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Intraoperative ultrasound (US) has been shown to possess great value in assessing

tumor volume and localization, especially for primary resection of gliomas and meta-
static lesions. Given that US is a technology that is highly user dependent, many sur-

Keywords

= basic principles
= ultrasound

= neurosurgery

= neuro-oncology tumor surgery.

Introduction

Ultrasound (US) was first introduced in the 1920s by Loomis
and Wood, who described its biological effects on living tis-
sue.! Since then, this technology has been applied to multiple
fields of medicine including neurosurgery.

The first US usage in neurosurgery was reported by the
Dussik brothers, who attempted to use it to identify brain
tumors.? It was not until 1978 that ultrasonography was
first used to aid in the surgical resection of a central nervous
system (CNS) tumor.® Advances in ultrasound imaging have
made it popular in the common practice in recent years,
making it a very valuable tool for identifying the tumor and
aiding in its total resection.*’

This article will focus on the basic principles and tech-
niques a neurosurgeon must know to perform an adequate
US-guided surgery for the resection of a brain tumor, based
on the experience acquired by the group of Surgical Neu-
ro-oncology in the National Institute of Neurology and
Neurosurgery.

Basic Principles of Ultrasound

Sound is created when a vibrating source comes in contact
with a medium, causing it to vibrate. The mechanical energy,
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geons have encountered problems with the usage of this technology, as well as inter-
pretation of intraoperative US images, limiting its full potential. This article focuses
on the basic knowledge a neurosurgeon must acquire to properly use and interpret
intraoperative US to improve tumor localization and extent of resection during brain

which is generated from the vibrations, travels in a longitu-
dinal wave through the medium, generating cyclical areas of
high and low pressure, known as compressions and rarefac-
tions. US is considered as the frequencies that exceed the lim-
its of human hearing, or 20 kHz. Modern US systems typically
use frequencies between 2 and 10 MHz.5 Frequencies differ
when different tissues are targeted; greater frequencies offer
better imaging at the surface, while lower frequencies are
used when a target lies deeper within the tissue.”

Sound travels at different speeds through different media.
In diagnostic US, human tissue is the medium in which sound
travels. By comparison, the propagation velocity of air is quite
slow, 440 m/s, and in bone, it can be as high as 5,000 m/s. The
basis of diagnostic US is the pulse-echo technique in which
small bursts of sound are transmitted into the tissue, and the
reflected echoes are then measured.”®

As previously mentioned, US relies on echoes emitted by a
transducer, which are then reflected by various tissue inter-
faces of different density. The intensity of the echo received
by the same transducer is used to calculate the brightness
of the specific reflector, whereas the position and space is
defined by the time sound needs to travel from emission to
reception. This means that the image recreated on the screen
is the result of calculations done by the software of the
machine, rather than a photograph being projected.”®
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The received echoes can be displayed in the following two
modes: A-Mode which is projected in a linear graph, or the
so-called brightness mode or B-Mode, which displays the
brightness of the echoes throughout an entire section; fast
image update in a real-time fashion provides a film-like pre-
sentation of a cross-sectional view of the imaged region.’

Indications for Intraoperative Ultrasound

Just like many other technologies, intraoperative US should
be used with rationale and applied to specific cases.

In neuro-oncology, there are three main applications:
tumor localization, evaluation of the extent of resection, and
assessment of vascular supply or patency of venous sinuses.

All of these indications will be discussed in detail as the
article goes on.

Imaging Interpretation and Technique for
Adequate Image Acquisition

The echogenicity of the tissue refers to the ability to reflect
or transmit US waves in the context of surrounding tissues.!°
Whenever there is an interface of structures with differ-
ent echogenicities, a visible difference in contrast will be
apparent on the screen. Based on echogenicity, a structure
can be characterized as hyperechoic (white on the screen),
hypoechoic (gray on the screen), and anechoic (black on the
screen).!’ In the gray spectrum that appears on the screen
on B-Mode, the softer the medium is, the darker the image
will appear (=Fig. 1). This way, it is possible to differ from
cystic lesions all the way to calcified lesions within the brain
parenchyma.

Some structures are easily recognizable because of their
distinct echogenicity; naturally hyperechoic structures are
the dural folds, choroid plexus, and pineal gland (depending
on degree of calcification). Normal brain tissue will be isoe-
chogenic. Hypoechogenic and anechogenic structures include
the brainstem and cerebrospinal fluid (CSF)-filled cavities.

One must keep in mind that during surgery, abnor-
mal tissue will be encountered. Lesions like solid tumors,

Fig. 1 Intraoperative US image (A) and preoperative MRI (B). The
lesion had a cystic portion that in US is viewed as hypoechogenic; the
solid part of the tumor is hyperechoic with some calcified portions
that can be identified because of its brighter color on the screen.
MRI, magnetic resonance imaging; US, ultrasound.
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calcifications, and some gliomas will appear hyperechogenic
in relation to healthy tissue on the screen (=Fig. 2). Cystic
lesions or the necrotic part of a glioblastoma will appear
hypoechogenic in relation to healthy tissue (=Fig. 3).1%4

Adequate technique and placement of the transducer is
of crucial importance to reliably discriminate the images
obtained through the procedure.

Choosing of the probe for the desired space and lesion is
important; the most commonly used probe in cranial surgery
is a 30 x 12 mm probe with frequency of 7 MHz, as this pro-
vides a good balance between resolution and penetration.'?
It is important to state that the craniotomy should be of a
large enough size to accommodate the probe and facilitate
the technique.

Before starting, some default settings are helpful in
obtaining a better image during the procedure. Initiate by
activating the “tissue harmonic intensity” option to improve
image quality, then adjust image gain until the region of
interest shows optimal brightness; finally, adjust the zoom
on the device, start with zoom out, and then gradually zoom
in until the image on the screen is large enough.?

After choosing the adequate probe and the US setting is
in place, the next step is to adequately place the transducer.

Fig. 2 Intraoperative US image of a frontal low-grade glioma; note
its hyperchogenicity compared with the healthy surrounding tis-
sue. When compared with the preoperative MRI, it shows adequate
anatomical similarity. To obtain this image, the transducer is placed
perpendicular to the midline giving a coronal view. MRI, magnetic
resonance imaging; US, ultrasound.

Fig. 3 Intraoperative US image of a cystic lesion located in the pre-
central gyrus and its relation to preoperative MRI. Note the relation
of the larger cyst with the shallow precentral sulcus that is visible
in both US image (A) and MRI (B), as well as the relation with the
smaller lesion with the deeper central sulcus. To obtain this image,
the transducer is placed parallel to the midline, giving a sagittal view.
MRI, magnetic resonance imaging; US, ultrasound.



It should be held so that the external notch is facing the
patient’s anatomic right in a cross-sectional view or toward
the head in a longitudinal view.” In this way, the surgeon can
reliably assess where the lesion is displayed in the B-Mode
and also make adjustments during the procedure.

An important concept to keep in mind is the angle of inci-
dence; this is the angle at which the waves encounter the
surface of the examined tissue.!' The more perpendicular the
transducer is placed to the surface of the brain, the less waves
will be scattered and the better the image will be seen on
the screen. Image resolution can be improved by tilting the
transducer, thus adjusting the angle of incidence.

The morphology of the image will change depending
on the position of the transducer in relation to the surface
of the brain. The scanning planes are similar to the familiar
anatomical planes; if the transducer in placed in a horizon-
tal position in the lateral convexity of the brain, the obtained
image will resemble of that of an axial view in the magnetic
resonance imaging (MRI) (=Fig. 4). If the transducer is posi-
tioned vertically in the lateral convexity, a somewhat coronal
view will appear on the screen (=Fig. 5). Finally, to obtain a
sagittal view, the transducer would have to be located paral-
lel to the sagittal sinus in the superior convexity of the sur-
face of the brain (~Fig. 6).

The depth of the target lesion within the brain is a variable
that must be considered in choosing the right probe for the
study. High-frequency probes will give better resolution for

Fig. 4 Schematic representation to obtain an axial view with intraop-
erative US. The probe is positioned horizontally parallel to the skull
base on the lateral convexity of the brain. US, ultrasound.

Fig. 5 Schematic representation of the position of the probe in rela-
tion to the surface of the brain to obtain a coronal view in intraoper-
ative US,.US, ultrasound.
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Fig. 6 Schematic representation of the position of the probe in re-
lation to the surface of the brain to obtain a sagittal view in intra-
operative US. A sagittal view on this position is recognizable by the
presence of the lateral ventricle. US, ultrasound.

superficial structures, while low-frequency probes are better
suited for examining deeper structures,'! for example, when
assessing periventricular lesions.

Probe manipulation is another important skill that
should be mastered to properly perform an intraoperative
ultrasonography.

In addition to adequately placing the transducer to obtain
the desired plane of view, as it was previously mentioned,
there are additional movements that will help to better visu-
alize the target lesion and improve localization.

First, depending on the anatomical site being evaluated,
slight pressure on the surface can improve image quality. It
affects the echogenicity of the tissue and shortens the dis-
tance to the structure of interest.!!

Sometimes, the lesion is not perfectly aligned with the ini-
tial plane of view, that is, while realigning the probe on the
surface may allow for a better image, this can be achieved
by sliding or rotating the probe until the image seen on the
screen is sufficient to proceed with the procedure.

Finally, tilting the probe may also improve the quality of
the image by achieving a view of the short axis of the lesion
in question, and this may also give a clue for the surgical rout.

Discussion

Intraoperative Ultrasound in Neurosurgery
The use of US for the resection of brain tumor was imple-
mented since the 1980s; one of the first reports of tumor vis-
ibility in US was done by Le Roux et al in 1992, who described
that most tumors, including high- and low-grade gliomas,
were visible during surgery using common US probes.'>

As it is known, one of the primary goals for tumor sur-
gery is gross total resection (GTR) of the lesion, as it has
been established that resection over 95%, or even 75% of the
enhanced lesion, will result in improvement in overall sur-
vival (OS) and progression-free survival (PFS).!¢-18

Intraoperative navigation technology has aided immense-
ly in this field, providing better accuracy in tumor location
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and providing tumor margins to both improving grade of
resection and preserving healthy tissue. These benefits can
be limited however by brain-shift, in which structures change
shape and position as a result of intraparenchymal swelling,
gravity, tumor resection, CSF drainage, and other factors; this
shift has been estimated to be as much as 11 to 12 mm.' One
of the many strategies to improve accuracy during navigation
is the use of intraoperative US.

Intraoperative US has been proven to be of great value in
assessing tumor volume, and localization, especially for pri-
mary resection of gliomas and metastatic lesions.*%!

In addition to providing a reliable real-time image of the
surgical field, intraoperative US can also be used to esti-
mate brain-shift and provide correctional strategies to the
software.??

Petridis et al performed a retrospective study to show the
importance of intraoperative US in locating tumors. Thir-
ty-four patients who were taken into surgery for a low-grade
glioma were studied. The authors reported that 100% of the
tumors were located using a combination of intraoperative
US and MRI neuronavigation.’

Another way that tumor localization by US is of value is
the capacity to perform needle biopsies. US-guided biopsies
can be performed even in deep locations because the real-
time image provided will help to place the needle safely in
the place of interest.?

The extent of resection (EOR) can also be improved using
intraoperative US. Historically, great discrepancy has existed
between surgeon estimate of the EOR and actual EOR mea-
sured by postoperative MRI, which states that the EOR is
overestimated by the surgeon in most of the cases.? This is
why intraoperative aids such as US have gained much atten-
tion in the past few years.

In one study comparing assessment of residual tumor
using intraoperative US and intraoperative MRI, it was
revealed that intraoperative US could reliably detect up to
1 cm of residual tumor, and by doing so, improve the EOR.%
Another study with 45 patients concluded that US can be used
to maximize EOR, given that it could detect residual tumor
with high-sensitivity.!* Even so, intraoperative US for assess-
ing EOR should be used with care, given that many variables
could affect image quality and give false imaging as a result of
acoustic enhancement artifact from saline and clotted blood
in the resection cavity, both of which can appear hyperechoic

on US.?° Another study showed up to 89% concordance with
histopathology in hyperechoic areas, which clearly extended
into the isoechogenic brain parenchyma, but only 56% con-
cordance along the hyperechoic rim of the resection cavity.?
These results show that although US is a valuable tool to
improve the EOR, it should be interpreted carefully and aided
by other technologies.

With regard to EOR, a recent meta-analysis that included
several studies with a total of 739 patients showed an average
EOR of 79%, stating important heterogeneity among the stud-
ies. Statistical analysis showed concordance of 89% between
postoperative MRI and intraoperative US, with false-positive
and false-negative results of 9%.

A second meta-analysis by Zhang et al included 37 arti-
cles, mainly developed in China, and established the sensi-
bility and specificity for intraoperative US to detect residual
tumor of 89% and 91%, respectively.?

=Table 1 shows a summary of the published articles that
study the impact of intraoperative US on EOR.

Recently, a study was published by Munkvold et al that
found several factors associated with the capacity of intra-
operative US to detect residual tumor during surgery. They
determined that tumor volume and tumor depth were the
main factors that influenced the sensitivity for intraoperative
US to detect residual tumor; small superficial tumors being
more likely to be completely resected.?

One can infer that the impact of the usage of intraopera-
tive US on the clinical course of patients with brain tumors is
related to the ability to locate and better resect these lesions.

One study attempted to show the impact of intraoperative
US on the OS of patients with high- and low-grade gliomas.
The overall conclusion was that the usage of intraoperative
US had a positive impact on OS of patients with both high-
and low-grade gliomas.”’

The neurosurgical applications of US will most likely vary in
the future. With the development of new US transducers, con-
trast agents, and processing systems, this technique will most
likely be used more frequently and in more ways than today.

Contrast-enhanced US is one of these new developments,
and has been used widely in other fields such as surgery for
the liver and kidney.* This technique involves the injections
of microbubbles that comprise an inert gas, such as perflu-
orocarbon or nitrogen, encapsulated in a layer of protein or
polymers. These microbubbles are not affected in the lung

Table 1 Impact of intraoperative ultrasound on the extent of resection

Author Year Number of patients Mean % of extent of resection
Gerganov et al* 2009 25 80.8%

Chacko et al*® 2003 35 71.4%

Wang et al® 2012 137 81.8%

Solheim et al”! 2010 142 74.5%

Liang et al*® 2013 80 86.2%

Tian et al*’ 2009 88 76.7%

Sweeney et al* 2018 260 81%
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circulation and are able to cross into the arterial circula-
tion, allowing to act as a contrast agent depending on the
tumor vascularity and perfusion.’' Recently, many studies
have been performed to establish the role of microbubbles
in the field of brain tumor surgery; significant information
has been obtained by a few studies, which showed that con-
trast-enhanced US can be used safely and allows for superior
image quality.?>34

Strain elastography is another feature of US technology
that evaluates tissue macrostructure, as it compares charac-
teristics of the ultrasound beam through tissue before and
after compression, and so it is able to map tissue stiffness.
Using this technology in combination with B-Mode US, a bet-
ter differentiation of tumor and normal brain tissue can be
achieved.?*536

Although intraoperative US has been proved to be a very
valuable tool, given its versatility, cost-effectiveness, and effi-
ciency, it has limitations that cannot be ignored.

As it is well known that US is very user-dependent, image
quality and restricted field of view are issues that limit accu-
rate interpretation, especially for surgeons who lack proper
training.’! Small lesions may also be challenging to detect. In
addition, blood and hemostatic agents within the resection
cavity can confound image interpretation.*’

Nevertheless, as previously mentioned, improvement in
technology will lead to better image resolution and probe
features; together with research into image analysis, it is
anticipated that these hurdles will be overcome.

Conclusion

Intraoperative US is a very valuable tool that improves tumor
location and resection in the field of neurosurgery; however,
it is very important to understand the basics of US and the
proper technique to obtain the benefits of this technology.

Given its versatility and cost-effectiveness, intraoperative
US should be a tool that every neurosurgeon involved in the
field of neuro-oncology should master to provide better care
to patients.
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