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Abstract
Background The use of intraoperative ultrasound (iUS) has increased in the last 15 years becoming a standard tool in many
neurosurgical centers. Our aim was to assess the utility of routine use of iUS during various types of intracranial surgery.
We reviewed our series to assess ultrasound visibility of different pathologies and iUS applications during the course of
surgery.
Materials and methods This is a retrospective review of 162 patients who underwent intracranial surgery with assistance of
the iUS guidance system (SonoWand). Pathologic categories were neoplastic (135), vascular (20), infectious (2), and CSF
related (5). Ultrasound visibility was assessed using the Mair classification, a four-tiered grading system that considers the
echogenicity of the lesion and its border visibility (from 0 to 3; grade 0, pathology not visible; grade 3, visible with clear
border with normal tissue). iUS applications included lesion localization, approach planning to deep-seated lesions, and
lesion removal.
Results All pathologies were visible on iUS except one aneurysm. On average, extra-axial tumors were identifiedmore easily and
had clearer limits compared to intra-axial tumors (extra-axial 17% grade 2, 83% grade 3; intra-axial 5.5% grade 1, 46.5% grade 2,
48% grade 3). iUS provided precise and safe transcortical trajectories to deep-seated lesions (71 patients; tumors, hemangiomas,
ICHs); iUS was judged to be less useful to approach skull base tumors and aneurysms. iUS was used to judge extent of resection
in 152 cases; surgical artifacts reduced sonographic visibility in 25 cases: extent of resection was correctly checked in 127
patients (53 gliomas, 15 metastases, 39 meningiomas, 4 schwannomas, 4 sellar region tumors, 6 hemangiomas, 3 AVMs, 2
abscesses).
Conclusions iUS was highly sensitive in detecting all types of pathology, was safe and precise in planning trajectories to
intraparenchymal lesions (including minimally mini-invasive approaches), and was accurate in checking extent of resection in
more than 80% of cases. iUS is a versatile and feasible tool; it could improve safety and its use may be considered in routine
intracranial surgery.

Keywords Intraoperative ultrasound . 3D ultrasound . Navigable ultrasound . Brain surgery . SonoWand

Abbreviations
HGG High-grade glioma
LGG Low-grade glioma
ICH Intracerebral hematoma
AVM Artero-venous malformation
US Ultrasound

iUS Intraoperative US
CECT Contrast-enhanced CT scan

Introduction

In the last few decades, there have been a number of techno-
logical innovations during intracranial surgery. In the 1970s,
the surgical microscope revolutionized intracranial surgery. At
first, it was reserved for a few selected centers and for the most
complex cases: at present, the operating microscope is a neu-
rosurgical standard. In the 1990s, neuronavigation systems
were introduced and progressively accepted and now have
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become one of the standard tools for surgical planning and
intraoperative guidance in both intracranial and spinal surgery.
There are, however, some limitations including deliquoration,
spatulas, and progressive tumor debulking that make naviga-
tion based on preoperative images inaccurate. Therefore, the
need for intraoperative imaging has become more and more
important and includes modalities such as intraoperative mag-
netic resonance (iMRI), computed tomography (iCT), and ul-
trasound (iUS). The major limitation of iMRI and iCT is that
the images are not in real time. In addition, they require long
acquisition times, special surgical equipment, and special
workspaces, and the technology requires huge economic in-
vestments. iUS imaging initially had little acceptance among
neurosurgeons, likely due to inexperience with images inter-
pretation. Nevertheless, its use has increased in the last decade
likely due to the introduction of three-dimensional (3D) US
and integration with navigation systems. Traditionally, the
main use of iUS is evaluation of extent of tumor resection,
especially during resection of intra-axial tumors. With pro-
gressive experience, however, iUS has been used during the
treatment of other pathologies (abscesses, hematomas, hem-
angiomas…) and other purposes, such as positioning of exter-
nal ventricular devices (EVD), evaluation of adjacent vessels
using the power Doppler function, and US-guided biopsies.
Herein, we present our experience using navigated iUS imag-
ing (SonoWand) during 162 intracranial surgeries. Our aim
was to assess the utility of routine use of iUS during various
types of intracranial surgery. We reviewed our series to assess
ultrasound visibility of different pathologies and iUS applica-
tions during the course of surgery.

Materials and methods

Between June2014andDecember2016, 162patients underwent
intracranial surgery in our department with intraoperative 3D ul-
trasound (3D-iUS)-based image guidance system (SonoWand).
We have retrospectively reviewed patients and operative data to
evaluate the potential benefits of navigated 3D-iUS. All proce-
dures were performed by two experienced neurosurgeons (DP
and RB) both well-trained in intraoperative ultrasound. We in-
cluded neoplastic, vascular, and other (hydrocephalus) patholo-
gies in the study (Table 1). We grouped with the term
intraparenchymal pathologies all lesions (101 patients) that re-
quireda transcortical/transcerebralapproach;31lesionswerecor-
tical and 70 lesions were subcortical. Ventricular catheter place-
ment procedures were considered separately.

The SonoWand system can be used as either a stand-alone
neuronavigation system using preoperative images (CT or
MRI) or as a stand-alone ultrasound machine providing real-
time intraoperative 2D images as well as a navigable 3D ul-
trasound (which allows navigation based solely on the iUS
with no need of preoperative images). The system is also
equippedwith a combinedmodewhich uses both preoperative
images and iUS. The system has been previously described
[6]. The navigable iUS function was used in a combined man-
ner with preoperative images in 139 cases and as a stand-alone
US (either 2D or navigable 3D US) in the remaining 23 cases.
For navigation cases, a volumetric CT head with contrast or
MRI with gadolinium with standard skin-adhering fiducials
placed on the scalp was obtained on the day prior to surgery.
Images were transferred to the system using a USB device.

Table 1 Pathological spectrum of
Mair grade for each pathology Pathology Mair grade

Patients 0 1 2 3

High-grade glioma* 62 4 5% 27 44% 31 51%

Low-grade glioma* 9 6 66% 3 33%

Metastasis* 15 4 27% 11 73%

Meningiomas 39 7 18% 32 82%

Craniopharingiomas/adenomas 4 4 100%

Linfoma* 1 1 100%

Schwannoma 4 4 100%

Epidermoid 1 1 100%

Cavernous hemangiomas* 6 6 100%

AVM/FAVD 3 3 100%

Aneurysms 5 1 20% 4 80%

Hematomas* 6 1 17% 4 66% 1 17%

Abscess* 2 2 100%

Ventricular catheter
placement (ventricles)

5 5 100%

Total 162 1 0.6% 6 3.1% 49 30.8% 106 62.3%

* Intraparenchymal pathologies
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After anesthesia and patient positioning, the patient-to-image
registration was performed. Patient positioning was optimized
to ensure that the operative cavity could be filled completely
with saline in order to optimize US image quality. The skin
and bone flaps were planned with the neuronavigator (when
preoperative images were available). The first US scan was
performed after the craniotomy with the dura mater still intact,
when brain-shift is virtually absent compared to preoperative
images, in order to localize the lesion and to define its mar-
gins, dimensions, morphology, and echogenic features.
Furthermore, anatomical landmarks such as falx, tentorium,
ventricles, skull base, and major vessels are identified. The
system automatically superimposes the live iUS images on
the corresponding preoperative CT/MRI (when available)
thus allowing anatomical orientation and comparison of US
details with the corresponding CT or MRI [10]. Once the
baseline acquisition is obtained and the surgical procedure
advances, it is possible to repeat other US scans (either 2D
or 3D navigable) whenever it is necessary to update the infor-
mation as brain-shift occurs and neuronavigation accuracy is
lost. Two kinds of US probes were used: a phased-array probe
and a linear-array probe. The phased-array (4–8 MHz) pro-
duces a conic beam of ultrasound and is suitable for deep-
seated lesions. For lesions close to the surface (cortical and
subcortical pathologies), a flat linear-array probe (12 MHz) is
more suitable. The probe generates a rectangular image. The
3D-US system allows simultaneous acquisition of both tissue
signals and power Doppler angiography. US angiography was
assessed to visualize vessels engulfed by the tumor or in the
neighboring tissue. Major branches from feeding vessels were
also visualized in tumors. Intraoperative neurophysiological
monitoring was used in 5 cerebello-pontine angle lesions, 2
fourth ventricle tumors, and 14 supratentorial lesions adjacent
to motor eloquent structures (primary motor cortex and
corticospinal tract). All patients underwent an immediate post-
operative CT scan (in order to exclude the presence of a sur-
gical complication).

US data was reviewed for visibility of the pathology and
additional applications. In order to describe the ultrasound
visibility of different kinds of pathologies, we used the classi-
fication proposed by Mair et al. in 2013 [8], a grading system
for US visibility of typical intracranial lesions and its discrim-
ination at the border. Grade 0 describes lesions that are not
visible. Grade 1 describes tumors difficult to visualize without
an exact border with normal brain tissue. Grade 2 is a clearly
identifiable lesion lacking a clear border with normal brain
tissue and grade 3 is a lesion clearly identifiable with a clear
border with normal tissue (Fig. 1).

US applications during surgical procedure were the
following:

& Lesion localization (visualization of the pathology and
understanding position, limits, and adjacent structures)

& Planning the approach to deep-seated lesions (subcortical
and skull base)

& Lesion removal guidance
& Final US evaluation of the surgical field

Initial visibility and utility assessment were performed
at the time of surgery by the operating neurosurgeon; all
intraoperative US images were stored and independently
reviewed postoperatively by the other experienced sur-
geon. The two evaluations were then matched and the final
visibility grade and utility assessment for each lesion and
procedure were established.

Fig. 1 Ultrasonographic imaging of different brain lesions according to
Mair classification
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Results

Echographic visibility

Table 1 summarizes the Mair grade of the treated pathol-
ogies. In cases of an EVD placement procedure, we
assessed the ability to visualize the ventricles, which re-
sulted grade 3 in all cases. iUS was used in 135 cases of
intracranial neoplasms. All tumors were identifiable with
US imaging. In 130 cases (97%), the lesion was easily
and clearly visualized (Mair grades 2–3), and in just 5
cases (3%), it was difficult to identify the lesion or differ-
entiate it from the surrounding cerebral tissue (Mair grade
1). On average, extra-axial tumors such as meningiomas,
schwannomas, and craniopharyngiomas were identified
more easily and had clearer limits compared to intra-
axial tumors. Comparing gliomas and metastatic lesions,
the latter was more discernable. Regarding gliomas, high-
grade lesions (WHO III-IV) appeared to be more neatly
visible than low-grade lesions: respectively 51 and 33%
Mair grade 3. In high-grade gliomas, the cystic elements
and the enhancing nodules are easily distinguished from
the cerebral tissue. The only cases in which Mair grade
was 1 were a cerebral lymphoma, a pleomorphic
xanthoastrocytoma, and two multicentric glioblastomas.
All four patients showed a diffuse signal alteration on
preoperative MRI in both T2-weighed and FLAIR images,
with a large diffusion in the respective cerebral lobes
interpreted as wide disease infiltration. Fourteen cases of
vascular pathologies were treated; echographic visibility
was assessed: four out of five aneurysms were clearly
identified with Doppler angiography (considered Mair
grade 3) and one ICAOpht aneurysm was not visible
probably due to proximity to the anterior clinoid process
(Mair grade 0). The AVMs were visualized with Doppler
angiography (Mair grade 3). Of the six deep-seated cav-
ernous hemangiomas (4 supratentorial and 2 cerebellar)
visualized with iUS, all were classified Mair grade 3; in
one case with an associated hematoma, the hemangioma
remained discernible even after evacuation of the hemato-
ma despite the brain-shift. Intraparenchymal hemorrhages
(6 cases) demonstrated an average low US visibility (one
grade 1, four grade 2, and one grade 3) even though suf-
ficient for localization and approach planning. Brain ab-
scesses (2 cases) had high US visibility (Mair grade 3).
Overall, regardless of histology, perilesional edema was
associated with worse ability to distinguish the lesions’
limits (Fig. 2).

Ultrasound applications

Table 2 summarizes ultrasound applications for each
kind of pathology.

Lesion localization

The system’s ability to localize the lesion was directly propor-
tional to the US visibility grade. All pathologies were local-
ized except for one aneurysm.

Planning the approach to deep-seated pathologies

The iUS utility in planning the trajectory to deep-seated le-
sions did not always correlate with the assigned Mair grade.
Deep-seated extra-axial pathologies, mainly skull base tu-
mors, although clearly visualized with iUS, were nonetheless
approached through the classical surgical cisternal pathways,
without the need of iUS guidance. In our experience, only one
such case, a subtemporal approach to a middle temporal base
meningioma, was the iUS useful during the approach.
Similarly, the use of US did not impact dissection and clipping
strategies during aneurysm clipping. In these patients, iUS
was helpful for the placement of ventricular catheters in one
case and hematoma evacuation in another one. All deep-
seated intraparenchymal pathologies were approached with
iUS guidance (70 patients; brain tumors, cavernous hemangi-
omas, hematomas, brain abscesses) (see Table 2). In these
cases, iUS was used to plan a correct and safe trajectory to
the lesion, avoiding major vessels (Fig. 3) and eloquent cortex
(integration of iUS and neurophysiological monitoring). The
transcortical approach was planned using 3D-navigated iUS
in 65 patients and in five cases, a 2DiUS real-time control was
used. Eight patients underwent biopsy of an intra-axial neo-
plasm (due to multiplicity). The target was localized with iUS
and a minimally invasive approach was performed with min-
imal brain transgression. All the specimens were

Fig. 2 CECT head scan of a frontal metastasis and corresponding iUS.
Posterior margin of the lesion is clearly visible on CTand iUS with a clear
border with surrounding normal brain tissue (white arrow). At the medial
margin, the lesion is clear on CT scan but is lacking a clear border with
normal brain tissue on iUS (black arrow) due to surrounding edema (Mair
grade 2)
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histologically positive (absence of false positive on iUS). iUS-
guided EVD placement was performed in eight patients, five
during shunt procedures (4 slit-ventricles and 1 malformative
hydrocephalus) and three during surgery for aneurysm, hema-
toma, and brain abscess. Catheter placement with 2DUS real-
time guidance was performed in six patients and 3DUS nav-
igation in the remaining two patients. Correct placement was
achieved in all patients.

Lesion removal guidance

Extent of lesion removal was assessed with iUS in 152 proce-
dures of neoplastic and non-neoplastic pathologies (except
aneurysms and EVD placement) by acquiring repetitive iUS
scan to compensate brain-shift as surgery proceeded (Fig. 4).
As surgery proceeds, we have frequently observed a worsen-
ing of the iUS image quality due to surgical artifacts. Lesion
removal was accurately checked in 127 patients out of 152.
The phenomenon of echographic visibility reduction was not
observed in cavernous hemangiomas, brain abscesses, AVMs,

and extra-axial tumors (meningiomas, sellar region tumors,
schwannomas); these pathologies remained easily visible
throughout the operation with minimal or no decrease in iUS
visibility. In these patients (48 tumors, 6 hemangiomas, 2
brain abscesses, 3 AVMs), quantification of extent of resection
was possible as well as quantification of the potential residual
(10 subtotal resection over 48 tumors).

Image quality was worse in the cases of intra-axial tumors
(including metastasis); iUS tumor removal guidance was still
considered useful, however, because iUS precision is better in
excision quantification than the microscopic vision alone.
Among 87 cases of intra-axial tumors, US removal control
was possible in 68 patients. Forty underwent incomplete re-
section: 32 subtotal resection (STR) and 8 biopsies. Among
31 patients (25 STR, 6 biopsy), the residual lesion was iden-
tified and assessed, and the decision to not proceed further
with the procedure was based either on anatomical criteria or
the neurophysiological monitoring. In the remaining nine pa-
tients, iUS was not clear because of surgical artifacts (5 glio-
blastoma, 3 low-grade astrocytoma, 1 lymphoma). Forty-

Table 2 US application for each
kind of pathology Pathology Procedures Lesion

localization
Planning approach to
deep-seated lesions

Lesion removal
control

162 lesions 101 lesions (70 + 31) 152 procedures

High-grade glioma* 62 62/62 35/62 49/62

Low-grade glioma* 9 9/9 3/9 4/9

Metastasis* 15 15/15 11/15 15/15

Meningiomas 39 39/39 1/39 39/39

Craniopharingiomas/adenomas 4 4/4 0/4 4/4

Linfoma* 1 1/1 1/1 0/1

Schwannoma 4 4/4 0/4 4/4

Epidermoid 1 1/1 0/1 1/1

Cavernous hemangiomas* 6 6/6 6/6 6/6

AVM 3 3/3 1/3 3/3

Aneurysms 5 3/4 0/5 0/5

Hematomas* 6 6/6 6/6 0/6

Abscess* 2 2/2 2/2 2/2

Ventricular catheter placement 5 5/5 5/5 NA

Total 162 161/162 71/101 127/152

Intraparenchymal pathologies 101 101/101 70/101 76/101

Extraparenchymal pathologies 56 55/56 1/56 51/51

Intraparenchymal deep-seated
(subcortical)

70 70/70 70/70 55/70

Extraparenchymal deep-seated
(cranial base)

31 30/31 1/31 26/31

Total deep-seated lesions 101 100/101 71/101 81/96

Intraparenchymal superficial
(cortical)

31 31/31 0/31 21/31

Extraparenchymal superficial
(cranial vault)

25 25/25 0/25 25/25

Total superficial pathologies 56 56/56 0/56 46/56

* Intraparenchymal pathologies
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Fig. 4 Frontal glioblastoma (Mair grade 3). a 3DiUS acquisition prior to
resection: axial, coronal, and sagittal plan superimposed to the
corresponding preoperative CT head scan. b–d Progressive tumor

debulking with contemporary display of tissue and power Doppler
signal (note the position of the anterior cerebral artery with respect to
the cavity wall)

Fig. 3 Left panel shows axial, coronal, and sagittal view on CECT head
scan of an insular glioma (Mair grade 2). Right panel shows the
corresponding 3DiUS images superimposed to axial, coronal, and

sagittal plans on CECT scan. The green line represents the trajectory to
the target planned to avoid the vessels. Note the considerable brain-shift
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seven patients underwent gross total removal (GTR): HGG
(29), LGG (5), metastasis (13). In 37 cases (21 HGG, 3
LGG, 13 metastasis), iUS visibility remained clear during
the procedure and the system was considered helpful in tumor
resection. In the remaining 10 cases, the images were not good
enough and the excision was completed relying onmicroscop-
ic vision and anatomical landmarks.

In our experience, a decrease in echographic visibility was
encountered during intraparenchymal hematomas evacuation.
The iUS was used to plan the transcortical trajectory, but in all
six patients, we could not evaluate the progression of evacu-
ation, with an average of one grade-lowering on the Mair
classification. Power Doppler angiography was used to local-
ize major vessels encased or adjacent to the lesion and major
feeding arteries (tumors, AVMs). Displaying simultaneously
iUS tissue signal and power Doppler allowed us to localize
and spare vascular structures during both the approach and the
resection (Fig. 5). Repeated intraoperative Doppler acquisi-
tions were also used to check progressive deafferentation of
AVMs and hypervascularized tumors. On the opposite of the
tissue signal, we did not observe any decrease of the Doppler
images’ quality throughout the procedure.

Final iUS evaluation of the surgical field

The final iUS, performed at the end of the procedure in all
patients, demonstrated two cases of hemorrhage in the surgical
field, one of which was recognized and evacuated. The other
case was misinterpreted for a residual of an insular glioblas-
toma and left in situ only to be identified later on the postop-
erative CT scan.

Discussion

Echographic visibility

Echographic visibility of brain lesions is difficult to be objec-
tively quantified. There is a well-known learning curve of
interpreting and recording iUS images and there can be vari-
ous artifacts in surgical cavities that contribute to a deteriora-
tion of ultrasound image quality and lesion delineation during
resection [12]. We used an echographic visibility grading sys-
tem proposed by Mair et al. in 2013 [8]. It is a four-tiered
system that takes into account the echogenicity of the lesion
and its border visibility (Fig. 1). Although it is an unvalidated
scale, it is almost identical to others [14, 16]. Similar to what
other authors have described [8, 11, 17, 21, 22], all lesions,
except one aneurysm, were identifiable by iUS. Most of the
lesions (primary and metastatic tumors, cavernous hemangi-
omas, abscesses) appear hyperechoic compared to the sur-
rounding normal brain parenchyma. Edema also appears
slightly hyperechoic. Hemorrhage has different echogenic as-
pects, depending on the phase of the bleeding: in the acute
phase, for example, it appears hyperechoic. Extra-axial and
metastatic tumors were on average identified more easily
and had clearer limits compared to intra-axial tumors.
Among the latter, diffusely infiltrating lesions showed the
lowest grade of visibility with poor limits of definition
(Table 1). Depiction of tumor borders was dependent on in-
trinsic factors (nature of the lesion) and extrinsic factors (sur-
rounding parenchyma). Considering intrinsic aspects, diffuse
infiltrative lesions (such as infiltrative gliomas and lympho-
mas) do not have a histologically defined border and
echographic differentiation from normal brain is difficult;

Fig. 5 Left temporal metastasis
(Mair grade 3). 3DiUS acquisition
(tissue and power Doppler signal)
on axial and coronal plan
superimposed to the
corresponding preoperative CT
scans. The images show several
large vessels on the superior pole
of the tumor along the Sylvian
cistern
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extra-axial lesions (i.e., meningiomas and hemangiomas) on
the other hand have a well-defined anatomical (hence
echographic) demarcation with normal parenchyma [2].
Brain metastases are also usually well circumscribed and have
a defined border on MRI and in the corresponding ultrasound
images [2, 8, 22]. Extrinsic features refer to perilesional edema
or hemorrhage that, being slightly hyperechogenic, reduce the
contrast between the hyperechogenic signal of the lesion and
the signal of the brain (Fig. 2). For this reason, diffusely infil-
trating lesions with poor edema might be better visualized
than high-grade lesions with perilesional edema. For the same
reasons, a meningioma or hematoma with surrounding edema
could appear less definable [2, 22, 23]. In high-grade gliomas,
although infiltrative in nature, iUS is capable of identifying
different multiform portions of the solid lesion such as necro-
sis, cysts, bleedings, and irregular dense tumor. Again, visibil-
ity improves as perilesional edema decreases.

US applications

Lesion localization and planning the approach

The ability to localize the lesion is directly proportional to its
grade of US visibility. Utility of the US system for approach
planning seems to be directly proportional to the lesion’s
grade of US visibility, as well as the kind of lesion and the
ability to understand the anatomical orientation. In deep extra-
axial pathologies (skull base tumors, aneurysms), an anatom-
ical pathway is generally used during the approach
(subfrontal, subtemporal, transsilvian), and therefore iUS is
less useful. Nevertheless, out of this group of pathologies,
there are some selected cases in which the ability to visualize
the surgical target and the adjacent structures is useful during
the approach. In our experience, iUS has proven itself helpful
for planning the approach to deep-seated intraparenchymal
pathologies. Every time a transcortical route is used, iUS guid-
ance is used to plan a safe and precise trajectory, avoiding
unnecessary parenchymal injury. Our findings are confirmed
by previous literature examining the use of iUS in the surgical
treatment of brain tumors, cavernous hemangiomas, cerebral
abscesses, and ICHs [8, 9, 20–22]. The ability to precisely
localize the lesion reduces invasiveness and therefore poten-
tial surgical morbidity. It allows minimally invasive proce-
dures as well. The transcortical trajectory can be planned with
both the 2D real-time iUS and the 3D iUS [21]. In our expe-
rience, we did not observe difference between 2D and 3D iUS
in terms of safety and precision to reach the target. 2D real-
time iUS (conventional iUS and navigated US) allows ongo-
ing visualization of the surgical progression and can identify
the relationships between the lesion and artifact from the sur-
gical instruments. Moreover, brain-shift is less of an issue as
the image updates are in real time. One disadvantage is that the

US probe must constantly be on the surgical field, thus occu-
pying part of the already narrow space. Another disadvantage
is that the images are limited to the 2D insonance plan; navi-
gating the probe may facilitate anatomical understanding [10].
3DUS allows the ability of visualizing the images on the three
orthogonal planes and making a direct comparison of iUS and
preoperative MRI in the same plane of view [9, 20]. The
problem of brain-shift is minimal as it is possible to acquire
a new echographic volume in a few seconds at anytime [21].
3DUS could be used as a navigational tool even without pre-
operative imaging (Fig. 6). In these events, we can navigate
directly based on the reconstructed 3DUS data [9, 21]. In both
our and other authors’ opinions, this iUS application is useful
in the treatment of deep-seated cavernous hemangiomas [9,
25], cerebral abscesses (with minimally invasive approach)
[8], ICH [5], or US-guided biopsies and US-guided placement
of ventricular catheters. We biopsied eight deep-seated lesions
using simultaneous visualization of the tissue US signal and
power Doppler. The target was localized and all histological
exams were positive. The EVD positioning in normal condi-
tions is a simple procedure and is based on anatomical land-
marks; in some cases, however, such as ventricular anomalies
(slit-ventricle, malformative hydrocephalus), atypical catheter
placements, or atypical patient position, it can be problematic.
In these events, iUS allows direct visualization of the ventri-
cles, increasing the precision and safety of the procedures. We
used the trajectory based on 3D-navigated iUS in two cases
(using the technique described by Jakola et al. [7]) and on 2D
real-time iUS guidance in the two remaining cases. We ob-
tained correct catheter placement with both methods.

Resection control

The use of iUS for resection control during surgery of intra-
cerebral tumors is documented in numerous reports; however,
our aim was to assess iUS utility in all neurosurgical proce-
dures and we therefore analyzed this application of iUS for
non-neoplastic pathologies as well (cavernous hemangiomas,
cerebral abscesses, hematomas). The ability to check the re-
section with ultrasound depends on the pathology’s
echographic visibility both at the beginning and during sur-
gery; it is common to observe a reduction of image quality
during the procedure. Surgical artifacts can decrease the le-
sion’s US visibility and particularly the definition of its edges.
We were able to accurately check resection in 127 cases out of
152 procedures (Table 2). In our experience, extra-axial pa-
thologies (extra-axial tumors, cavernous hemangiomas, and
AVMs) showed high visibility throughout the procedure with
minimal decrease in image quality and high capacity of
distinguishing borders from the surrounding cerebral tissue.
Nevertheless, these are lesions in which the resection can be
usually checked with microscopic view; therefore, iUS utility
is limited to some specific cases. Echographic control during
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evacuation of cerebral abscesses, hematomas, or cystic lesions
through a minimally invasive approach has been reported [8,
19, 21]. We used iUS with good results during evacuation of
two cerebral abscesses and two cases of intraparenchymal
hematomas (one associated with an aneurysm, the other with
a cavernous hemangioma). In the remaining six hematomas,
iUS resulted accurate to plan transcortical approach, but we
could not check the evacuation due to low quality of US im-
ages. Solheim et al. in 2009 [15] proposed a method of
ultrasound-guided resection of giant meningiomas (also effec-
tive with schwannomas and craniopharyngiomas): the method
enables image-guided resection through narrow approaches
that minimize traction on brain parenchyma. US tissue signal
could be used to assess the amount of residual tumor (mini-
mizing the risk of over- or underestimation of residual tumor),
whereas power Doppler angiography allows the identification
of normal arteries adjacent or encased in the tumor as well as
feeding vessels [15]. We performed this kind of approach with
satisfactory results in meningiomas, schwannomas,
craniopharyngiomas, and AVMs (with control of progressive
deafferentation with power Doppler).

One of the most used iUS applications is resection control
of intra-axial tumors. The aim is to sonographically identify
residual lesion which is not visible to the bare eye, in order to

refine the resection. Several authors assessed the usefulness of
this technique; however, randomized trials are still lacking.
Woydt et al. [24] and Chacko et al. [1] compared 2D US
imaging results after resection to histopathology by taking
probes from various points at the resection margin. They con-
cluded that iUS could detect residual tumor tissue with high
specificity and thus improve gross total resection. The role of
3D ultrasound was widely studied by Trondheim’s group [12,
13, 16, 22]. Their studies show that ultrasound is highly accu-
rate in delineating glioblastomas (and metastasis) before re-
section, but it appears less accurate during and after resection.
During resection, there seem to be some overestimation of the
tumor and on the contrary, small tumor remnants and infiltrat-
ed tissue in the cavity wall are underestimated after resection
[12, 22]. In our study, a retrospective unselected population,
we evaluated the utility of iUS (for resection control) based on
the echographic visibility of the tumor throughout the proce-
dure. On a total of 87 intraparenchymal tumors (HGG, LGG,
metastasis, lymphoma), we could perform iUS-based resec-
tion control in 68 cases (37 GTR, 26 STR, 5 biopsies). We
deemed useful in all cases, except from biopsies (in which
quantification of residual tumor was not considered relevant).
iUS allowed us to perform a direct control of resection. In the
remaining 19 cases (10 GTR, 7 STR, 2 biopsy), image quality

Fig. 6 Cerebellar metastasis
(Mair grade 3). Intraoperative
3DUS without preoperative
imaging. a, b Pre-resection
3DiUS acquisition. d Progressive
resection compared to the pre-
resection 3DiUS in c
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was inadequate to perform an accurate assessment of the re-
section. In the subgroup of giant intra-axial tumors, resection
control could be difficult because of system’s inability to vi-
sualize the whole lesion together with its margins. This draw-
back could be overcome by alternating internal tumor
debulking and US acquisitions until the borders become clear.
Saeter et al. performed a retrospective analysis on the use of
3D ultrasound in 192 glioblastomas surgery. Their study dem-
onstrated that survival rates improved within the same period
that intraoperative ultrasound and neuronavigation were intro-
duced and established in their department [13]; however, these
findings are not confirmed by larger randomized controlled
trial and the authors concluded that one must be cautious to
claim causality between iUS and prolonged glioblastoma sur-
vival. In two comparative studies, 2DiUS resulted in slightly
inferior to iMRI in resection control [3, 4]. Tronnier et al.,
however, showed that detection of HGG and metastasis and
intraoperative delineation of tumor remnants through low-
field iMRI (0.2 T) or 3DiUS was comparable in both imaging
modalities whereas in the case of a low-grade glioma, iUSwas
more helpful [18]. Comparison between iUS and other intra-
operative imaging (iCT or iMRI) is beyond the scope of this
article; our aimwas to assess the utility of routine use of iUS in
intracranial surgery. Our study as well as literature data [1,
11–13, 16, 20, 22, 24] suggests that iUS has high sensitivity
in detecting tumor remnants (higher than Bbare eyes^) and
hence could help improving gross total resection.

Final US evaluation of the surgical field

The final iUS scan showed in two cases the presence of he-
matoma in the surgical field. In one of these cases, the hema-
toma went unnoticed before using iUS. We firmly believe that
our ability in interpreting the final iUS scans will improve by
gaining experience; however, at the moment, we are not ready
to replace postoperative CT scan with iUS scan because it
does not provide a global intracranial view.

Conclusions

In this study, we presented our experience using navigated
iUS imaging (SonoWand) during 162 intracranial surgeries.
Our aim was to assess the utility of routine use of iUS during
various types of intracranial surgery. We reviewed our series
to assess ultrasound visibility of different pathologies and iUS
application during the course of surgery. We found that intra-
operative ultrasoundwas highly sensitive in detecting all types
of pathology. The technology resulted applicable to all kind of
intracranial surgical procedure, even in urgency regime, has
no need for any particular operating room setting and fast in
image-acquiring timing. Navigated probes facilitate anatomi-
cal orientation and comparison between the US signal and

preoperative MR and/or CT imaging. It can be quickly
equipped, even in cases in which its utilization was not
planned preoperatively.

Regarding the applications, resulted in useful and safe in
planning trajectories to subcortical lesions (even with mini-
mally invasive approaches). iUS was accurate in checking
extent of resection in more than 80% of cases; resection con-
trol appeared easy and accurate in extra-axial pathologies. In
intra-axial tumors, resection control might become difficult
during surgery due to drop of US visibility. Impact of iUS
on long-term oncological outcome has still to be assessed,
but iUS showed high sensitivity in detecting tumor remnants
and hence could help improving gross total resection.
Simultaneous visualization of US tissue and power Doppler
signals allows both to reduce the risk of vessel injury and to
check deafferentation of tumors and AVMs. We think that
intraoperative ultrasound is a versatile and feasible tool that
many other colleagues probably will find useful with some
practice.
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