and microbubble segments with time-domain type were converted to
frequency spectra using the fast Fourier transform algorithm. To observe the difference of
cavitation activity due to microbubbles, all microbubble segments were subtracted from
the mean value of the base with the 10 segments. Subsequently, the specific band for SCDh
and SCDu were extracted from the frequency spectrum of each segment. In this case, the
ICD was defined as all frequency spectrum noises, except the bands of SCDh and SCDu.
Each cavitation type was calculated using the root-mean-squared area under the frequency
spectrum [34,35].

2.8. Histology

For H&E staining, SD rats were sacrificed 4 h after BBBD. Harvested brains were
embedded in paraffin blocks and serially sectioned at 5 µm thickness in the axial plane.
H&E staining was performed on every 50th section (250 µm apart) using an H&E staining
kit (Vector Laboratories, Inc., Burlingame, CA, USA). The images were recorded using a
slide scanner (Panoramic Scan II, 3D Histech, Budapest, Hungary), and the area of red
blood cells (RBCs) in the sonicated brain region was observed. Histological scoring was
performed on sonicated regions as well as the contralateral area of the opposite hemisphere.
Each section was scored as 0 (n = 0, not detected), 1 (0 < n ≤ 5), 2 (5 < n ≤ 10), or 3 (n > 10)
according to the number of RBCs.

2.9. Statistical Analysis

Statistical analysis was performed using commercial software (IBM Statistical Package
for the Social Sciences 21.0, IBM Corp., Armonk, NY, USA). Differences were considered
statistically significant at p < 0.05.
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2.10. Numerical Simulations of Acoustic Model

The propagation of FUS was simulated in part of the human skull and in the entire rat
head to investigate the transcranial pressure field. Three-dimensional maps of the skull
were extracted from a rat micro-computerized tomography (µ CT) (R_mCT2, Rigaku, Japan)
scan with 0.08× 0.08× 0.08 mm3 resolution and a clinical CT scan (Siemens Biograph mCT,
Erlange, Germany) for the human skull flap with 0.1× 0.1× 0.6 mm3 resolution. The images
were resampled with linear interpolation at 0.17 mm. The skull layer was segmented using
the open-source application of Seg3d, which offers an interactive segmentation function for
image data [36]. The simulations were performed using a k-space pseudospectral method-
based solver, the k-Wave MATLAB toolbox [37]. A linear simulation was performed based
on the assumption that the impact of shear wave propagation was nominal [38,39].

Acoustic simulation with a spherically curved single-element FUS transducer at
250 kHz was modeled in accordance with the transducer configuration used in the exper-
iment. The pulse duration of the sonication was set at 150 µs, and a time step of 16.5 ns
was used to compute the simulation. In the simulations, the volume between the skull and
the transducer was filled with water. The acoustic properties of the skull and the water
are listed in Table 2. For a three-dimensional human skull flap, the heterogeneous acoustic
properties of the speed of sound, density, and attenuation were assumed to be proportional
to the normalized CT Hounsfield units [40]. For the rat head model, the brain and tissues
were assumed to have the sound speed and density of water, and the homogeneous layer
of the rat skull was considered [41–43]. The simulation setup for the anatomical human
skull flap in conjunction with the entire rat skull is plotted for the sound speed field in
Figure 3.

Table 2. Acoustic parameters used for simulation design [44–47].

Speed of Sound (m s−1) Density (kg m−3) Attenuation (dB MHz−1.43 cm−1)

cwater = 1482 ρwater = 1000 αwater = 0.24 × 10−2

cskull, homo = 2850 ρskull,homo = 1732 αskull,homo = 8.83
cskull,hetero = 3100 ρskull,hetero = 2200 αmin,skull,hetero = 12.67, αmax,skull,hetero = 51.42
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3. Results
3.1. Transducer Characteristics

Figure 4 shows the time-domain waveform and its frequency-domain spectrum. The
amplitude of the measured echo signal was 1.0 Vpp at approximately 0.14 ms (Figure 4A).
In the frequency spectrum, the fundamental frequency (f0; 250 kHz) and its second har-
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monic frequency (2f0; 500 kHz) components were sequentially high, and the magnitude
difference between the two frequencies was approximately 10 dB (Figure 4B).
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3.2. Ultrasound Acoustic Characteristic Analysis According to Existence of Human Skull

Ultrasound parameters for safe BBBD in the free field and human skull were deter-
mined based on our previous study using a 1 MHz FUS transducer. First, an ultrasound
power of 0.7 MPa using a 1 MHz FUS transducer was measured as 0.09 W. When 300 mVpp
input voltage was supplied to a 250 kHz FUS transducer, its ultrasound power was mea-
sured as 0.087 W, which is close to 0.09 W. Thus, 300 mVpp was selected as an ultrasound
parameter for safe BBBD in the free field (Figure 5A).

The attenuation rate was measured according to the existence of the human skull, us-
ing equal input parameters (300 mVpp), and was compensated for based on the attenuation
rate in the human skull. For this, a hydrophone was placed inside the human skull, and
a 1 MHz FUS transducer was located outside of the skull. The maximum intensities of
the free field and the human skull were measured as 0.26 MPa and 0.12 MPa, respectively
(Figure 5B–E). Thus, it was confirmed that an attenuation rate of approximately 54% was
observed for the human skull, and 700 mVpp was selected as the optimal input voltage for
the human skull to compensate for attenuation. It was confirmed that a driving voltage of
700 mVpp resulted in 0.116 W of ultrasonic power when considering the human skull.
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3.3. BBBD

In this study, we induced a BBB opening with two FUS parameters (free field, without
human skull, 300 mVpp; human skull, 700 mVpp). The FUS-induced BBB opening at
targeted brain regions was confirmed using T1-weighted contrast-enhanced images and
Evans blue dye-stained brain section images (Figure 6). The MR signal intensity under
sonication conditions was higher than that in the contralateral region in the T1E images.
T2W and SWI MR images were used to evaluate the edema and cerebral microhemorrhages
(Figure 6A,C), respectively. Microscopic edema and cerebral microhemorrhages were
observed in both images. In addition, it was confirmed that the BBB opening was in the
Evans blue dye-stained brain section image (Figure 6B,D). Interestingly, Figure 6B,D show
Evans blue dye leakage at multiple foci. We carried out numerical simulations to explain
this phenomenon. The results of the simulations are presented in detail in Section 3.6,
Acoustic Simulation.
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Figure 6. Representative magnetic resonance (MR) images and Evans blue dye-stained brain sections after FUS-induced the
BBB opening in rats. (A) BBB opening MR result without the human skull for 300 mV input voltage. T1E MR confirmed
the BBB opening. T2W and susceptibility-weighted imaging (SWI) MR images were used to evaluate edema and cerebral
microhemorrhages, respectively. (B) Evans blue dye-stained tissue image confirmed the BBB opening and extravasated red
blood cells (RBCs). (C) BBB opening MR images and (D) Evans blue dye-stained tissue image with the human skull for
700 mV input voltage. Note that areas where a small amount of RBCs were visible are indicated by black arrows.

3.4. Passive Acoustic Cavitation

Acoustic cavitation was analyzed using frequency spectra, spectrograms, and cavita-
tion doses, as shown in Figure 7. Figure 7A–D show the representative frequency spectrum
results in the free field (Figure 7A,B) and human skull (Figure 7C,D). In Figure 7A, in
the free field without microbubbles, harmonic components were received because of the
nonlinear phenomenon only in the medium. However, when microbubbles were injected
(Figure 7B), harmonic components were obtained with a much higher level than that of the
free field without microbubbles case because of the cavitation effect of the microbubbles.
Additionally, the occurrence of ultraharmonic components and broadband noise over the
approximate 0.5–1.5 MHz spectrum indicates that vigorous cavitation activity was gener-
ated. Subsequently, spectrograms were observed in the human skull case (Figure 7C,D). As
expected, the harmonic components declined because of the reflection and attenuation of
the ultrasonic beam by the human skull; however, the number of harmonic components
and acoustic emissions were high in the presence of microbubbles, compared to that in the
base case.

Figure 7A–D are representative images of acoustic cavitation. In other words, they
are results captured in the middle of microbubble injection for 120 s. During the injection,
the magnitude of harmonic components was continuously changed every second. Thus,
analysis of the frequency characteristics is important during the 120 s using spectrogram.
In the case of the free field in the spectrogram, harmonic characteristics similar to Figure 7B
were generated for approximately 40–60 s. However, sub-harmonic characteristics were
not observed at other times. This means that the microbubbles were most active for
approximately 40–60 s in the brains of rats. Therefore, it is important to analyze the
cavitation using spectrogram and cavitation dose parameters.
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These frequency spectra are shown in more detail in the spectrogram derived from
the microbubbles of the free field (Figure 7E) and human skull (Figure 7F). Harmonic
components were observed in the free field during the experiment, and ultraharmonic
components were observed in a bandwidth of approximately 0.625–1.375 MHz. However,
it was difficult to observe harmonic components in the human skull at the same magnitude
scale as that of the free field.

These cavitation characteristics were quantified using the cavitation dose (Figure 7G).
The cavitation dose emissions of SCDh, SCDu, and ICD in the free field were 340.0 mV,
67.6 mV, and 10.4 mV, and those in the human skull were 25.1 mV, 12.7 mV, 10.9 mV,
respectively. Thus, SCDh and SCDu in the human skull decreased by 13.6- and 5.3-fold,
respectively, compared to those in the free field, and ICD in the human skull increased by
1.05-fold compared to that in the free field. These results are similar to those of a previous
BBBD ex vivo study that utilized a human skull fragment.
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3.5. Histological Analysis

H&E histological analysis of the acute specimens revealed that sonication resulted in
either no apparent change in the tissue or some extravasated RBCs, as shown in Figure 8.
Only a few spots had regions with a small number of RBCs, indicated by black arrows in
Figure 8, without visible large vessel ruptures. We performed a histological assessment to
compare tissue damage according to distinct FUS parameters. The characteristics of lesions
induced by BBBD were similar in both tissue slices. As shown in Figure 8, a few RBC
extravasations were detected in the cortex of the sonicated region (Figure 8a,e,g). Within a
lesion, the microvacuolation of tissue was not observed in either condition (Figure 8a–j).
In the parenchyma region, the tissues had no significant extravasated RBCs or microvac-
uolation (Figure 8b,g). The histological results supported the similarity of the applied
ultrasound parameters with and without human skulls.
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Figure 8. Histological analysis of the rat brain sections after FUS induced the BBB opening using
hematoxylin and eosin (H&E) staining. (A) The upper brain was sonicated without the human skull.
The enlarged images showed (a,b) FUS/BBBD regions and (c,d) contralateral regions (scale bar = 50 µm).
(B) The bottom brain was sonicated with the human skull. The enlarged images showed FUS/BBBD
regions (e–g) and contralateral regions (h–j) (scale bar = 50 µm). The black arrow shows cerebral
microhemorrhages induced by FUS. (C) The damage score of H&E staining for each of the FUS groups
was represented by a bar graph. All data are presented as the mean ± standard deviation (n = 3 slides).
n.d., not detected. Analysis of variance with a multiple comparisons test was performed, and the results
are as follows: comparison with contralateral versus FUS/BBBD (p = 0.0014 in the free field, p = 0.0009
in the human skull) and FUS/BBBD in the free field versus FUS/BBBD in the human skull (p = 0.034).
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3.6. Acoustic Simulation

Numerical simulations of the acoustic field were performed to estimate the spatial
profiles of peak pressure after transmission through the human skull with and without
the rat skull, as shown in Figure 9. In the case of the human skull with a full rat skull, by
reproducing the optimal clinical imitation platform, we found considerable interference
patterns with increased peak pressure (0.084 MPa) inside the rat brain when compared
with the transmission through the human skull without the rat skull (maximum pressure:
0.060 MPa). Owing to the importance of rat skull geometry on acoustic interference,
numerical simulations were performed on the human skull with the rat skull, excluding
their bottom or upper halves (Figure 9C,D,G,H). In the human skull with a baseless rat
skull model, we found a comparable intracranial pressure field with the human skull
model, resulting in an intracranial maximum pressure of 0.061 MPa. When we excluded
the upper part of the rat skull, we found interference patterns that were comparable to
the transcranial transmission of both human and entire rat skulls. These results suggest
that rat skull base reflections have a major influence on the interference patterns of the
intracranial pressure field.
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Figure 9. Acoustic distributions at 250 kHz are depicted in (A–D) sagittal and (E–H) coronal views
after transcranial transmission of the (A,E) human skull (B,F) human with rat skull, and human skull
fragment with rat skull excluding their (C,G) bottom or (D,H) upper halves.

4. Discussion

The BBB is an impermeable physical barrier in cerebral blood vessels, consisting of
vascular endothelial cells supported by tight junctions, a basement membrane, pericytes,
and neural cells. The BBB is essential in protecting the brain from toxins and controlling
cerebral homeostasis. However, it is also considered a major obstacle for drug delivery
in the treatment of neurological disorders and brain tumors [48,49]. FUS combined with
microbubbles is considered a promising method to treat these diseases because it can
improve the efficacy of drug delivery to the brain non-invasively and target-specifically.
Although this technique has been applied to a few clinical trials thus far, most of the
research has been conducted as preclinical trials and using small animals. However, a
primary difference in clinical and preclinical environments is the existence of a human
skull. The human skull is thicker than that of a rat, and its thickness is not uniform, which
results in insufficient ultrasound energy at the focal point, a distorted focal region, and a
change in the focal depth due to acoustic attenuation and refraction at the skull. Therefore,
there is a large gap in the optimal sonication parameters between clinical and preclinical
trials, which leads to inconsistencies between the results of clinical and preclinical trials. To
minimize this gap, we constructed a platform that can offer optimal ultrasound parameters
for clinical trials by using a human skull. The proposed platform can be used to predict the
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results of clinical trials in a preclinical environment. In our previous study, the deduction
methods of optimal ultrasound parameters were shown for free field and human skull
cases, based on results using a 1 MHz FUS transducer. Given that each transducer has a
different resonance frequency, it is not possible to derive a parameter for safety, which is the
power per unit area. It must be matched to power, which is the energy per unit of time [50].
These methods are expected to be utilized as a method for optimizing the parameter
derivation between different ultrasound transducers. The optimal input voltages in the
free field and human skull using a 250 kHz FUS transducer were selected as 300 mVpp
(0.087 W) and 700 mVpp (0.116 W), respectively, via the platform, and a 54% attenuation
rate was shown, which is consistent with other studies on BBBD through the human skull.
These attenuation rates are similar to those of other experimental results using the human
skull [51].

Among the experimental results, SCDh and SCDu in the human skull decreased by
13.6- and 5.3-fold compared to those in the free field; however, ICD in the human skull
increased by 1.05-fold compared to that in the free field. Generally, the SCD series and ICD
are used as indicators to monitor the conditions of microbubbles. Specifically, SCD is used
to monitor the stability of microbubbles, and ICD is used to observe the inertial conditions
of microbubbles [22,52]. Considering this, SCDh and SCDu showed a large difference
according to the existence of the human skull, whereas ICD in the human skull showed a
similar value to that in the free field. This means that the ICD dose can be used to predict
the inertial cavitation characteristics in clinical trials. In other words, the free field and
human skull were assumed to be preclinical and clinical trial environments, respectively,
in our experiment. If the ICD doses are similar in both cases, the derived guidelines from
preclinical trials can be directly applied in clinical trials. Although our acoustic cavitation
dose results may not have statistical significance, the trend according to the existence of
the human skull is consistent with prior results.

The second harmonic frequency of the ultrasound transducer used in this study
had a magnitude of approximately −10 dB. A quantitative analysis of the cavitation
dose according to the magnitude of this harmonic frequency is necessary for accurate
BBBD evaluation.

When analyzing the MR images, Evans blue dye, and histology based on the cavitation
dose, BBBD was observed. Indeed, we studied the long-term effects of BBBD in our
previous study, showing that the brain was restored to a normal state within 72 h after
BBBD [53]. Furthermore, our ultrasound parameters were derived based on previous
results using a 1 MHz FUS transducer. Based on these parameters, if precise output control
of the transducer is performed, safe BBBD induction is possible.

Interference patterns were observed in MR images and Evans blue dye. To analyze
the cause of this phenomenon, four numerical simulations were performed: one behind
the human skull, one behind the human skull with the rat skull (reproducing the optimal
experiments), one behind the human skull with the upper half of the rat skull, and one
behind the human skull with the bottom half of the rat skull. Using different simulation
settings, we explored the impact of the existence of the rat skull on the clinical validation
platform. The spatial profiles of the peak pressure are shown in Figure 9A,B for the
human skull with and without a full rat skull. The human skull with a full rat skull
showed considerable interference patterns with increased intracranial peak pressure. These
patterns arose in the full rat skull and the bottom part as well, suggesting that the bottom
part of the rat skull was the primary cause of standing waves. Furthermore, earlier
simulation studies on low-frequency FUS have shown that the acoustic field is much
more complex than a single localized spot at the geometric focus because of the presence
of standing waves [54,55]. Constans et al. investigated the effects of low-intensity FUS
after transmission through rat and macaques using a quadri-band transducer capable
of operating at 200 kHz, 320 kHz, 850 kHz, and 1380 kHz and reported a 4-fold higher
ratio of the standing wave at 200 kHz compared to 1380 kHz in the rat. Similarly, Younan
et al. reported a 1.8-fold increase in peak pressure inside the rat head compared to the
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free field, owing to the reverberations of the ultrasound wave [54]. Therefore, interference
patterns with increased pressure in the human and rat skull models were owing to the
small thickness of the rat skull with respect to wavelength; thus, the interference patterns
should be much lower in the full human skull because of its larger size. For this reason,
although minor edema and microhemorrhage in the brain were observed in our study, it is
expected that the risk to humans is negligible.

In our experiment, a limited number of subjects was used for cavitation acquisition,
MRI, and histology. Therefore, although our experimental results agree with those of earlier
studies, further studies are required to secure statistically significant results.

5. Conclusions

BBBD was analyzed according to the existence of the human skull using the developed
clinical validation platform. In our study, the difference in the human skull was confirmed
using MR images and cavitation dose. Some damage occurred in the brain tissue; however,
we also proposed a method to optimize ultrasound parameters that can minimize this
damage. Although the interference pattern was generated by the rat skull because of its
small size and low center frequency, if the experiment is conducted using medium or large
animals, it is expected that more accurate BBBD results can be obtained using our platform
because of the similarity in size of the target and human skulls.
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