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Introduction

Point-of-care devices for intraoperative imaging represent
one of the greatest adjuvant to modern strategies for
surgical planning and execution; this is particularly true
in neurosurgery given the complexity of the central
nervous system and the delicate surgical maneuvers needed
to manipulate it without causing iatrogenic damage.
Preoperative imaging revolving around the correct
prescription of specific MRI sequences (including digital
tensor imaging and subsequent tractography analysis;
arterial spin labeling; dynamic susceptibility contrast
perfusion-weighted imaging and blood oxygenation
level dependent, better known as BOLD sequences for
functional MRI) allowed surgeons to obtain important
information regarding the location of brain lesions and
their relationship with surrounding eloquent anatomical
structures (1-7). Together with data obtained through
highly-selective nuclear medicine investigations, meant
to disclose the metabolic behavior of those lesions,
preoperative imaging serves as the first step in the planning
of any neurosurgical intervention (8-11). To forecast the
complexity of brain surgery and tackle it appropriately,
most of those information can nowadays be tested through
virtual surgery platforms; the final surgical plan is then
implemented into the surgical theatre by making good
use of surgical aids such as neuronavigation systems (see
Figures 1,2), which can be easily integrated into operating
microscopy (12-16). Nonetheless, all the efforts put into
weighting the pros and cons of different approaches, and
tailoring the treatment strategy around patient’s and lesion’s
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specific characteristics, cannot always prepare surgeons for
unexpected intraoperative challenges, such as brain shift
following cerebrospinal fluid (CSF) deliquoration, lack of
well-defined microscopic boundaries, diffuse bleeding, etc.
(17,18).

Hence the idea to leverage on point-of-care devices, such
as 3D intraoperative ultrasound (IoUS), which can offer
real-time imaging of any structure in the surgical field and
help surgeons to correlate intraoperative anatomical images
with those embedded preoperatively into neuronavigation
systems (19). Since its inception in the last century, IoUS
has initially evolved as a standalone option for real-
time image guided surgery and is now becoming more
interconnected with other technological aids meant to
ensure greater safety and accuracy.

Here we will focus on the most relevant technical aspects
behind the physics of IoUS and its application in brain
surgery, aiming to define the wealth of opportunities, as well
as the current challenges, of this powerful methodology.

Understanding the array of imaging modalities
for loUS

Following its introduction in neurosurgery in 1982 IoUS
provided surgeons with the valuable opportunity to craft and
update operative plans without using ionizing radiation, which
had characterized the first decades of our specialty (20-22).
TIoUS systems exploit the so-called pulse-echo technique:
in fact, they rely on piezoelectric transducers, emitting
pulses at a frequency of 1-20 MHz, and on the recording
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Figure 1 Awake craniotomy for a left-sided motor strip glioma. Upper row: Preoperative post-contrast T1WI MRI scan showing an
irregular cortico-subcortical lesion in the left frontal operculum, characterised by ill-defined peripheral gadolinium uptake and central
necrosis with a significant amount of surrounding vasogenic edema. Central Image: Screenshot of image fusion created for neuronavigation
purposes by coupling IoUS and preoperative MRI scan. Real-time visualisation of the relation of the surgical cavity with subcortical
association fibres, note the green fibres seen adjacent to the deep aspect of the surgical cavity indicating the Superior Longitudinal Fasciculus
and Inferior Fronto-Occipital Fasciculus serving speech function, and the blues fibers indicating the cortico-spinal tract. The presence of
these fibres was confirmed with subcortical stimulation during the procedure. Bottom row: Postoperative post-contrast T1WI MRI scan

showing a complete surgical resection with a clear surgical cavity.
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Figure 2 Falcine meningioma in close contact with the Anterior Cerebral Artery vessels and the motor strip. Upper row: Preoperative post-
contrast TIWI MRI scan showing a mass lesion originating from the falx and causing edema in the adjacent parts of the frontal lobe, more
extensive on the left where it affects the precentral region inducing displacement of the corpus callosum. Central Image: Screenshot of image
fusion created for neuronavigation purposes demonstrating multimodality real-time imaging (conventional intraoperative navigation & DTI
& real-time US & Doppler), note the blue fibers seen lateral to the lesion indicating the close relationship with the cortico-spinal tract,
the inferior sagittal sinus adjacent to the lesion and the mass effect with inferior displacement of the cingulate gyrus and corpus callosum.
Bottom row: Postoperative post-contrast T1WI MRI scan showing a complete surgical resection with re-expansion of the ventricular

system, and no evidence of bleeding/ischaemic events surrounding the surgical cavity.
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of the echoed events produced by the sound pulses (23).
Of note, depending on the peculiar acoustic properties of
the tissues crossed, those pulses can either be absorbed,
scattered, or reflected; this determines the different
attenuation coefficient (expressed in dB/cm) of any given
tissue (24,25). In a landmark laboratory study, conducted
on autopsy human brain specimens, Kremkau ez /. (26)
found out that the average attenuation of the ultrasound
pulse while crossing white and brain matter at a frequency
of 1 MHz was 0.87 dB/cm, being higher in fiber tracts
(0.97 dB/cm) than in isolated brain cortex (0.75 dB/cm).
This and other seminal experimental contributions,
demonstrated that the decay of the energy of the sound
pulse is proportional to the distance from the emitting
transducer: hence the amplitude of the ultrasound pulse
progressively decreases as it propagates through the brain
(24,26,27). As a result, we now know that the strength of
the echoes is strictly related to the differences in acoustic
properties of brain structures, and this determines the
different degrees of brightness displayed in the monitor to
the operator (28).

Preventing artifacts

Beside better understanding the physics of IoUS when it
comes to investigate white and grey matters, neurosurgeons
should also be well aware of the variety of possible artifacts
that in not so experienced hands could lead to intraoperative
misinterpretation. Selbekk et 4l. (23) investigated the most
common reasons for imperfect ultrasound image, and
concluded that they usually result as a violation of one or
more of the fundamental assumptions for an ideal recording.
Those assumptions can be summarized as follows:

(I) The ultrasound beam should be narrow with
uniform width;

(II) The ultrasound waves should travel in a straight
line directly to the reflecting object and back to the
transducer;

(IIT) The speed of sound should be constant and known
in any given soft tissue;

(IV) The attenuation of ultrasound should be constant
and uniform.

In fact, any limitation to the width of the beam, or the
increase of noise proportionally to the depth of the surgical
cavity, as well as the different attenuation coefficients of
the intracranial structures, account for the violation of
the above-mentioned assumptions. This said, it should
be highlighted that the most common sources of errors
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are brightness artifacts in the surgical cavity caused by
entrapped air bubbles, coagulated blood or advanced
hemostatic agents (23,29,30). Furthermore, it is worth
mentioning, as reported by Sastry et /. (31), that also the
normal saline solution commonly used to fill the surgical
cavity can produce an error of approximately 1.6 mm at
a depth of 10 cm from the transducer, of note, they also
added that even its temperature can potentially affect the
quality of images obtained intraoperatively. As such to
compensate for those artifacts, neurosurgeons should select
the transducer most suitable to the size and shape of the
craniotomy, as well as adapting the acquisition frequency
to the location and sonographic properties of the lesion
and its surrounding anatomy (23,32). Depending on the
surgical scenario, it would be warranted to adopt one of the
following strategies:

% A way to correct the attenuation of the sound pulse
is called time-gain compensation: this strategy
makes equally echogenic tissues look the same even
if they are located at different depths (33-35).

% If possible the unscrubbed theatre team can help
optimizing the orientation of the surgical table so
that at time of IoUS the resection surface is kept
horizontal with respect to gravity: this may help to
minimize air trapping within the cavity (23,36).

% The operating surgeon should be aware of possible
bone-induced high signal-attenuation and orientate
the beam pulse accordingly (20,21,36).

%  Whenever probes of small size and footprint
are available, and the surgical cavity allows it,
neurosurgeons can carefully attempt to explore its
walls and inspect the resection margins: introducing
the probe into the cavity can remarkably reduce,
if not remove, the brightness artifacts and the
mirroring/shadowing effects, since the distance
between the transducer and possible residual foci
becomes shorter (29,37).

% A qualitative stiffness assessment, conducted by
strain sonoelastography, an ultrasound imaging
technique able to assess mechanical properties of
tissues should be considered to obtain a sharper
visualization of the lesion margins compared to

standard B-mode IoUS (32).

Accuracy of loUS as an adjunct to neuronavigation

As any other non-frame-based navigation systems, also
IoUS is subject to registration errors. The accuracy of
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IoUS was initially tested in laboratory setting and lately
confirmed in surgical theatres. Lindseth ez 4/. (19) described
an accuracy of 1.40+0.45 mm (arithmetic mean) for
ultrasound-based neuronavigation system, and highlighted
that improper probe calibration was the major contributor
to these accuracy errors. Of note, by simultaneously
recording doppler and B-mode images, this accuracy can be
further improved; Morin et /. (38) quantified this increase
in over 10%, with a 67% correction of brain-shift. Similarly,
by adopting Doppler IoUS images acquired on the surface
of the dura to correct brain-shift and other sources of
registration inaccuracies, Chen ez 4/. (39) found that target
registration errors (TRE) were less than 2.5 mm in more
than 90% of cases. These figures were confirmed in clinical
scenarios were the TREs was on average inferior than the
3 mm of standard neuronavigation based on preoperative
MRI scans alone. Overall, these levels of accuracy are
widely acceptable in standard clinical practice for excision
of brain tumors as well as lesionectomies for functional
neurosurgery, where the target is typically far larger than
in stereotactic procedures (40). The reasons lie in the use
of multiple other parameters that the operating surgeon
takes into account to refine the indications provided by
IoUS, and increase the extent of resection of brain lesions:
including intraoperative neurophysiology, intraoperative
fluorescent dyes, intraoperative Raman spectroscopy, nano-
immunoassay-based microproteomic, etc. (1,2,12,41-51).
This said, by fusing IoUS over preoperative MRI scans
it is possible to definitely increase the overall accuracy of
neuronavigation. This fusion is fully compatible with the
surgical workflow in terms of execution times and user
interactions (38). Additionally, by permitting multiple
acquisitions, the frequent update of the image guidance
system in all phases of the operation remarkably decrease if
not completely remove inaccuracy issues (52,53).

Advantages and limitations of loUS for brain
surgery

Overall, IoUS has a significant edge over the other
intraoperative aids for image guidance in brain surgery,
especially in terms of independency, cost, and adaptability
to multiple different clinical scenarios. By comparison with
tools leveraging on preoperative neuroradiology and nuclear
medicine investigations, IoUS is a compact and portable
system that can independently provide real-time imaging. In
fact, IoUS suites are not cumbersome and can be integrated
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into existing theatre infrastructure with minimal disruption
to surgical workflow (29,38). The costs for acquisition
and maintenance of IoUS suites are significantly cheaper
when compared to any other intraoperative imaging
tool for selective visualization of blood vessels or tumor
residuals. Besides, IoUS comes across as a more flexible
surgical companion since it serves many more purposes:
identification of the CSF and blood flow, appreciation of the
consistency, tissue density, peripheral infiltration or other
physical properties of the lesions excised, and immediate
visualization of complications, such as a hematomas. On
the other hand, IoUS imaging is user dependent, with a
steep learning curve, and specific metrics amenable for the
characterization of brain lesions are warranted. Recently,
Camp ez al. (29) provided a significant contribution to this
topic by describing new, reliable metrics (i.e., the Imperial
tumor index, or the Infiltration index), eventually being
able to correlate their IoUS findings with the histological
grade of the lesions excised. The advances described above
are nonetheless expected to be outpaced soon by new
generations of IoUS suites with integrated algorithm for
image analysis, and by the diffusion of contrast enhanced
ultrasound imaging.

Contrast agents and the future of loUS

The first and foremost goal of ultrasonic contrast agents
is to enhance image-definition, offering the possibility
to assess the blood flow within brain lesions through
perfusion imaging of small capillary blood vessels (27,54).
Many authors demonstrated that contrast enhanced
IoUS combined with B-mode ultrasound improves tumor
detection and resection control in neurosurgery, even
in single ultrasound-guided operations (21,27,55,56).
Systems for image fusion and virtual navigation combining
intraoperative real-time IoUS with reconstructive
preoperative coplanar MRI are already available for image-
guided resection of high-grade gliomas. Those systems
are nowadays more user-friendly and suitable even for
neurosurgeons who lack the expertise in ultrasound
technology. Wu et al. (57) reported that image fusion
of contrast enhanced IoUS allows to discern the brain
structure and obtain a better recognition, in real time and
in multiplane from different angles, of the tumor/edema
interface compared with reconstructive preoperative
coplanar-enhanced MRI. Noteworthy, microbubbles and
nanoparticles contrast agents have been recently proposed
as the latest innovation for ultrasound imaging: following
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endovenous administration they are free to circulate in the
blood stream and because of their micrometer or nanometer
size and the binding ligands on their surfaces, can bypass
vascular endothelial cells and accumulate at tissue sites that
over-express those molecular targets (54,58-60).

Conclusions

IoUS has certainly all that it takes to be considered as an
excellent tool for surgical planning and real-time image-
guided excision of intracranial lesions. Neurosurgical/
Anatomical courses on the use of IoUS are becoming more
common and will likely increase in the coming decade,
when further technical refinement will enhance image
definition and expand the use of this methodology. The
importance of the diffusion of those courses is striking,
because the past generation of neurosurgeons had to rely
solely on intraoperative practice to improve their mastery of
brain ultrasound (61). Going forward, it is easy to forecast
that official diplomas and certification will be offered by
national and international neurosurgical societies to ensure
homogeneous teaching standards, skills requirements and
revalidation practices.
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