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Background: Previously, sonographic evaluation of the intracranial contents was limited to intraoperative use following bone flap
removal, with placement of the probe directly on the cortical surface
or through a transsulcal tubular retractor. Cranioplasty with sonolucent implants may represent a postoperative window into the
brain by allowing ultrasound to serve as a novel bedside imaging
modality. The potential sonolucency of various commonly used
cranial implant types was examined in this study.
Methods: A 3-phase study was comprised of cadaveric evaluation
of transcranioplasty ultrasound (TCU) with cranioplasty implants
of varying materials, intraoperative TCU during right-sided
cranioplasty with clear implant made of poly-methyl-methacrylate
(PMMA), and bedside TCU on postoperative day 5 after cranioplasty.
Results: The TCU through clear PMMA, polyether-ether-ketone,
and opaque PMMA cranial implants revealed implant sonoluceny,
in contrast to autologous bone and porous-polyethylene.
Intraoperative ultrasound via the clear PMMA implant in a
single patient revealed recognizable ventricular anatomy.
Furthermore, postoperative bedside ultrasound in the same
patient revealed comparable ventricular anatomy and a small
epidural fluid collection corresponding to that visualized on an
axial computed tomography scan.
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Conclusion: Sonolucent cranial implants, such as those made of
clear PMMA, hold great promise for enhanced diagnostic and
therapeutic applications previously limited by cranial bone.
Furthermore, as functional cranial implants are manufactured
with implantable devices housed within clear PMMA, the
possibility of utilizing ultrasound for real-time surveillance of
intracranial pathology becomes much more feasible.
Key Words: Cranioplasty, implant, poly-methyl-methacrylate,
sonolucent, ultrasound
(J Craniofac Surg 2019;00: 00–00)
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arge-sized cranial defects are repaired with either autologous or
synthetic materials.1,2 Until recently, autologous bone has been
considered the ‘‘gold standard’’ due to patient preference for their
own tissue, availability, and cost.1 –7 However, over the past decade,
mounting reports of bone flap sterile resorption and infection
have prompted the widespread use and acceptance of customized
cranial implants (CCIs).5,7 –10 The CCIs offer additional benefits
over bone stored for prolonged time periods, such as sterility and
design shape to reliably address coexisting hard and soft-tissue
deficiencies, thus correcting and/or preventing postoperative temporal hollowing.11,12
In parallel, both noninvasive and invasive transcranial ultrasound have demonstrated numerous therapeutic/diagnostic applications including neuromodulation for movement disorders, magnetic
resonance imaging (MRI)-guided lesion ablation, and local drug
delivery via blood brain barrier disruption.13–16 Unfortunately
however, these emerging technologies remain limited by the acoustic properties of cranial bone causing ultrasonic wave attenuation,
scattering, and absorption.13–21
In contrast to adults, neonates have multiple open fontanelles
which serve as naturally occurring acoustic windows, hence diagnostic ultrasound is widely employed and often favored.22–24
Single-stage cranioplasty presents a newfound opportunity for
neurosurgeons to create a synthetic acoustic window by replacing
normal bone with a cranial implant composed of sonolucent biomaterial, a material providing minimal to no obstruction of ultrasonic waves. A sonolucent cranial implant would thereby permit
‘‘transcranioplasty ultrasound’’ (TCU) for both diagnostic and
therapeutic postoperative applications.25
Of the over 100 cranioplasty surgeries performed at our institution over the past year, the most common biomaterials inserted
included poly-methyl-methacrylate (PMMA), polyether-etherketone (PEEK), and porous polyethylene. As of just recently,
custom cranial implants can be made with a novel clear appearance
using PMMA, thereby allowing full transparency to visible light
and wireless Bluetooth signal transmission with respect to wireless
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FIGURE 1. Design of patient-specific custom cranial implant made of clear polymethyl-methacrylate biomaterial. (A) Preoperative 3-dimensional (3D)
reconstruction of skull defect from computed tomography (CT). (B) CT of
preoperative skull defect in green with patient-specific custom design in red. (C)
3D rendering of customized cranial implant.

neurotechnology.26 As such, this served as the impetus for this
study, as we hypothesized that clear PMMA implant could also
be sonolucent.

MATERIALS
A comprehensive, 3-phase study was utilized in an effort to
examine, for the 1st time, the potential sonolucency of all common
cranial implant biomaterials versus native bone, and to investigate
whether there is potential to incorporate diagnostic/therapeutic
ultrasound devices within the actual implant itself as an innovative
solution moving forward.26

Phase 1: Preclinical Cadaver Study
A preclinical human cadaver study was designed and the
specimen obtained via authorized donation from the State of Maryland. We chose to examine synthetic cranial implants composed of
porous-polyethylene (Medpor; Stryker, Kalamazoo, MI), PEEK
(Kelyniam, Collinsville, CT), opaque PMMA (Stryker), and clear
PMMA (Longeviti Neuro Solutions, Hunt Valley, MD). All
implants were manufactured to a standard anatomical skull shape
and curvature. Implant thickness ranged between 3.0 and 6.5 mm
with a mean thickness of 5.4 mm, which is consistent with native
bone flap thickness. Ultrasound images were obtained using a 2- to
4-MHz Philips S4-2 sector array broadband transducer and Philips
HD 11 XE ultrasound system.

Phase 2: Intraoperative Ultrasound
Following patient’s consent, intraoperative ultrasound was performed on a patient undergoing a staged cranioplasty to repair a
15  11 cm right hemicraniectomy defect using a patient-specific
5.2-mm thick implant composed of clear PMMA (Longeviti Neuro
Solutions) (Fig. 1). Ultrasound images were obtained using a 1- to
5-MHz Philips S5-1 sector array transducer on a Philips EPIQ 7G
ultrasound system.

Phase 3: Postoperative Day 5 Ultrasound
Bedside ultrasound was performed on postoperative day 5 on the
patient examined in part 2. Ultrasound images were obtained using
a 1 to 5 MHz Philips S5-1 sector array transducer, 3 to 12 MHz
Philips L12-3 linear array transducer on a Philips EPIQ 7G
ultrasound system.

METHODS
Phase 1: Preclinical Cadaver Study
A human cadaver head was placed in a Mayfield head clamp and
an 8 T 7 cm midline-modified bifrontal craniectomy was
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FIGURE 2. Photograph of clear poly-methyl-methacrylate (PMMA) implant and
craniectomy defect. (A) Clear PMMA implant during reshaping process. (B)
Clear PMMA implant placed within the skull defect, up against the dura. Of
note, the scalp has not yet been replaced over the implant. Sonolucency was
assessed using a 2.4-MHz transducer with a 3-MHz center frequency. Note that
the dura can be seen directly up against the clear cranial implant.

performed. With the bone flap removed, the expected sunken
underlying brain and dura were exposed. All 4 synthetic implants
were reshaped in single-stage cranioplasty fashion as described and
popularized by the senior author.25 Hand-held contouring was
accomplished using a 5-mm cutting drill based on the dimensions
of the excised bone flap. The head was rotated until the craniectomy
defect plane was in a horizontal position. Saline was used to fill the
cranial cavity and obliterate any epidural dead space. The scalp was
then repositioned within the sunken defect against the dura. The
scalp was slightly above the water line allowing for application of
ultrasound gel. Ultrasound imaging of the scalp covering intact dura
and underlying brain was then performed using a sector array
transducer with a frequency range of 2 to 4 MHz. The absence
of air was assessed using the ultrasound monitor. Images of the
ultrasound monitor were then captured as base line control images
with no bone or implant present. In step wise fashion, autologous
bone, PEEK, porous-polyethylene, opaque PMMA, and clear
PMMA implants were each successively placed within the skull
defect against the dura (Fig. 2). After positioning of each implant,
the native scalp was transposed over the implant, and ultrasound gel
was applied. In the clear PMMA trial only, implant transparency
also permitted visual inspection of air bubbles beneath the implant.
Each implant was imaged using a 2- to 4-MHz sector array
transducer and the results are presented within Figure 2. All results
were later reviewed by a neuroradiologist to confirm accurate
reporting of our findings.

Phase 2: Intraoperative Ultrasound
A 43-year-old man presented for staged cranioplasty repair
following decompressive hemicraniectomy. Prior to surgery, a
patient-specific cranial implant made of clear PMMA was designed
and fabricated (Fig. 1). The implant was modified intraoperatively
and inserted per cranioplasty techniques previously described by the
senior author.27 Following implant fixation, and prior to scalp
closure, sterile ultrasound gel was applied to the implant surface,
the transducer placed within a sterile sleeve, and this was placed on
the implant. Intraoperative TCU through the clear PMMA implant
was then performed using a 1- to 5-MHz sector array transducer
(Fig. 3). Following wound closure, sterile ultrasound gel was again
applied to the scalp, the transducer placed on the scalp at the same
approximate position, and ultrasound through the clear PMMA
implant was performed using a 1- to 5-MHz sector array transducer.
A postoperative head computed tomography (CT) was obtained
5 hours postoperatively. Ultrasound and CT results were reviewed
with a neuroradiologist to confirm accurate reporting and labeling.
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FIGURE 4. Coronal ultrasound imaging of cadaver brain imaged through ‘‘scalp
only’’ control, bone, PEEK implant, porous-polyethylene implant, opaque polymethyl-methacrylate (PMMA) implant, and clear PMMA implant. BS,
brainstem; LMF, left middle fossa; RMF, right middle fossa.
FIGURE 3. Intraoperative photograph of skull defect, clear poly-methylmethacrylate implant, and ultrasound probe within sterile sleeve.

Phase 3: Postoperative Day 5 Ultrasound
Bedside ultrasound was performed on the same patient in phase 2.
The patient’s head dressing was removed and sterile ultrasound gel
was applied to the scalp. A registered diagnostic medical sonographer
then obtained a series of images using both 1 to 5 MHz sector array
transducer and 3 to 12 MHz linear array transducers. A head CT was
obtained 5 hours later. Ultrasound and CT results were reviewed with
a neuroradiologist to confirm accurate reporting and labeling. Of
note, patient consent was obtained for inclusion of photographs and
all retrospective analyses were conducted via an approved protocol
from the Institutional Review Board.

RESULTS
Phase 1: Preclinical Cadaver Study
By way of a standard 2 to 4 MHz sector array transducer, coronal
section imaging through ‘‘scalp only’’ (absent bone or implant)
displayed different tissue echogenicities during both the static
image acquisition and during the sweep through the anatomical
area of interest, and bilateral hyperechoic temporal fossa skull
bone. Findings suggestive of cadaveric brain tissue could not be
visualized with the 2 to 4 MHz ultrasound transducer through the
autologous bone flap. Tissue below the bone presented as indistinguishable black images. Similarly, ultrasound using a 2- to 4-MHz
sector array transducer could not visualize tissue deep to the implant
composed of porous-polyethylene. Ultrasound using a 2- to 4-MHz
sector array transducer through PEEK, opaque PMMA, and clear
PMMA implants revealed different tissue echogenicities during
both the static image acquisition and during the sweep through the
anatomical area of interest, and bilateral hyperechoic middle temporal fossa skull bone. Results are presented in Figure 4.

neuroanatomy including brain parenchyma, ventricles with septum
pellucidum, temporal lobes, and hyperechoic temporal fossa skull
bone. Additionally, ultrasound through a clear PMMA implant
using a 3- to 12-MHz linear array transducer revealed a small
extradural fluid collection beneath the implant. Review of the
corresponding CT images acquired after ultrasound showed absorption of most epidural air seen in the immediate postoperative CT
and a small extradural fluid collection beneath the implant. Results
of phase 3 are presented in Figure 6.

DISCUSSION
Ultrasonic waves are significantly distorted and degraded when
transmitted through the skull bone thereby limiting the potential for
transcranial ultrasound.28,29 Rising reports of postcranioplasty complications with autologous bone insertion following prolonged
freezer or abdominal wall storage have led to increased use of
synthetic implants.5,7– 10 For example, a synthetic implant was used
in the majority of the over 100 cranioplasty surgeries performed at
our institution in the last year. Synthetic implants provide increased
sterility and a patient-specific shape to correct both hard and softtissue deficiencies.11,12 As literature reported complication rates
following cranioplasty approach 40%, synthetic implants composed
of sonolucent biomaterials present a unique opportunity for postoperative complication investigation via diagnostic TCU.30–32
A sonolucent implant may permit numerous additional postoperative, ultrasound-based diagnostic, and therapeutic applications including in-clinic assessment of tumor recurrence, cerebral
blood flow monitoring, ventricular size measurement for hydrocephalus, midline shift evaluation, nonsurgical modulation for
movement disorders, recurrent lesion ablation, and targeted drug
delivery through blood brain barrier disruption.13 – 19 Furthermore,
a sonolucent implant could permit therapeutic ultrasound

Phase 2: Intraoperative Ultrasound
Intraoperative ultrasound using a sector array transducer with a
frequency range of 1 to 5 MHz placed directly on a clear PMMA
cranial implant displayed underlying neuroanatomy. Imaging
through the implant with the scalp in place slightly reduced the
clarity of imaging. Postoperative CT images revealed postoperative
changes of epidural air and mixed density epidural collections.
Results of phase 2 are presented in Figure 5.

Phase 3: Postoperative Day 5 Ultrasound
Bedside ultrasound through a clear PMMA cranial implant using
a 1- to 5-MHz sector array transducer displayed underlying
#

FIGURE 5. Intraoperative transcranioplasty ultrasound (TCU) through clear
poly-methyl-methacrylate (PMMA) implant. (A) Ultrasound through scalp
and clear PMMA implant showing right choroid plexus (CP) with probe placed
on scalp. (B) Postoperative axial computed tomography (CT) showing clear
PMMA implant (CI) and pneumocephalus (P). (C) Postoperative axial CT
showing clear PMMA implant (CI) and extradural fluid collection (FC).
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FIGURE 6. Results from postoperative day 5 bedside transcranioplasty
ultrasound (TCU) through clear poly-methyl-methacrylate (PMMA) implant.
(A) Ultrasound showing clear PMMA implant (CI) with small fluid collection
(FC), brain parenchyma (P), and dura (D). (B) Ultrasound showing approximate
coronal section with shadow artifacts (S) from titanium clips securing implant.
(C) Postop day 5 axial computed tomography (CT) showing clear PMMA
implant (CI) and absorption of pneumocephalus. (D) Postoperative axial CT
with clear PMMA implant. Dashed region of (D) enlarged in (E). (E) Enlarged
region of (D) postoperative axial CT again showing clear PMMA implant (CI)
and small extradural fluid collection (FC).

applications previously reliant on MRI guidance such as TCUguided ultrasound ablation. In addition, there may be optimal
clarity for diagnostic/therapeutic ultrasound devices to be incorporated well within the actual implant itself.26
The 3-phase study presented here examined the sonolucency of
cranial implants composed of clear PMMA, PEEK, porous-polyethylene, and opaque PMMA via a human cadaver model. In
addition, the sonolucency of clear PMMA implant was investigated
via both intra- and postoperative TCU imaging in a patient who
underwent cranial reconstruction after decompressive hemicraniectomy. These novel findings were observed using noninvasive
TCU at bedside by way of widely available ultrasound imaging
equipment.
In the preclinical cadaver study, the sonolucency of clear
PMMA, PEEK, porous-polyethylene, and opaque PMMA cranial
implants were compared to cranial bone. The ‘‘scalp only’’ scenario
served as a control. As expected, cranial bone was not sonolucent.21
Similarly, porous-polyethylene was not sonolucent using a 2- to 4MHz transducer, as no tissue could be visualized. The TCU using a
2- to 4-MHz transducer was successful through implants composed
of clear PMMA, PEEK, and opaque PMMA. Imaging through each
material displayed different tissue echogenicities both during the
static image acquisition and during the sweep through anatomical
area of interest. These findings establish for the 1st time that clear
PMMA is sonolucent (Fig. 4). Furthermore, this study suggests that
PEEK and opaque PMMA are also sonolucent using a 2- to 4-MHz
transducer. Given that clear PMMA is transparent and has been
shown previously to permit wireless Bluetooth signal transmission
using implanted neurotechnology, the observed sonolucency
extends the potential advantages of clear PMMA well over the
other FDA-approved materials.26 The results reported here also
support Mursch and Behnke-Mursch who found intracranial structures visible through a 4-mm thick PEEK implant using ultrasound
at 2.5 and 3.5 MHz.33 It was the promising results obtained in our
phase 1 study that prompted our team to proceed with both intraand postoperative sonolucency testing of clear PMMA implants.
Intraoperative TCU (via a 1–5 MHz transducer) performed on a
patient receiving a clear customized PMMA implant for the repair
of a large skull defect allowed identification of neuroanatomical
structures including the ventricles and choroid plexus. A 1- to
5-MHz sector array transducer used postoperatively at bedside
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FIGURE 7. Comparison of coronal sections generated with transcranioplasty
ultrasound (TCU) through clear poly-methyl-methacrylate (PMMA) implant and
computed tomography (CT). (A) Approximate coronal section generated with
postoperative day 5 bedside TCU through clear PMMA. Image has been rotated
to match standard radiographic image convention. (B) Postoperative day seven
CT coronal section at approximate position as ultrasound generated image.
Dashed regions of (A) and (B) enlarged and presented as (C) and (D),
respectively. (C) Enlarged center portion of (A) postoperative day 5 bedside
ultrasound showing right ventricle (RV), septum pellucidum (SP), and left
ventricle (LV). (D) Enlarged center portion of (B) postoperative CT (day 7)
showing right ventricle (RV), septum pellucidum (SP), and left ventricle (LV).

provided greater image clarity (most likely because epidural air
was now absent), demonstrated deep brain parenchyma, ventricles
with septum pellucidum, temporal lobes, and hyperechoic temporal
fossa skull bone. Additionally, a small epidural collection was
revealed using a 3- to 12-MHz transducer. These images were then
compared in side-to-side fashion to a CT scan performed as
standard protocol, which confirmed the presence of a small extradural fluid collection with mixed attenuation (Fig. 7).
The reduced image clarity observed with intraoperative ultrasound, compared to postoperative day 5 ultrasound, is hypothesized
to occur due to extensive extradural air at time of placement
(as observed in the immediate postoperative CT). This epidural
pneumocephalus was absorbed by day 5, as seen in the corresponding CT scan. These results are both encouraging and suggest
perioperative TCU through clear PMMA cranial implants may
1 day be utilized for diagnostic imaging studies either at bedside
or in the ambulatory clinic.
Open fontanels in neonates serve as naturally occurring acoustic windows permitting routine use of diagnostic ultrasound.
Diagnostic capabilities of ultrasound are dependent on multiple
factors including operator proficiency, targeted anatomical area
relative to the acoustic window, and the type of pathology being
examined. Technologic advances and refined imaging protocols
continue to expand and improve diagnostic ultrasound; however,
the sensitivity and specificity of ultrasound to evaluate certain
pathologies in neonates remains inferior to CT and MRI.34,35 In the
adult neurosurgic patient population, this increased sensitivity may
not be of help to the surgical team. A review of CT surveillance
scans following elective aneurysm clipping found that neurologically intact patients required 99 head CT scans to obtain 1 head CT
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scan that influenced medical management.36 As TCU diagnostic
ultrasound develops and its diagnostic abilities become validated,
sonolucent cranial implants may reduce the incidence and cost of
postoperative CT scanning by providing a faster, nonionizing,
bedside diagnostic radiographic modality.

LIMITATIONS
Phase 1: Preclinical Cadaver Study
The synthetic implants used were of standard curvature with
standard thickness consistent to those used in the clinical setting.
Though the implants were not printed to match in patient-specific
form, each implant was reshaped using a cutting burr in single-stage
fashion, as typically performed by the senior author. Ultrasound
imaging was limited to the center of the implants to reduce the
effects of implant shape along the perimeter.
Air is known to significantly affect ultrasound transmission. The
cranial cavity was therefore flooded with saline, implants were
submerged beneath the water line and implants were placed directly
against the dura. As needed, the implants were adjusted, and
absence of air was assured using ultrasound. Though the process
was repeated until no air was visible under the implant, some air
accumulation may have altered our findings.
Speed of sound, attenuation, and acoustic impedance of polymers like PMMA and PEEK are all variables known to vary slightly
with temperature change.37 However, within our experiments, we
assumed all implants were consistent with the ambient room
temperature. Although the cadaver and implants were not at normal
body temperature, the literature reports only minimal differences
within this range.37
Imaging was performed using the ‘‘Abdominal’’ rather than
‘‘Head’’ setting on the ultrasound system. The ‘‘Abdominal’’ setting
was found to permit better visualization of the ventricles and middle
temporal fossa. Image clarity may have been improved with use of
the ‘‘Head’’ setting.
Assessment of TCU sonolucency was performed by several
personnel with clinical experience, but a trained neuroradiologist
was not present during image acquisition. Sonolucency was a binary
determination confirmed with a neuroradiologist after image acquisition based on either visualization or absence of various tissue
densities. Importantly, the precise labeling of each structure in
Figures 2 and 3 was performed by a neuroradiologist after image
acquisition. Future studies should consider including a neuroradiologist at time of image acquisition and include a detailed evaluation by an experienced neuroradiologist.

Phase 2: Intraoperative Ultrasound
Intraoperative ultrasound was performed by a neurosurgeon
manipulating the probe aided by an ultrasound technologist at
the console refining ultrasound settings for optimal image capture.
As ultrasound is user dependent, the quality of the images obtained
were potentially reduced by the fact that the technologist was not
the one to physically manipulate the transducer. Though this study
was performed on a single patient who received a single implant, the
material composition between implants is not expected to vary
significantly between implants and therefore the observed sonolucency results should be generalizable for all patients receiving these
implant types.

Phase 3: Day 5 Postoperative Ultrasound
Although ultrasound was performed by a technologist with
extensive experience imaging neonatal neuroanatomy with transfontanelle ultrasound, a neuroradiologist reviewed and labeled
#
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imaging results after image acquisition was complete. Interestingly,
imaging with a C9-2 curvilinear array transducer was attempted but
the curvature of skull limited contact at the periphery causing
shadow artifact at the lateral parts of the image thereby preventing
probe use. As this study was performed in a single patient, a clinical
series is merited to further explore the role and efficacy of postoperative TCU. Additional studies are also needed to validate diagnostic TCU as well as compare TCU to CT and MRI. Therefore, a
clinical series is needed which examines the ability to investigate
postoperative complications with TCU and consequently the impact
of TCU on patient management.

CONCLUSION
For the 1st time, cranial implants composed of clear PMMA have
been shown to appear sonolucent in a cadaver setting, intraoperatively at time of placement, and postoperatively at bedside on day 5.
Additionally, PEEK and opaque PMMA implants were also found
to be sonolucent in the cadaver setting using a 2- to 4-MHz
transducer. These results are encouraging as these sonolucent
biomaterials may allow for therapeutic and diagnostic ultrasound
applications which have been previously limited by the acoustic
properties of cranial bone. Undoubtedly, further investigation of
sonolucent implants is warranted and should be expanded to include
electromagnetic transmission at a variety of frequencies and wavelengths. Future research will be performed by our team to explore
the sonolucent properties of clear PMMA and to determine how
these newly discovered advantages may be utilized in establishing a
new diagnostic/therapeutic modality of TCU. In addition, we plan
to explore how smaller implantable neurotechnology devices could
be safely housed within cranial implants to allow for wireless,
remote surveillance with future value.38
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