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ABSTRACT

BACKGROUND: The aim of this paper was to evaluate the synergic strategy comprising intraoperative neurophysiological monitoring and
ultrasound sonography in terms of clinical motor scores and extent of resection.

METHODS: Patients harboring tumors in close relationship with the motor cortex were operated on with image-guided mini-invasive approach
and multimodal neurophysiological monitoring. The peculiarity is the partial exposure of the motor cortex and the limited electrophysiological
mapping used to search for negative spots. Multimodal neurophysiological monitoring comprised the electrocortical stimulation, somatosensory
evoked potentials, motor evoked potentials and subcortical stimulation. Ultrasound sonography guided the tumor removal. The post-op clinical
motor scores and the extent of resection were assessed.

RESULTS: Twelve patients were operated on with the combined approach and were further analyzed. Six had high grade gliomas, 1 anaplastic
astrocytoma, 1 oligodendroglioma, 1 pilocytic astrocytoma and three had metastasis. One out of 12 had a worsening of the motor scores at the
last follow-up. The mean extent of resection was 90% ranging from 60% to 100%, but in 9 out of 12 patients, it reached or exceeded 90%.
CONCLUSIONS: The synergic strategy comprising intraoperative multimodal neurophysiological monitoring and the ultrasound sonography is
feasible in all surgeries. Data are promising in terms of both clinical motor scores and extent of resection. This strategy represents an alternative
approach to the treatment of supratentorial tumors, although further studies are necessary to confirm the long-term efficacy of this procedure.

(Cite this article as: Cordella R, Nava S, Prada F, Agnoletti A, Legnani F, DiMeco F. Ultrasound guided mini-invasive tailored approach and intraop-
erative neurophysiological monitoring: a synergistic strategy for the removal of tumors near the motor cortex. A preliminary experience. J Neurosurg
Sci 2018;62:255-64. DOI: 10.23736/S0390-5616.16.03565-7)
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Supratentorial tumors in close spatial proximity with
eloquent areas represent a major challenge for neu-
rosurgeons. The aim is maximal removal of the tumor
without decreasing the patients’ quality of life. Techno-
logical advances comprising of fMRI scans, intraopera-
tive neuro-navigators, and neurophysiological monitor-
ing techniques are pivotal in managing supratentorial
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tumors in close spatial proximity with eloquent areas.
These imaging techniques help with the preoperative
planning of the surgical strategy, while during surgery,
they indicate tumor boundaries and the relationships
of the tumor with nearby vital structures, thus enhanc-
ing precision, accuracy, and safety for the patients and
allowing for maximal resection. Direct electrocortical
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stimulation (ECS) is the gold standard for the recogni-
tion of the eloquent parenchyma, motor and language,
through the detection of neurological responses by
means of either EMG recordings or neuropsychological
evaluation in awake patients.!-4 Multimodal intraopera-
tive neurophysiological monitoring (IOM) has proven
to be effective in preventing new unwanted neurologi-
cal impairments during surgery in eloquent areas in
standard neurosurgical approach 3.6 and also in image-
guided mini-invasive neurosurgery.” In addition, IOM
allows to assess continuously the motor functions with-
out interrupting the surgical flow.

Uploading MRI and fMRI scans into the intraop-
erative neuro-navigation system should be considered
mandatory for the planning and execution of surgical
procedures. However, both techniques are based on
imaging acquired preoperatively and as a main limita-
tion, their accuracy decreases during the course of the
surgical manipulation due to the phenomenon known
as brain shift.8 Brain shift is caused by multiple fac-
tors such as the effect of the gravity on the brain, brain
swelling, leak of cerebrospinal fluids and surgical ma-
neuvres.% 10 Intraoperative MRI, CT !1. 12 and ultra-
sonography 13 are the only methods available to gain
intraoperative information on brain shift. Technologi-
cal advances have continued to improve the value of
intraoperative ultrasound (iUS) by integrating it with
neuroimaging systems currently used during surgery.!4

The combination of IOM and ultrasound scans might
be pivotal in limiting the incidence of unwanted neu-
rological deficits post-operatively and increasing the
amount of gross total resection. This study evaluates
our results of supratentorial tumors resection achieved
with the combination of IOM and neuronavigated ultra-
sound sonography. Indexes such as clinical scores and
amount of resection have been assessed to understand
the impact of the combination of these two techniques
in neurosurgical practice.

Materials and methods

Patients and clinical assessment

The study enrolled patients who underwent elective
surgery with tailored mini-invasive image-guided cra-
niotomy to remove tumors nearby the motor cortex and
tract with the aid of iUS and IOM. Image-guided surgi-
cal approach comprises the planning of the trajectory
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with the aid of the standard neuronavigation system
and US-guided neuronavigation to assess the tumor’s
boundaries during the removal. A decision to perform a
mini-invasive surgical approach, by linear incision and
small craniotomy, was made based on tumor character-
istics. The latter were: 1) maximum tumor diameter less
than 4 cm; 2) cortical spatial direct relationship with the
motor cortex as evaluated by fMRI; 3) none or mini-
mal superficial extension of the lesion in contact with
the pre-motor, motor or parietal cortices.” All patients
were pre- and postoperatively assessed (1-week- and
3-month-follow-up), according to a standard protocol,
and muscle strength was graded on a 0-V scale (0: no
movements; [-II: severe paresis; III-IV: moderate pa-
resis; V: normality) British Medical Research Council
Scale (BMRC).15

The Institutional Review Board approved the study
and all patients gave written informed consent prior to
the surgery.

Surgical technique and ultrasound procedure

MRI-based surgical planning with neuronavigation
was performed. MRI was coupled with US system
equipped with Virtual Navigator (MedCom, Darmstadt,
Germany) software for Fusion Imaging, allowing real-
time neuronavigation between preoperative MRI and
real-time US. All procedures were performed under
general anesthesia, and an image-guided mini-invasive
approach was performed that included linear skin inci-
sion, followed by one burr hole and a small craniotomy
(Figure 1) centered on the pre-planned trajectory to the
tumor. The size of the craniotomy was just big enough
to allow to the smallest probe to move in all directions.
Ultrasound evaluation of the lesion was performed prior
to and following the dural opening (Figure 1), as re-

Figure 1.—Illustrations of the planned craniotomy and its diameter
showing the insertion of the 4 contacts strip electrode underneath the
dura (A) and the Ultrasound evaluation of the lesion following the dural
opening (B).
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Figure 2.—Intraoperative fusion imaging (real-time ioUS and pre-op-
erative MRI) findings. Preresection sagittal section displaying US find-
ings (A) with an hyper echoic area showed by the pointer tip (cylinder)
and corresponding co-planar preoperative MRI findings (B). In D the
postresection US imaging is showed, along with the corresponding pre-
operative MRI (E), providing further orientation and help in interpreting
the imaging. C and F shows the probe position in the three traditional
orthogonal planes.

ported in previous studies by our group. After bone flap
removal, a 3- to 11-MHz linear US navigated probe (Es-
aote, Genoa, Italy) was placed in a surgical sterile trans-
parent plastic sheath, along with 5-mL US transducing
gel. The probe was placed over the dura to acquire stan-
dard B-mode imaging scans. The lesion was identified
on the 2 axes and then measured.!6

All lesions were initially evaluated with B-mode im-
aging, and a morphological qualitative online intraop-
erative assessment was performed: in particular, it was
evaluated tumor gray scale intensity and texture, super-
ficial arachnoidal and deep white matter margins, per-
ilesional edema compared to apparently healthy brain
tissue (Figure 2). All lesions were defined as highly hy-
perechoic, mildly hyperechoic, or isohypoechoic com-
pared with the surrounding normal brain parenchyma.
Other lesion features considered were the presence of
calcification, and either cystic or necrotic areas. In order
to have a clearer understanding, US imaging was cor-
related with the navigated co-planar preoperative MRI.
All data obtained by US analyses was correlated with
the histopathology of each lesion.

As a consequence of the small craniotomies (Figure
1) tailored on the tumor, the motor cortex is exposed
partially or not at all, and indeed an IOM protocol in-
cluding a limited ECS in the search of negative spots
(i.e. non eloquent cortex) and a multimodal monitoring
had been employed.

Following dural opening, the 4-contact strip elec-
trode (Integra Corporation, MN, USA) — to record
electrocorticography, SSEP and direct motor evoked
potentials — was carefully introduced underneath the
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dura (Figure 1) towards the motor strip and positioned
onto the targeted area according to neuronavigation and
electrophysiological data. Subsequently, the surgeon
performed a neurophysiological mapping by stimulat-
ing the tumor and the surrounding cortex looking for
negative and positive responses.

MR imaging and assessment of tumor volume

Patients underwent a conventional MRI protocol pre-
and postsurgery either at the 1.5 Tesla.

(Siemens Avanto, Erlangen, Germany) or 3 Tesla
(Philips Achieva, Best, the Netherlands) site. Postop-
erative MRI was achieved within 72 hours from the sur-
gical procedure.

High-resolution sequences were acquired for neuro-
navigation: volumetric fast-field echo (FFE) T1-weight-
ed MR images (TR/TE: 1160/4.24 msec; 192 sections
with a 0.9x0.9x0.9 mm3 nominal resolution and 0.45
mm interslices gap) for 1.5T, and volumetric turbo-field
echo (TFE) T1-weighted MR images (TR/TE: 7.16/3.21
msec; 192 sections with a 1x1x1 mm3 nominal resolu-
tion and 1 mm interslices gap) for 3T, following intra-
venous administration of the contrast agent. In addition,
axial T2-weighted and fluid attenuated inversion recov-
ery (FLAIR) were acquired. Tumor boundaries, as well
as post-operative residuals, were identified and seg-
mented on the volumetric T1 sequences on every axial
slice in order to accurately compute their volume with
Osirix imaging software v. 3.1.17 For a higher reliabil-
ity, correspondent T2 and FLAIR sequences were si-
multaneously loaded and inspected. Extent of resection
(EOR) was computed by a volume subtraction approach
between preoperative mass and postoperative residual.

10M
ELECTROENCEPHALOGRAPHY AND ELECTROCORTICOGRAPHY

Both signals monitored brain oscillatory activity and
the related states (i.e. delta, theta oscillations). Electro-
encephalography (EEG) was used to monitor brain areas
when electrocorticography (ECoG) is not available (i.e.
start and end of the surgery, bad signals of the ECoG
electrodes), to monitor the effect of anesthetic drugs,
and to detect seizures. ECoG was recorded to direct
assess brain activity and to define the working current
through the detection of after discharges and subclini-
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cal seizures. The occurrence of epileptic seizures was
managed through immediate cortical irrigation with
cold-saline solution and antiepileptic drugs (AEDs).
EEG was recorded bilaterally with subdermal needle
electrodes using C3’-C4’-T3-T4 of the International
10-20 System, all referred to a midfrontal site, similarly
ECoG was arranged in a monopolar array (midfrontal
cathode as reference). Both signals were recorded with
a bandpass filter set from 1 to 70Hz, and sensitivity of
200 pv division.

ECS AND FREE RUN EMG

The surgeon performed the direct electrical stimula-
tion through a hand-held bipolar probe. This method-
ology was used to confirm that the planned trajectory
do not comprise eloquent cortex. Thus, ECS was per-
formed stimulating the tumor and surrounding cortex
looking for negative and positive responses.

Evoked responses were recorded on free run EMG.
The stimulation parameters were from 1 to 10 mA in-

ULTRASOUND GUIDED MINI-INVASIVE TAILORED APPROACH AND INTRAOPERATIVE NEUROPHYSIOLOGICAL MONITORING

tensity, 60Hz frequency and 1 ms pulse-width. Free run
EMG was recorded through two subdermal monopolar
stainless steel needles, 2 cm apart from one another. The
orbicularis oris, wrist extensor, deltoid, triceps, abduc-
tor pollicis brevis, abductor digiti minimi, rectus femo-
ri, tibialis anterior and extensor digitorum brevi were
the muscles selected to monitor the contralateral hemi-
soma. Free run EMG was recorded with a band pass of
40-1000Hz.

SOMATOSENSORY EVOKED POTENTIALS

Somatosensory evoked potentials (SSEPs) of the con-
tralateral — to the lesion side — median nerve stimula-
tion were performed to localize the central sulcus through
the N20 phase inversion (P20). In addition a C3’/C4’
contact of the International 10-20 System (approximately
7-7.5 cm lateral and 2 cm behind from the midline on
the central sulcus line) to record scalp evoked potentials
was used as a reference and compared to the P20. Be-
tween 100 and 200 traces were averaged for optimizing

TABLE l.—Patients’data, the extent of resection and the comparison between preoperative and postoperative clinical motor score.

Patient Age at surgery Gender

Preoperative Postoperative symptoms

(years) Histopathology Tumor location  EOR (%) symptoms (BMRC score) 3 months FU (BMRC score)
1 58 M  Metastasis 95.69  Seizures and upper limb paresis No new deficits
Frontal 3) 3)
2 59 M Glioblastoma Frontal 76.79 Seizures Hemiparesis
) 3)
3 20 M Pilocytic astrocytoma  Frontal 95.79 Asymptomatic No new deficits
(5 (5
4 60 F Metastasis Frontal 96.92 Aphasia and seizures No new deficits
() (5)
5 52 M  Glioblastoma Fronto-parietal 95.76 Seizures No new deficits
(5 (5)
6 20 F Anaplastic astrocytoma Frontal 93.89 Seizures No new deficits
(5 (5)
7 31 M  Oligoastrocytoma Frontal 89.67 Seizures No new deficits
(5) (%)
8 27 F Glioblastoma Frontal 100.00 Seizures No new deficits
(5) (5)
9 38 M  Glioblastoma Fronto-parietal 61.51  Seizures and upper limb paresis No new deficits
4 ()
10 63 F Glioblastoma Parietal 76.71 Aphasia and hemiparesis No new deficits
@ 2
11 64 M Metastasis Fronto-parietal 100.00 Seizures No new deficits
(%) (5)
12 58 F Glioblastoma Frontal 100.00 Upper limb paresis No new deficits
3 3
Mean 46 90.23
BMRC: British Medical Research Council; EOR: extent of resection; FU: follow-up.
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the signal-to-noise ratio. The presence of P20 was related
to the positioning of the contact on the motor cortex and
the central sulcus. Stimulation parameters were: intensity
ranging from 20 to 30 mA, 3 Hz rate and 20 ms pulse
width. Band-pass filter was set from 5 to 2000 Hz.

DIRECT MOTOR EVOKED POTENTIALS

Direct motor evoked potentials (IMEP) has allowed
the real time continuous monitoring the lower limb mo-
tor functions during the tumors removal. Monopolar
stimulation (midfrontal site as cathode) was performed
using only those strip electrode contacts showing P20.
Stimulation was performed by short train of stimuli
(3 to 5) consisting of rectangular pulses with a pulse
width of 0.5-1.0 ms, and a bandpass filter set from 30 to
3000Hz. Responses were detected from the same group
of muscles reported for the free run EMG. A 50% de-
crease in amplitude in more than three consecutive re-
sponses was set as the warning criterion, as well as an
increase in stimulation amplitude above 20%.18. 19

SUBCORTICAL STIMULATION

Monopolar subcortical stimulation (Fpz as cathode)
was performed to estimate the distance between the
stimulating point and the corticospinal tract. The pa-
rameters were as follows: short train of stimuli (3 to 5)
consisting of rectangular pulses with a pulse width of
0.5-1.0 ms and intensity up to 20 mA. The evoked re-
sponses were detected on the EMG.

Anesthesia protocol

During the entire surgical session, all patients were un-
der general anesthesia with propofol target control infu-
sion (TCI) as primary choice, because it has been shown
to produce a more stable neurophysiological environ-
ment for monitoring, than inhalational anesthetics.20-23
The main advantage of this methodology is a prompt
response to signs of inappropriate anesthesia depth with-
out any need for mathematical calculations.24 TCI effect
compartment concentration (Ce) during the maintenance
was performed using Schnider’s model 25 for Propofol
and Minto’s model 26 for remifentanil. During the pro-
cedure, the depth of the anaesthesia was assessed con-
tinuously through the bispectral index (BIS Vista, Aspect
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Medical Systems, Newton, MA, USA) targeted between
40 and 60.27 Muscle relaxants were administered for intu-
bation purposes only and were not used during the entire
surgical session.

Results
Patients’ description

Twelve patients that were operated on with the mini-
invasive image-guided tailored craniotomy with the aid
of ultrasound and IOM met the inclusion criteria and
were further analyzed. Seven patients were males and 5
females, having a mean age at surgery of 42+12 years
(range 12-64). Seven patients harbored lesions on the
right hemisphere and 5 harbored lesions on the left. Pre-
operative symptoms comprised of generalized seizures
in 6 patients, hemiparesis contralateral to the lesion in 2,
seizures and hyposthenia in 1, seizures and aphasia in 1,
aphasia and hemiparesis in 1, and one was asymptomat-
ic. Preoperative BMRC scores were grouped as follows:
seven had 5, two had 4, two had 3 and one had 2 (Table
I). Seven patients were under AEDs either to prevent
or control seizures. Histological diagnosis was glioblas-
toma multiforme in 6 patients (World Health Organiza-
tion — WHO grade V), 1 anaplastic astrocytoma (World
Health Organization — WHO grade I1I), 1 oligodendro-
glioma (WHO grade II), 1 pilocytic astrocytoma (WHO
grade I), and metastatic tumors in 3 (Table I).

Electrophysiological findings
N20 PHASE INVERSION

Primary motor area (Brodmann’s area 4) localization
through N20 phase inversion (P20) was achieved in all
surgeries (Figure 3A), although in three procedures the
position was refined in accordance to the electrophysio-
logical results (Table II). In these three latter procedures
the first strip’s position displayed N20 in all contacts,
indicating that the contacts were located in the somato-
sensory cortex.

ECS

ECS was performed in all procedures. Stimulation
amplitude ranged from 4 to 7mA. At least 5 cortical
spots (range 5-7) per patient were stimulated and mus-
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Figure 3.—Multimodal IOM comprises EEG and ECoG (both not N20 Ph o~ ECS EEG/ECoG Subcortical

shown) and A) SSEP, illustrating the N20 (on ECoG1, ECoG2 and C4’)  Patient reverlese tofal  Positive/ findings stimulation

and the P20 (on ECoG3 and 4). This result informed that the strip was negative (lower intensity)

located on the motor cortex (ECoG3 and 4) and on the somatosensory -

cortex (ECoG 1 and 2), indeed the former contacts were used to evoke 1 Y‘?S, 5 0/5 Afterdischarge No

dMEP; B) EMG, showing activation of the hand’s muscles (abductor (position

pollicis brevis and abductor digiti minimi) during ECS mapping; C) refined)

dMEP evoked through one of the two contacts of the strip electrode; D) 2 Yes 1/5 Seizures Yes

subcortical mapping activating the lower limb muscles. (upper  (also clinical) (5mA)
limb)

. . i 3 Yes 5 0/5 No seizures No
cle contractions were recordpd n ogly two patients (one . Ves s 0/ No seizures No
upper limb and one lower limb) (Figure 3B). In one of .
these two patients a stimulus-evoked generalized sei- > Yes 3 05 No seizures No
zure was documented that was halted through the irriga- 6 Yes 5 1/5 No seizures No
tion of the exposed cortex with ice-cold saline solution. (position (lower

refined) limb)
7 Yes 0/5 Seizures ECoG No
DMEP AND SUBCORTICAL STIMULATION (P‘f’ismgl (no clinical)
renne
dMEP through monopolar stimulation by mean of * Yes 6 0/6 No seizures No
the strip’s contacts showing the phase inversion was 9 Yes 5 0/5 No seizures No
achieved in all procedures with a maximal of 20 mA 1o Yes 5 0/5 No seizures No
anodal sFlmulatlon (Figure ?)C). At the end of the pro- Yes 6 0/6 No sezures Yes
cedure, in none of the patients has been recorded a (10mA)
decrease of the response wider than the 50% of the 12 Yes 0/5 No seizures No
baseline. Subcortical stimulation was performed in
only two patients (Figure 3D). In one patient, subcor- Mean 46
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tical stimulation was positive with intensities around
10mA, while in the other the lower intensity was 5 mA
(Table II).

Clinical findings

At the 1-week follow-up, 3 out of 12 patients (25%)
experienced a worsening of the preoperative symptoms.
Specifically one patient had a BMRC score dropping
from 5 to 1, one from 4 to 2 and the one from 3 to 1. All
three patients underwent rehabilitative physical activ-
ity. At the 3-month follow-up the preoperative BMRC
scores were restored in the latter two, while in the for-
mer the BMRC score at this follow-up was 3 (Table I).

Radiological findings

The mean EOR for the group of patients was 90%
(Table I). Resections ranged from 62% to 100%, but in
9 out of 12 patients, it reached or exceeded 90%. Sub-
total resection was achieved in the remaining 3 cases,

TABLE ll.—Electrophysiological results.
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Figure 4—Postoperative contrast-enhanced T1 MR image (on the right
side) shows the tumor residual outline, compared with pre-op lesion out-
line (on the left). In this patient (#2) the dramatic spatial correspondence
of the tumor mass with the eloquent motor cortex, positively responsive
to ECS, led to the decision to exclude the outlined portion from resec-
tion. EOR was hence subtotal (76.8%).

due to the close spatial relationship between pathologi-
cal tissue and motor structures (Figure 4), identified by
either cortical or subcortical stimulation.

Discussion

This report describes the combined use of multimod-
al neurophysiological monitoring and neuronavigated
ultrasound sonography during image-guided mini-in-
vasive tailored approach neurosurgical procedures for
tumor removal in motor areas. The aim is to appre-
hend the value of the combined approach in terms of
extent of tumor resection and post-op clinical scores.
The peculiarity is the mini-invasive approach which
is based on an image-guided tailored approach to tar-
get the pathology, while minimizing the trauma to the
surrounding healthy nervous system and other func-
tional structures.28. 29 The consequence is that the mo-
tor area is not mapped through direct ECS and indeed
it has been necessary to achieve its spatial relationship
with the tumor indirectly.” This goal has been pursued
through the search of the negative cortical spots 3 and
by means of SSEP.30-32 Specifically, the stimulated
spots were the tumor and the surrounding regions with
the goal to not evoke EMG, whereas the N20 phase
reversal, namely the P20, suggested the anatomical
location of the motor cortex. This electrophysiologi-
cal potential is index of the placement of the record-
ing sites on the central sulcus and motor cortex.33. 34
The initial cortical component of the SSEP to median
nerve stimulation is typically recorded as a negativity,
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labelled N20, over the parietal scalp contralateral to
the stimulated nerve. A positivity of similar latency,
labelled P20, is often recorded over the frontal area of
the same hemisphere.3!.32 Following the electrophysi-
ological mapping, tumor resection is accomplished
under the guidance of the ultrasound sonography, and
the preservation of the corticospinal tract is monitored
through dMEP. The data points out that the mean ex-
tent of resection was 90% associated with a postopera-
tive clinical score worsening in 1 out of 12 patients.
Interestingly, this patient is the only one where the
ECS evoked a seizure and the ECS was positive, and
indeed it has been decided to limited the resection of
the infiltrated brain tissue to avoid permanent plegia.

Similarly, positive ECS and subcortical mapping was
also seen in both patients in whom the EOR was around
60%, although the motor scores at the last follow-up
were equal to the preoperative period.

The search of a solid methodology in the removal of
glial tumors in close spatial relationship with eloquent
areas with the maximal extent of resection possible with
less morbidity represents a major challenge for modern
neurosurgery. In recent years, the correlation between
EOR and patients’ overall survival has been investi-
gated resulting in the finding that the former affects the
latter.35 Furthermore, the use of combined approaches,
such as intraoperative MRI, fluorescence guided sur-
gery, intraoperative neurophysiology and neuronaviga-
tion amongst the many, might affect EOR.3¢ MRI-based
neuronavigation associated with IOM has been found
to correlate with extent of resection and with favorable
clinical results.3” However, this combination did not
take into account the magnitude of the brain shift which
might hamper the reliability of MRI based neuronaviga-
tion, thus it might hamper the amount of tumor resec-
tion. According to a recent review, the current evidence
supports the use of DTI functional neuronavigation,
intraoperative MRI and IOM as tools for improving
EOR.3¢ Promising results have been reported with the
combined use of these techniques.38. 39

Moreover, iUS has been investigated as an intra-
operative assistive technology in neurosurgery. iUS’s
main advantage is the ability to evaluate the extent
of resection in real time and not on a previous image
that does not correspond to the intraoperative real-
ity. This means that during surgery the brain shift and
the resection might modify the shape of the brain and
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consequently do not match with preoperative images.
Ohue et al.#0 have illustrated the amount of brain shift
during neurosurgical procedures by means of iUS. The
brain shift is already detectable before the dural inci-
sion, increases before tumor removal and reaches its
maximum during and after the removal. Indeed iUS
should allow to continuously correct brain displace-
ment that with which standard neuronavigation sys-
tems do not identify. Furthermore, as described in
other paper from our group, when dealing with lesions
located close to eloquent areas, not only brain shift
should be taken into account but also tissue deforma-
tion due to tumor removal and parenchyma manipula-
tion. When this occurs, the possibility to compensate
these changes relying on intraoperative ultrasound to
recalibrate neuronavigation, especially if it contains
functional data, is of pivotal importance.4! Moreover,
it has been shown how iUS is very useful in evaluat-
ing the location, defining the border, and depicting the
vascularization and perfusion pattern of various brain
tumors. Especially in tumors with ill-defined borders
such as gliomas, iUS was very helpful in highlighting
the lesion and its boundaries and possibly differentiat-
ing between tumor/edematous brain tissue. Moreover,
it has been demonstrated the ability of iUS to highlight
vascular structures that make it easier for the surgeon
to identify the vascular peduncles, giving further in-
sight to the surgical strategy, such as facilitating vas-
cular deafferentation of the lesion and then its surgical
removal.!6 After gross tumor removal, iUS might also
be used to highlight tumor remnants, thus maximizing
resection and avoiding neurological sequelae resulting
from damaged healthy brain tissue. Furthermore, iUS
is a readily repeatable, dynamic, inexpensive proce-
dure that can be performed any time for a potentially
unlimited number of times during surgery.42 Moreover,
it might be employed in all those centers that have not
the possibility to use intraoperative MRI.

Different imaging modalities should be used, when
available, with a synergistic approach. For example,
5-ALA and iUS represents two different ways to look
at the same problem and are in fact complementary,
rather than in competition: 5-ALA is a metabolic-op-
tical imaging modality, which shows pathologic tissue
on the directly visible surface, whereas ultrasound is a
real-time imaging modality able to show a tomographic
section of the surgical field. In our opinion the two mo-
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dalities should be used in a synergistic fashion in order
to exploit their potential at best.

The combination of iUS and IOM is poorly described.
Introductory attempts to shed light to the usefulness of
the joint usage of iUS and IOM have been presented
by King and Shell 30 and Firsching et al.43 Both inves-
tigations have stated that SSEP and MEP allowed to
identify the sensory-motor boundaries and the spatial
relationship with the tumors, aiding the surgical strate-
gies with tolerable postoperative neurological impair-
ments. In recent times, Nossek et al.14 has described the
combination of multimodal IOM and iUS in both awake
and general anesthesia procedures. The authors stated
that gross total resection was achieved in 11 out of 16
patients and in almost 13% of the patients there were
worsening long term motor scores. Interestingly, they
did not find statistical differences between awake and
under general anesthesia procedures. Unfortunately, the
amount of resection was not the main goal of the authors
and indeed detailed analyses are not described. Despite
this limitation, the comparison of Nossek et al.!4 and
our data suggests a substantial similarity in extent of
resection and post-op motor scores.

Limitations of the study

There are a few limitations of this study that need to
be recognized. The main limitation is the small sample
size. This limited the possibility to draw solid conclu-
sions that might be generalized. Another limitation
arises with the heterogeneity of the populations. More
consistent conclusions might be drawn with homoge-
neous groups such as either low-grade or high-grade
gliomas, metastasis etc. The combined approaches bear
the limitation that it is difficult to assess the contribu-
tion of each technique to the planned outcomes, indeed
prospective studies using correct multivariate analyses
might be conducted to evaluate the impact of each em-
ployed technique. However the aim of this report is to
investigate the feasibility of these specific combined
methods in a peculiar neurosurgical plan, namely the
image-guided mini-invasive neurosurgery with con-
sideration to the EOR and neurological outcomes. It is
worthy to state that image-guided mini-invasive neuro-
surgical approach might be planned by a well-trained
group that has experience not only in oncological proce-
dures but also in functional and cerebrovascular proce-
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dures. The data are promising, whereas despite the nar-
row craniotomies and the indirect detection of the motor
areas placement, both IOM and iUS were feasible in
all procedures, gave positive feedback to the surgeons,
guiding the tumor removal with encouraging results.

Conclusions

In this study it has been investigated the extent of
resection and the clinical motor scores in patients who
underwent image-guided mini-invasive neurosurgery,
employing iUS and multimodal neurophysiological
monitoring for the removal of lesions in the nearby of
the motor cortex. Data are encouraging, with a mean ex-
tent of resection around 90%. Only one patient did ex-
perience worsening of the postoperative motor scores.
Ultrasound sonography allows to correct brain shift dur-
ing the procedure helping the surgeon in the search of
radicalness, while multimodal IOM allows to constantly
monitor the motor functions lessening the morbidity.
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