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In vitro and in vivo characterization of a cranial window
prosthesis for diagnostic and therapeutic cerebral
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OBJECTIVE The authors evaluated the acoustic properties of an implantable, biocompatible, polyolefin-based cranial
prosthesis as a medium to transmit ultrasound energy into the intracranial space with minimal distortion for imaging and
therapeutic purposes.

METHODS The authors performed in vitro and in vivo studies of ultrasound transmission through a cranial prosthesis.
In the in vitro phase, they analyzed the transmission of ultrasound energy through the prosthesis in a water tank using
various transducers with resonance frequencies corresponding to those of devices used for neurosurgical imaging and
therapeutic purposes. Four distinct, single-element, focused transducers were tested at fundamental frequencies of 500
kHz, 1 MHz, 2.5 MHz, and 5 MHz. In addition, the authors tested ultrasound transmission through the prosthesis using a
linear diagnostic probe (center frequency 5.3 MHz) with a calibrated needle hydrophone in free water. Each transducer
was assessed across a range of input voltages that encompassed their full minimum to maximum range without wave-
form distortion. They also tested the effect of the prosthesis on beam pressure and geometry. In the in vivo phase, the
authors performed ultrasound imaging through the prosthesis implanted in a swine model.

RESULTS Acoustic power attenuation through the prosthesis was considerably lower than that reported to occur
through the native cranial bone. Increasing the frequency of the transducer augmented the degree of acoustic power
loss. The degradation/distortion of the ultrasound beams passing through the prosthesis was minimal in all 3 spatial
planes (XY, XZ, and YZ) that were examined. The images acquired in vivo demonstrated no spatial distortion from the
prosthesis, with spatial relationships that were superimposable to those acquired through the dura.

CONCLUSIONS The results of the tests performed on the polyolefin-based cranial prosthesis indicated that this is a
valid medium for delivering both focused and unfocused ultrasound and obtaining ultrasound images of the intracranial
space. The prosthesis may serve for several diagnostic and therapeutic ultrasound-based applications, including bed-
side imaging of the brain and ultrasound-guided focused ultrasound cerebral procedures.
https://thejns.org/doi/abs/10.3171/2019.10.JNS191674
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nologies have a multitude of uses in the manage-
ment of neurological disorders. However, the hu-
man skull reflects or absorbs a large amount of ultrasonic
energy,>*3 which significantly hampers acoustic trans-
mission between external transducers and intracranial
structures.’>¥ Experimental studies have demonstrated

D 1aGNosTIC and therapeutic ultrasound (US) tech-

that the transmission of US beams through the skull is ex-
tremely low."> Also, focusing US for therapeutic purposes
requires complex corrections of phase distortions of the
US beams that are caused by the skull.® To improve the
passage of US to the brain, the presence of an acoustic
window would be extremely advantageous from both a di-
agnostic and a therapeutic standpoint. Acoustic windows

ABBREVIATIONS BBB = blood-brain barrier; FWHM = full width half maximum; PMMA = polymethyl methacrylate; US = ultrasound.
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are naturally present in the adult human skull, where bone
is thinner, such as the temporal bone area, but they are
limited in their extension and permit only a narrow and
degraded view of intracranial structures. Therefore, some
authors have sought to replace part of the skull with mate-
rials that are more permeable to acoustic energy.*!>*# Vari-
ous materials have been tested for this purpose, including
multiple plastics and ceramics.*'>343 In these studies, ma-
terials were tested mostly for delivering US with therapeu-
tic aims, such as for the ablation of intracranial tumors,
whereas intracranial diagnostic imaging applications have
had little consideration.

In the present study, we use an implantable biocompat-
ible polyolefin-based prosthesis (TM, InTra.) as a medium
to transmit US into the intracranial space with minimal
distortion for imaging and therapeutic purposes.

In the first phase of the study, we tested the propagation
of US in vitro through the prosthesis by using various US
transducers. In the second phase, in order to validate the
prosthesis for intracranial imaging, we implanted the pros-
thesis in a swine model (Sus scrofa domesticus), which,
due to its size and large gyrated brain, is a well-suited
model for human brain research?® and can be conveniently
imaged with conventional human US transducers. Finally,
we discuss the possible future diagnostic and therapeutic
neurosurgical applications of such an acoustically perme-
able prosthesis.

Methods

Study Design

A 2-phase study was conducted in an effort to analyze
in vitro the transmission of US through a sonolucent bio-
compatible cranial prosthesis made of a polyolefin-based
material, and to investigate in vivo whether it may be a
useful window for visualizing the intracranial space with
current US technologies. The first phase of the study was
conducted in a water tank to test the acoustic impedance
of the prosthesis with various US transducers registered
with a needle hydrophone, whereas the second phase was
aimed at testing US imaging in vivo using a swine model.

Biocompatible Cranial Prosthesis Properties

In vitro power transmission tests and in vivo imaging
were performed on sterilizable, 4-mm-thick, 3 x 6—cm
and 4 x 4—cm pieces of polyolefin polymers. The material
was produced by machining. The density and porosity of
the materials were 0.93/cm?® and 0.44 g/cm?, respectively.

Phase 1: In Vitro Acoustic Analysis (Water Tank)
Empirical Acoustic Field Mapping

We measured the characteristics of each transducer in
free water and through a 3 x 6—cm, 4-mm-thick polyole-
fin-based polymer prosthesis in an acoustic test tank filled
with deionized, degassed, and filtered water (Precision
Acoustics Ltd.). A calibrated hydrophone (HNR-0500,
Onda Corp.) mounted on a motorized stage was used to
measure the pressure profile from the US transducer (Fig.
1A). All scans were performed at 100-um spatial resolu-
tion. Waveforms were generated using a function genera-
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tor (AFG 3022C, Tektronix) and fed into a class A, 100-W,
50-dB linear amplifier (2100 L, E&I) that powered the
transducers. Waveforms were viewed and stored using an
oscilloscope (DSO x 3012T, Keysight Technologies). All
acquisition was conducted and controlled by an US mea-
suring system (Precision Acoustics Ltd.) (Fig. 1A). Data
from the acquisition system were analyzed using custom
scripts written in MATLAB (MathWorks). We collected
data from 4 focused, single-element transducers (500 kHz,
1 MHz, 2.5 MHz, and 5 MHz), as well as a clinical scan-
ner (ECO6 US system; 5.3-MHz linear probe L7M [Chi-
son]). The 500-kHz transducer was a custom-made @30-
mm focused transducer that we have used in previous neu-
romodulation studies.!*-?” The 1-MHz transducer was an
H-102 1.1-MHz, @64-mm, 63.5-mm focused transducer
(Sonic Concepts); the 2.5-MHz transducer was an H-111
2.5-MHz, @25-mm, 35-mm focused transducer (Sonic
Concepts); and the 5-MHz transducer was a V310-N-SU
5-MHz, ¥6.35-mm, 20-mm focused transducer (Olympus
Corp.). For each transducer, prior to formal data collection,
the US beam maximum was searched for in free water. We
then conducted X, Y, and Z linear scans, a voltage sweep,
and a planer XY scan in free water. For Z linear scans us-
ing the 500-kHz, 2.5-MHz, and 5-MHz transducers, the
hydrophone was brought to a point 5 mm from the exit
plane of the transducer to allow for the same Z scan when
the prosthesis was placed between the exit plane and the
hydrophone (Fig. 1B). This was not possible for the 1-MHz
test as the diameter of the transducer was larger than the
prosthesis and did not permit this configuration. Instead, a
coupling cone with an offset of 35 mm (that corresponded
to the focal length) from the exit plane was used and was
able to be placed on the prosthesis. In all cases, free-water
scans were acquired prior to the prosthesis scans, and no
parameters were changed between the free-water scan and
the prosthesis scan. All free-water and prosthesis scans for
each transducer were collected on the same day in consec-
utive order. After all free-water scans, the prosthesis was
carefully positioned 3 mm in the Z axis from the exit plane
of the transducer and centered in X and Y planes. All X, Y,
and Z linear scans and the XY planar scan were obtained
at a 50-mVpp input voltage except for the 2.5-MHz trans-
ducer test, which was collected at 20 mVpp.

Phase 2: In Vivo Swine Model
Study Design

This part of the study was approved by the Institution-
al Care and Animal Use Committee at the University of
Virginia. Procedures were performed in the University
of Virginia animal surgery suite. Two female Yorkshire
swine (Sus scrofa domesticus) weighing 25-30 pounds
and being 6—7 weeks of age were used in this experiment.
We performed intraoperative US evaluation of healthy pig
brains following a wide frontoparietal craniectomy pro-
cedure. US assessment was carried out in two different
conditions. At first, the US diagnostic probe was held on
the intact dura. Next, a polyolefin-based cranial prosthe-
sis was placed in the cranial defect, and images were ac-
quired through the prosthesis, which therefore served as
an acoustic window (Fig. 2A and B).
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FIG. 1. A: Schematic of the recording setup. B: Photographs showing the relative position of the transducer (2.5 MHz), prosthesis
(white), and hydrophone. Note that there is slight distortion in the photograph on the right side due to the refraction of light in water.
Figure is available in color online only.
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FIG. 2. A: The prosthesis is placed in the bony window created using a wide frontoparietal craniectomy. B: Sonographic images
are obtained through the prosthesis and sonographic gel. C: In this pig, the prosthesis was removed at 8 weeks after implantation.
No significant bony overgrowth or periprosthetic scar was evident. D and E: Sonographic images of the swine’s brain obtained
through the meninges (D) and the prosthesis (E). The thalamus (%), cingulate gyrus (empty circle), lateral ventricle (asterisk), and
the corpus callosum (cross) are readily identifiable on both images. In these sonographic images (D and E), the prosthesis was
free floating (B) or fashioned to fix precisely in the cranial defect to eliminate movement (C). We envision that it would be possible
to fix the prosthesis to the surrounding natural bone with nonabsorbable sutures or titanium miniplates and screws, which can be
easily inserted into the prosthesis. Figure is available in color online only.

Anesthesia and Surgery

Prior to treatment, the pigs were sedated with a sin-
gle intramuscular injection of tiletamine (Telazol 6 mg/
kg) mixed with xylazine (2.2 mg/kg), followed by en-
dotracheal intubation. Anesthesia was maintained with
a continuous infusion of propofol at 10 mg/kg/hr. Ani-
mals were placed on a ventilator (10-ml/kg tidal volume)
at a rate of 18 breaths/min. An intravenous catheter was
placed in the marginal vein of each ear. Vital signs were
monitored throughout the entirety of the procedure. After
anesthetization, a U-shaped incision was made in order
to reflect the scalp posteriorly, and a 4 x 4—cm craniecto-
my (matching the dimensions of the prosthesis) centered
on the bregma was performed with a high-speed drill in
order to create space for the prosthesis. Bone removal
involved the flat surface of the parietal and frontal bone
bilaterally, so as to allow imaging of the ventricles and of
the diencephalic structures in each pig. The dura was kept
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intact. Thereafter, the cranial prosthesis was placed in the
bony window.

Ultrasound Evaluation

For US imaging, we used an US system equipped with
a multifrequency linear probe (ECO6 US system; 2- to
7-MHz linear probe L7M [Chison]). At first, the probe
was placed over the external surface of the dura to ac-
quire baseline bidimensional-mode (B-mode) images in
both coronal and sagittal orientations. A frequency of 5.3
MHz was chosen to image the brain, as this allowed us to
obtain good anatomical detail with sufficient depth imag-
ing (maximum depth 4.9 cm). With this frequency, a mor-
phological qualitative analysis of the swine brain anatomy
was performed. Two-dimensional images of the cortex,
ventricles, and subcortical brain regions were acquired.
A second imaging session was performed after the pros-
thesis had been placed into the bone defect (Fig. 2D and
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FIG. 3. A: Average pressure attenuation in decibels through the prosthesis as compared to free water across the full input voltage
range. B: Normalized pressure attenuation at maximum input voltage. C: FWHM cross-sectional XY pressure area at Z focus
normalized to free-water values (= 1). D: Absolute translation of centroid of FWHM pressure area from data in C through the pros-
thesis as compared to free-water measurements. Negative values represent being closer to the transducer exit plane.

E). The same frequency of the previous imaging session
(5.3 MHz) was chosen, and images corresponding to those
of the baseline session were acquired by orienting the US
probe in the same planes and directions. Subsequently, the
two image sets were compared to detect qualitative differ-
ences. Following surgery and US evaluation, the pigs were
euthanized with intravenously administered pentobarbital
(140-160 mg/kg).

Results
Preclinical Acoustic Analysis

We tested 4 different single-element focused transduc-
ers at fundamental frequencies of 500 kHz, 1 MHz, 2.5
MHz, and 5 MHz, as well as a linear diagnostic probe
(center frequency 5.3 MHz) with a calibrated needle
hydrophone, in free water and through a 4 x 4—cm and
4-mm-thick polyolefin prosthesis. We tested the effects
of the prosthesis on pressure and beam geometry. For all
transducers tested, the prosthesis resulted in a decrease
in maximum pressure. Pressure attenuation at maximum
input voltage was —0.484 dB, —1.239 dB, —1.448 dB, and
—2.02 dB for the 500 kHz, 1 MHz, 2.5 MHz, and 5 MHz
transducers, respectively (Fig. 3A, Table 1). We tested
each transducer across a range of input voltages that en-
compassed their full minimum to maximum range with-
out waveform distortion. The mean attenuation across this

range was —0.567 +0.023 dB,-1.29dB +0.02 dB, -1.1 dB
+0.03 dB, and -1.79 + 0.02 dB for 500 kHz, 1 MHz, 2.5
MHz, and 5 MHz, respectively (Figs. 3B, 4-6, and 7A-C,
Table 1). The low variability demonstrates that the attenu-

TABLE 1. Pressures and attenuation for the various frequency
transducers tested

Free Water ~ Prosthesis  Difference

Frequency (kPa) (kPa) (kPa) dB
Maximum input voltages

500 kHz 794.5 710.7 83.79 -0.484

1 MHz 5256.3 3951.1 1305.2 -1.239

2.5MHz 3256 2332.6 923.48 -1.448

5MHz 141.28 88.73 52.55 -2.02
Average input voltages from full minimum to maximum range

500 kHz 381.76 335.17 46.59 -0.567

1 MHz 1297.9 964.86 333.04 -1.29

2.5 MHz 1019.8 791.85 227.95 -1.102

5MHz 1721 114.06 58.04 -1.789

Values were recorded at the maximum input voltage and as an average of
arange of input voltages that encompassed their full minimum to maximum
range.
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FIG. 4. Data for the 500-kHz transducer. A: XY cross-sectional pseudocolor pressure profiles at Z maximum. B: FWHM outline of
the pressure map (/arge circles) and corresponding centroid (small circles). C: YY plot showing pressure in pascals (blue values)
and attenuation through the prosthesis as compared to free water in decibels (red values) as a function of input voltage. The

solid line is the recording in free water and the dashed line is the recording through the prosthesis. D: Pressure scan in Z access
normalized to peak pressure. Zero on the X axis denotes a pressure peak in the Z plane found in free water. Negative values
represent being closer to the transducer exit plane. Figure is available in color online only.

ation is roughly linear and stable across increasing input
voltages up to the maximum for each transducer (Figs. 4C,
5C, 6C, and 7C). We also tested the effect of the prosthesis
on the US beam geometry, including full width half maxi-
mum (FWHM) XY cross-sectional area, beam centroid
translation, and Z axis focal length at a single input volt-
age. We found the prosthesis to increase the FWHM cross-
sectional area for all transducers (Fig. 3C). Increases were,
respectively, for 500 kHz, 47.23 versus 50.64 cm? (7.2%);
for 1 MHz, 3.82 versus 4.14 cm? (8.4%); for 2.5 MHz, 1.55
versus 1.60 cm? (3.23%); and for SMHz, 7.84 versus 8.17
cm? (4.2%) (Figs. 3-5 and 6A and B). The translation of
the centroid of the beam in the XY plane was 1.112 mm,
0.332 mm, 0.114 mm, and 0.494 mm for 500 kHz, 1 MHz,
2.5 MHz, and 5 MHz, respectively (Figs. 3D, 4—6, and
7A and B). Finally, we performed line scans in the Z axis

6 J Neurosurg January 3, 2020

and found the prosthesis to translate the Z axis location of
maximum pressure 0 mm, —3.5 mm, —3.0 mm, and -2.0
mm for the 500-kHz, 1-MHz, 2.5-MHz, and 5-MHz trans-
ducer, respectively (Figs. 4-6 and 7D).

Clinical Transducer

For the linear clinical probe, we measured the XY pres-
sure map at the indicated focal length and a Z line scan
to assess how the prosthesis affects the area and Z axis
pressure profile. We found that the prosthesis resulted in a
decrease in area of the FWHM of the pressure map at the
Z focus from 404.85 mm? to 206.45 mm? (Fig. 8A and B).
Interestingly, the pressure profile in the Z axis was con-
siderably different through the prosthesis as compared to
free water, where the pressure increased about 5 mm in the
Z axis around for the prosthesis scan relative to the free-
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FIG. 5. Data for the 1-MHz transducer. A: XY cross sectional pseudocolor pressure profiles at Z maximum. B: FWHM outline of
the pressure map (/arge circles) and corresponding centroid (small circles). C: YY plot showing pressure in pascals (blue values)
and attenuation through the prosthesis as compared to free water in decibels (red values) as a function of input voltage. The
solid line is the recording in free water and the dashed line is the recording through the prosthesis. D: Pressure scan in Z access
normalized to peak pressure. Zero on the X axis denotes a pressure peak in the Z plane found in free water. Negative values
represent being closer to the transducer exit plane. Figure is available in color online only.

water scan (Fig. 8D). This is evident in the pseudocolor
XY (Fig. 8A and B), where the pressure is more uniform
across the Y axis for the prosthesis as compared to the free
water that displays peak pressures at the ends of the Y axis
only. As tested here, the prosthesis appears to shorten the
field in the X axis, which creates a more uniform pressure
profile and smaller FWHM area.

In Vivo Ultrasound Imaging

We obtained B-mode US images in all cases after the
craniectomy, both with direct transdural insonation and
through the prosthesis serving as an acoustic window. The
images were obtained in the same coronal plane for direct
comparison and were evaluated by two expert sonogra-
phers (F. Prada and F. Padilla). Comparing transdural and

transprosthesis imaging, a considerable anatomical corre-
lation was found, with no distortion in terms of depth and
structure echogenicity and with complete correspondence
of anatomical structure location (Fig. 2D and E). The res-
olutions of the images obtained in both conditions were
comparable. In the images obtained with the prosthesis
placed in the cranial defect, we observed a small degree
of lateral attenuation in the most peripheral areas of the
ultrasonic field.

Discussion

The results of our study show that US can be effectively
transmitted through a polyolefin-based cranial prosthesis,
which may be implanted for both US-based diagnostic im-
aging and therapeutic purposes. In vitro, we found low at-
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FIG. 6. Data for the 2.5-MHz transducer. A: XY cross-sectional pseudocolor pressure profiles at Z maximum. B: FWHM outline of
the pressure map (large circles) and corresponding centroid (small circles). C: YY plot showing pressure in pascals (blue values)
and attenuation through the prosthesis as compared to free water in decibels (red values) as a function of input voltage. The

solid line is the recording in free water and the dashed line is the recording through the prosthesis. D: Pressure scan in Z access
normalized to peak pressure. Zero on the X axis denotes a pressure peak in the Z plane found in free water. Negative values
represent being closer to the transducer exit plane. Figure is available in color online only.

tenuation and adequate transmission of US energy through
various combinations of US frequencies and transducers.
Most notably, we tested transducers and frequencies that
are used for preclinical focused US—based research appli-
cations and clinical neurosurgical practice. In an in vivo
swine model, our prosthesis allowed for sonographic im-
aging of the intracranial space without image distortion,
although a small degree of lateral attenuation was present
in the most peripheral areas of the ultrasonic field. Nev-
ertheless, this is a drastic improvement from what is ex-
pected when performing US imaging through the human
skull.1215

The complex microarchitecture of the bones of the
skull causes strong acoustic energy attenuation, which, in
conjunction with the large discrepancies in acoustic im-
pedances existing between the skin, the bone, and brain

8 J Neurosurg January 3, 2020

tissues, results in a drastic reduction of the transmission of
ultrasonic energy propagating transcranially.®'>¥ Attenua-
tion is mostly due to absorption and scattering of ultrasonic
waves.!2!3 Scattering is particularly relevant in the network
of pores and trabeculae of the skull and plays the most
important role in impeding transcranial US transmission,
especially for beam frequencies used in diagnostic sono-
graphic imaging (because the typical size of the trabecu-
lar structures of the diploe is 1 mm, this heterogeneity of
the bony structure becomes more relevant for frequencies
higher than 1 MHz). This effect is due to the inhomogene-
ity of the cancellous bone of the skull, as small regions
with different acoustic properties from surrounding areas
tend to scatter the incident waves in all directions, result-
ing in a loss of acoustic intensity. Conversely, absorption,
which mostly takes place in the cortical bone, has a lesser
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FIG. 7. Data for the 5-MHz transducer. A: XY cross-sectional pseudocolor pressure profiles at Z maximum. B: FWHM outline of
the pressure map (/arge circles) and corresponding centroid (small circles). C: YY plot showing pressure in pascals (blue values)
and attenuation through the prosthesis as compared to free water in decibels (red values) as a function of input voltage. The
solid line is the recording in free water and the dashed line is the recording through the prosthesis. D: Pressure scan in Z access
normalized to peak pressure. Zero on the X axis denotes a pressure peak in the Z plane found in free water. Figure is available in

color online only.

impact on attenuation of the US beams traversing the hu-
man skull.!>%

In order to avoid the attenuation of US beams caused
by the skull, and to subsequently improve the diagnostic
and therapeutic possibilities of transcranial US, the cra-
nial prosthesis that we developed is composed of a dense,
low-porosity polymer with acoustic properties favorable
for this purpose. Additionally, it has a homogeneous arti-
ficial structure and therefore a predictable interaction with
acoustic beams along its entire surface.

We observed that increasing the US frequency aug-
mented the degree of acoustic power loss, although this
attenuation was still low compared to that caused by native
cranial bone, which is known from in vitro studies to be
high."? Importantly, this loss was linear for all transducers
tested with increasing input voltage. Even with this effect,
when the highest frequency was tested, the US energy de-

livered was sufficient for accurate imaging of the brain and
is sufficient for low-intensity focused US—based research
and clinical applications.?2

In contrast to what is seen with the human skull, we
noted that the degradation and distortion of the US beams
passing through the prosthesis were minimal.® The amount
of shift of the US beams caused by the prosthesis was ap-
proximately 1 mm in the 3 planes that were examined. This
degree of accuracy remained consistent across all transduc-
ers of different frequencies used in the experiment, which
is demonstrated in Figs. 3—6. Since we used a low-end US
probe, imaging quality was not optimal, and the sectional
plane was not identical; however, the images acquired in
vivo demonstrate little spatial distortion from the prosthe-
sis and provide anatomical details and spatial relationships
similar to those acquired through the dura (Fig. 7).

The technique of replacing the skull with materials
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that are more permeable to US is not new. However, in
the past, this technique was mostly used to deliver US
beams to the brain with a therapeutic intent, rather than
to obtain images for diagnostic and monitoring purposes.
Various materials have been proposed to serve as cranial
acoustic windows, mainly plastics and ceramics.*¢!43443
The most comprehensive effort in this sense was per-
formed in 1987 by Tobias and colleagues,* who studied
the acoustic properties of different biocompatible materi-
als in vitro in order to deliver focused US to the brain to
attain localized hyperthermia. These authors considered
various properties of the prosthetic material, including
the amount of energy attenuation when transmitting US
transcranially; the spatial distortion of the US field and
translation of its focal point; the mechanical stability of
the materials; and the temperature changes occurring in
the materials. Among the 4 different plastics analyzed,
including high-density polyethylene, acrylic, polystyrene,
and a commercial polymethyl methacrylate (PMMA), the
material that performed best in transmitting US was high-
density polyethylene. This material transmitted the high-
est percentage of incident power, did not reach danger-
ous temperatures with the delivery of ultrasonic energy
through it, did not overheat the underlying brain, and did
not translate the US focus. On the contrary, commercial-
ly available PMMA allowed for the passage of the least
amount of incident acoustic power (88% energy transmit-
ted through a 1-mm-thick polyethylene prosthesis vs 44%
through a PMMA-based commercial cranioplasty mate-
rial), thus ranking the worst material for a cranial acoustic
window.#

Another approach for the transcranial delivery of
acoustic energy to the brain has been to directly implant
small, unfocused US transducers into the skull.® This de-
vice avoids the obstacles posed by the bone in transmit-
ting US, and it has been used in synergy with microbubble
injection to transiently open the blood-brain barrier (BBB)
in and around brain tumors in order to enhance the uptake
of chemotherapeutic drugs by neoplastic cells.® This sys-
tem for disrupting the BBB has been demonstrated to be
feasible and safe in experimental animal models and re-
cently also in humans harboring cerebral high-grade glio-
mas.!*2 However, it is designed exclusively for therapeutic
purposes and does not offer any possibility to image the
brain.

More recently, Gutierrez et al. proposed the use of a
pore-free transparent nanocrystalline 8-mol% yttria-stabi-
lized zirconia ceramic implant to function as an optical/
structural cranial implant and serve as a cranial window to
the brain. They tested prostheses of different densities and
porosities, demonstrating that fully dense prostheses (with
the lowest-porosity ceramic) transmitted US energy more
efficiently. This is in agreement with our choice to implant
a material with minimal porosity.”

Finally, some authors have attempted to image the brain
with US through commercially available cranioplasties
made of polyether ether ketone** or PMMA..# Preliminary
results showed that these materials have greater US per-
meability than the native cranial bone and may allow for
diagnostic US in order to identify intracranial anatomical
structures (although with low resolution). However, an in-
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depth analysis of the acoustic properties of these materials
has not been conducted yet.

All of the aforementioned studies provide a glimpse
of the possible future applications of implantable cra-
nial acoustic windows in neurosurgery. These implants
make it possible to image the intracranial space with a
fast, easy-to-use, and relatively inexpensive technology.
More advantageously, these examinations could be per-
formed at the bedside, as sonography obviates the need
for patient transportation. Costs may also be reduced as
expensive imaging procedures, such as CT and MRI, may
be avoided when US is an option. Of note, as shown by
intraoperative imaging studies, sonographic imaging has
a spatial resolution on par with that of MRI, if a cranial
window is present.¥4° However, these studies are limited
to an intraoperative examination, as they are performed
through a temporary acoustic window. On the other hand,
this prosthesis could be used as a permanent cranial win-
dow through which the patient’s intracranial space is
monitored. In this setting, US could be used to quickly
and conveniently make specific clinical determinations,
such as the efficacy of adjuvant therapies following tumor
removal, ventricular size variation in patients with hydro-
cephalus, and cerebral blood vessel anatomy and flow.?
These types of acoustic windows could also be used, for
example, to measure the response of intracranial tumors to
antiangiogenetic and antivascular drugs when using US.
This approach, referred to as contrast-enhanced US, con-
sists of a new functional technique that enables a quantita-
tive assessment of tumor perfusion using a mathematical
model to analyze raw linear US data. Contrast-enhanced
US has already been added to dedicated guidelines for
the assessment of response to treatment in solid tumors
(the European Federation of Societies for Ultrasound in
Medicine and Biology guidelines on the clinical practice
of contrast-enhanced US in 2011-2017 and the World Fed-
eration for Ultrasound in Medicine and Biology guidelines
in 201273641 and, with the aid of our prosthesis, it could
be extended to the assessment of the response to treatment
of brain tumors.??*

From a therapeutic standpoint, US has been used for
generating therapeutic lesions within maladaptive cere-
bral circuits,>!!?2 ablating brain tumors,®* opening the
BBB to enhance drug delivery,” dissolving emboli dur-
ing cerebral infarction,” and sensitizing tumor cells to
radiotherapy and chemotherapy,” as well as for transient
low-intensity US-based neuromodulation.*>?* There are
several additional novel indications for therapeutic US that
are still emerging.'®* However, as for imaging purposes,
the main limitation for the delivery of US into the brain
for ablation or other therapeutic applications is the skull,
especially when high intensities are required, such as for
thermal ablation.!®3% At first, the bone was removed for
single-application, high-intensity therapies.'®?! Thereaf-
ter, the development of special hemispheric phased-array
transducers coupled with MRI guidance and rigid skull
fixation has allowed for the delivery of focused US energy
through the intact skull without damaging the interven-
ing brain parenchyma or overheating the skull. Despite its
completely external nature, however, this system has sev-
eral limitations. These include the small dimension of the
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focus, which makes the ablation of large volumes of tissue
difficult and time consuming, and the ability to effectively
treat only centrally located intracranial regions (where US
can be focused optimally). The currently proposed solu-
tions to overcome these issues consist of enhancing the
effect of US with externally delivered agents, such as pre-
formed microbubbles,* inserting probes interstitially,”* or
using very short pulses to fractionate and liquefy tissue
volumes.* An implanted cranial window would allow for
the repeated delivery of focused and unfocused US beams
with little attenuation and direct, real-time US guidance
for ablative or therapeutic applications without the need for
large hemispheric transducers, interstitial probes, or agents
that enhance the action of US. An acoustic window would
also allow the delivery of sufficient energy for the ablation
of peripherally located intracranial regions. This would
result in an extension of the “treatment envelope” of the
currently available devices for MRI-guided focused US.'0

Limitations

In our study, we did not evaluate the effect of prosthesis
thickness on US transmission. Also, we did not assess ther-
mal changes occurring within the prosthesis. Overheating
could indeed lead to damage of the underlying meninges
and cerebral cortex. In addition, we did not evaluate the
ability of the prosthesis to protect the brain from direct
force. However, polyethylene-based prostheses are able to
withstand most common impacts that a person may en-
counter, and the strength of this material is witnessed by
its routine use in orthopedic implants.>* We did not assess
imaging through the prosthesis with the skin closed. The
skin is known to be very permeable to US, as demonstrat-
ed by multiple thoracic and abdominal sonographic imag-
ing studies performed over several decades.**

Further studies will need to be performed by taking
these details into account. Subsequent investigations will
also have to assess specific ultrasonography applications
through the prosthesis in preclinical models, including
imaging and therapeutic low-intensity and high-intensity
US-based applications (BBB opening, contrast ultraso-
nography, vascular micro-Doppler, neuromodulation, and
focused US thermal ablation). Imaging will also have to be
performed with high-end US instruments to better deter-
mine the detail of sonographic images that can be obtained
when imaging through the prosthesis, as well as more ad-
vanced imaging modalities such as contrast-enhanced US
and elastography.’ Finally, the prosthesis will have to be
tested in human subjects.

Conclusions

Our cranial prosthesis has been shown to be a valid
medium for the intracranial delivery of both focused and
unfocused US and for imaging the intracranial space with
US. Importantly, we studied the same transducers and
US parameters that are currently used for diagnostic and
therapeutic neurosurgical applications. Transmission of
US energy through the prosthesis was successfully per-
formed with a significantly lower energy attenuation than
that reported to occur through the native cranial bone. In
addition, focused delivery of US through the prosthesis

12 J Neurosurg January 3, 2020

was accurate both in vitro and in vivo. These results were
consistent across all different frequencies and transduc-
ers used, suggesting that the prosthesis could be used in
several diagnostic and therapeutic US-based applications,
including bedside imaging of the brain and focused US
ablation or neuromodulation.
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