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Abstract

Background Fluorescence-guided resection (FGR) using 5-
aminolevulinic acid (5-ALA) exhibits a potential risk of per-
manent neurological deficits that can be minimized using
intraoperative neurophysiological monitoring (IONM). We
assessed the role of IONM in FGR surgery in patients harbor-
ing tumors in or near eloquent areas.

Methods IONM and FGR surgeries were performed on 34
patients (49.8+2 .4 years) harbored malignant primary gliomas
near eloquent cortical areas or semioval center. Different
combinations of neurophysiological techniques were used
depending on each patient.

Results Gross total resection (GTR) was achieved in 66.7 %
of the patients, mean 90.4+3.7 % without neurological defi-
cits. Resection in four patients was stopped by the occurrence
of severe warning criteria despite the presence of fluorescence.
Hemispheric transcranial electrical stimulation was safe and
confident even in cortical surgery. Notably, a significant per-
centage of patients exhibited clinical improvement after the
surgery. One week after surgery, only one patient worsened,
and seven patients improved. At 3 months, 27.8 % of the
patients improved, and the other patients maintained a similar
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status to their pre-surgery condition. Warning common criteria
(amplitude reduction and/or latency increase) appeared in 68.2
and 50.0 % of patients during cortical or semioval surgery,
respectively, with neither a false-negative nor a false-positive
clinical outcome. Although 5-ALA exhibits phototoxicity,
VEP did not induce any secondary effects in the visual system,
including eyelids.

Conclusions IONM can be helpful during surgery to maxi-
mize the tumor resection, meanwhile help to avoid neurolog-
ical deficits and, therefore, to improve the quality of life of
these patients.

Keywords 5-aminolevulenic acid - Direct cortical
stimulation - High-grade gliomas - Motor-evoked potentials -
Somatosensory-evoked potentials - Visual-evoked potentials

Introduction

Intraoperative neurophysiological monitoring (IONM) is a
powerful technique that provides increased functional knowl-
edge during surgical operation, which results in the safer
removal of a radical tumor [9, 16]. These aspects are particu-
larly relevant in patients suffering from high-grade gliomas,
where survival is directly related to the degree of tumor
removal [23, 24].

Recently, 5-aminolevulinic acid (5-ALA) has been used in
neurosurgery to resection high-grade gliomas [22]. 5-ALA-
induced protoporphyrin IX (PpIX) is used in the fluorescence-
guided resection (FGR) of malignant diseases. Administered
in an oral form, 5-ALA penetrates the tissue in a suboptimal
manner. Accumulation of PpIX is elevated in many malignant
tissues, several tissue abnormalities, and in mucosa [8]. This
accumulation can be visualized by irradiating the patient with
a blue light (wavelength of 400 nm). It has been shown that
radical resection is greater when FGR is used [23] and that
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progression-free survival is enhanced in patients who are
operated on with 5-ALA [22].

However, in patients whose tumors are located near the
inner capsule (IC) or thalamocortical fibers (ThCF) (e.g.,
either in the somatosensory or visual systems), it is extremely
important to identify relevant tracts to preserve good function-
ality in the patient [5]. Thus, resections performed using a tool
such as 5-ALA carry a risk of temporary or permanent im-
pairment in neurological function [3, 26]. Recently,
tractography by diffusion tensor imaging (DTI) and
intraoperative magnetic resonance imaging (MRI) have prov-
en to be useful in IC or ThCF identification [1, 28]. However,
dynamic changes during surgery (loss of cerebrospinal fluid,
low-grade brain edemas) and the lack of reliability in the
identification of small or functional tracts pose potential risks
[6, 15]. Thus, it is extremely important to be confident during
the entire surgery regarding the physiological state of the
patient’s motor and sensory systems, which may be provided
by IONM.

Several studies have shown the usefulness of 5-ALA in the
resection of malignant brain tumors [5, 10, 22, 24, 25] how-
ever, a radical resection always carries the danger of causing
neurological deficits, particularly, during the removal of tu-
mors in or near eloquent areas of the brain. However, enhanc-
ing the ability to maintain or even improve the quality of life in
these patients is equally, if not more, important, because of the
patient’s very limited life expectancy.

We designed a prospective study to evaluate the utility and
limitations of combining FGR and IONM in the surgery of
primary malignant brain tumors in or near eloquent cortical
areas and subcortical tracts, particularly in relation to the
short-term functional outcome after surgery and with a spe-
cific focus on the role of intraoperative neurophysiology.

Methods
Patients

A prospective study performed between November 2009 and
March 2012 included a total of 34 consecutive patients (19
males and 15 females) with a mean age of 49.8+£2.4 years,
harboring malignant primary brain tumors in or near eloquent
areas. Two male patients were operated on twice due to tumor
recurrence. This study was approved by the Ethical
Committee of the Hospital de la Princesa and Clinica
Nuestra Sefiora del Rosario. Informed consent was obtained
from all of the patients. Only patients with a Karnofsky
Performance Scale score of at least 70 % underwent a
fluorescence-guided tumor resection and were included in this
study. Neurological examinations were performed in the first
week prior to the surgery. Follow-up examinations were
performed on the first postoperative day, first week, and third
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month following surgery. The clinical assessment included the
motor status (graded scale: 0=no contraction, 1=flicker or
trace contraction, 2=movement with gravity eliminated, 3=
movement against gravity, 4=movement against resistance,
5=normal strength), sensory status and visual field evaluation
by confrontation.

Magnetic resonance imaging

Preoperative and postoperative imaging included T1-
weighted 3D magnetization-prepared rapid gradient echo
(MPRAGE) magnetic resonance imaging (MRI) with and
without contrast enhancement and T2-weighted sequences to
visualize the edema. Diffusion tensor and functional MRI
were performed in some patients to visualize the functional
cortical areas and cerebral fiber tracts, respectively.

The extent of the tumor resection was determined on the
basis of manual segmentation of the tumor outline across all of
the sections on an MRI scan. Contrast MRI was performed
72 h after the surgery and compared with the preoperative
study. In the tumors that showed contrast enhancement, only
the volume bound by the contrast enhancement was segment-
ed. In other cases, the entire area of increased intensity on the
T2-weighted images was segmented. If the tumor consisted of
enhanced and non-enhanced areas, then both areas were mea-
sured [28]. A gross-total resection (GTR) was defined as a
reduction of >98 % in the tumor volume on the basis of
volumetric measurements.

Intraoperative neurophysiological monitoring

IONM was performed (32-channel Elite, Cadwell, Kennewick,
Washington, USA) as follows, using different techniques
depending on the tumor location.

Electrocorticography (ECoG) was systematically
performed before electrical stimulation of the cortex, via a
grid of 4 x5 electrodes (Ad-Tech, Racine, Wisconsin, USA) of
1.3 mm in diameter and 1 cm center-to-center. The bandwidth
was 1.5-1,000 Hz with the notch on. We have used the
definitions of after-discharge and irritative zone as usual
[17]. We performed during all the ECoG recording a spectral
analysis using a fast Fourier transform (FFT) with windows of
8 s. These results are shown as density spectral array (DSA)
for a frequency range from 1 to 50 Hz. We defined the lesional
cortex as the regions where the DSA showed a clear relative
reduction in all the analyzed frequencies.

Direct cortical stimulation (DCS) was performed in two
different ways: (1) using pairs of grid electrodes (the cathode
was placed as far from the stimulation area as possible), or (2)
sometimes, a monopolar probe (anode stimulation, ¢p=1 mm)
was used with a cathode placed on the scalp. In both cases, the
same DCS paradigm for was used: constant-current trains of
4—6 pulses at 500 Hz and a pulse width of 150 s, with
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intensities between 4-30 mA, in steps of 2 mA, starting from
4 mA. Subcortical stimulation (ScS) was performed using the
same monopolar probe and same paradigm, with the excep-
tion that a cathode current was used to stimulate and the pulse
duration was 100 us. Motor-evoked potentials (MEPs) were
recorded through a pair of subdermal electrodes (12/18 mm,
depending on the muscle, SGM, Ljubiceva, Croatia) inserted
into a combination (according to the site of the tumor harbor)
of the following muscles on the contralateral side of the body:
orbicularis oris, deltoid, biceps brachialis, triceps, extensor
digitorum (ED), flexor carpialis (FC), muscles from the tenar
eminence, abductor digiti minimi (ADM), tibialis anterior, and
abductor hallucis (AH). Filter bandwidth was 50-3,000 Hz,
notch off, with a time base of 5 ms/division for upper member
and 10 ms/division for the lower, and amplitudes specifically
adjusted for every muscle.

Somatosensory-evoked potentials (SSEP) were elicited by
electrical stimulation (constant-current) of contralateral medi-
an nerve at wrist (upper limb) or posterior tibialis at ankle
(lower limb) by 200-300 pulses per train at 7.1 Hz. Pulse
duration was 200 us. Recording through subdermal electrodes
was performed at Erb’s point (upper limb) or fossa popliteal
(lower limb) and C3’/C4’-Fpz in scalp, bandwidth 10-1,500
and notch off (notch on for recordings at Erb’s point or fossa
popliteal).

Cortical somatosensory-evoked potentials (cSSEP) were
directly recorded from the grid, with reference electrode
placed at contralateral ear lobe, and filters as stated above
for SSEP, using the same parameters for stimulation as previ-
ously described. For monitoring, we selected the electrode
showing a higher amplitude response for N1/P1/N2 potentials.

Transcranial electrical stimulation (TES [17, 27]) was elic-
ited through subdermal electrodes placed 6 cm laterally to
midline (C3/C4), used as anode, and cathode placed onto the
vertex (Cz). Stimulation by a voltage-constant device was
performed by trains of 5-6 pulses at 500 Hz, 50 us width.
Amplitudes were adjusted as low as possible to have a stable
response with minimum movement in order to not disturb the
surgical dissection. MEPs were recorded through a pair of
subdermal electrodes (12/18 mm, depending on the muscle,
SGM, Ljubiceva, Croatia) inserted into the following muscles
on the contralateral side of the body: orbicularis oris, ED,
ADM, tibialis anterior, and AH. Filter bandwidth was 50—
3,000 Hz, notch off, with a time base of 5 ms/division for
upper member and 10 ms/division for the lower, and ampli-
tudes specifically adjusted for every muscle. We define the
motor threshold as the minimum current required (precision
1 V) to elicit a clear and constant muscle response during TES.

A variant of TES was used in a patient who had a tumor in
the left mesial frontal lobe (Fig. 3a). In this case, TES was
performed with scalp electrodes placed at both sides of the
incision. To preferentially stimulate the frontal medial cortex,
the anode was placed 1 cm lateral to the vertex in the direction

of the right ear, and a cathode was placed 6 cm laterally to the
ipsilateral ear. The rest of stimulation parameters were similar
that stated above.

Visual-evoked potentials (VEPs) were obtained by means
of light stimulation through goggles at 2.18 Hz, 100 pulses,
pulse width 10 ms, bandwidth 10-1,000 Hz, and notch off.
Recording using subdermal electrodes placed at O1/02-Cz
(10-20 international system) was performed. Because of the
potential phototoxicity induced by 5-ALA, visual stimulation
was performed at a basal recording and only when the visual
system was potentially at risk.

A combination of these techniques was individually chosen
for each patient, considering the tumor location and surgical
boarding way. So, for cortical tumors, we used: ECoG (n=14),
Cortical SEP mapping (n=14), DCS MEP mapping (n=14),
ScS MEP mapping (n=8), DCS MEP and ¢cSSEP monitoring
(n=4), or TES MEP and SSEP monitoring (n =4). Meanwhile,
for centrum semiovale tumors we used: SSEP and TES MEP
monitoring (n=22) and VEPs (n =8). The fibers from the visual
system were in danger only when tumors harbored at the centrum
semiovale and not when tumors harbored near or in the cortex
involving peri-rolandic areas. Therefore, only when tumors
harboured in the centrum semiovale were ThCF directed to
peri-rolandic and visual areas in danger and, consequently, we
monitored both structures so spaced apart.

Surgery

All of'the patients orally received freshly prepared solutions of
5-ALA at 20 mg/kg (Medac; Hamburg, Germany) 2—4 h prior
to the induction of anesthesia. The patients were operated on
under general anesthesia, which was induced with a bolus of
propofol and remifentanil. The patients were maintained with
propofol (5.52+0.30 mg/kg/h; range, 2.5-9.0) and
remifentanil (0.28+0.03 g/kg/min; range, 0.10-1.00). A
short-acting muscle relaxant was administered for intubation
(succinylcholine, 20-30 mg bolus). Importantly, during the
rest of the surgery, no muscle relaxant was administered.
Invasive pressure monitoring via an artery was performed,
with mean systolic and diastolic pressures of 111.3+4.3 and
56.3+2.7 mmHg, respectively.

The craniotomy and surgery were guided by a
neuronavigational system (Brainlab, Feldkirchen, Germany).
The tumor was removed using microsurgical techniques, bi-
polar coagulation, and ultrasonic aspiration. The boundaries
of the resection were delimited by the presence of fluores-
cence, the neuronavigational system and IONM, following the
standard warning criteria of amplitude (reduction >50 % for
SSEPs or VEPs and >75 % for MEPs) and latencies (retarda-
tion >10 %) in the MEPs, SSEPs, or VEPs.

The basal recordings for the MEPs and SSEPs were
performed after the dura opening. The basal recording for
the VEP was performed several minutes after dura opening
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but more than 30 min prior to the surgery which may poten-
tially affect the visual system.

When any of the warning criteria appeared, the surgeon
always responded by changing the resection area until a
complete recovery was observed. If this maneuver did not
work, then the surgery was temporally stopped, and the area
was irrigated with warm saline. If significant changes in the
amplitude and/or latency were consistent and had repeatedly
appeared in the same region, irrespective of the presence of
fluorescence, then the surgery was terminated.

All of the surgeries were performed by the same neurosur-
geon (RGS), and the IONM was performed by the same
neurophysiologist (JP) to ensure similar conditions through-
out the prospective study.

Statistical analysis

Statistical comparisons between groups were performed using
Student’s ¢ test or the Mann—Whitney rank sum test if nor-
mality failed. Normality was assessed according to the
Kolmogorov-Smirnoff test. Groups that were not normally
distributed were subjected to the Kruskal-Wallis one-way
ANOVA on ranks. In cases of more than two records per
patient, Dunn’s multiple pair-wise comparison method was
used.

Pearson’s correlation coefficient was used to study the
dependence between variables. A linear regression was calcu-
lated by the least square sum. For this linear regression,
contrast hypothesis against the null hypothesis p=0 used the
formula

P rvN—2
V1-r2

which describes a Student distribution with N — 2 degrees of
freedom [21].

The statistical significance level was set at p<0.05. The
results are shown as the means + SEM, unless otherwise
indicated.

Results
IONM 1in cortical tumors

We operated on 13 patients who harbored tumors in or near
eloquent cortical areas. As previously stated, all of the patients
were operated under complete anesthesia (please refer to
Table 1 for further details regarding the clinical features).
One of these patients was re-operated on within 9 months,
resulting in a total of 14 surgeries. In all of the patients, we
performed an ECoG to define the irritative and lesional areas
and to monitor the presence of post-discharge during the DCS.
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We performed only cortical mapping using cortical electri-
cal stimulation and SSEP (phase-reversal) via a grid in 6/14
cases. In another group of four patients, we continuously
monitored the patients by MEP and SSEP, using a grid to
stimulate and record after mapping. In the other four patients,
after the initial mapping, we monitored the IC by MEPs
elicited by TES and the ThCF by SSEPs that were recorded
from the scalp.

During the mapping, stimulation through the grid induced a
response in the adjacent muscles at the following rates:
orbicularis oris 9/12 (in one patient, we also recorded and
obtained a response from the intrinsic muscles of the tongue
because the tumor was located in the left frontal lobe); biceps
brachialis 5/11; triceps 0/7; ED 8/12; FC 10/13; tenar muscles
9/11; ADM 10/13; vasto medialis 1/3; tibialis 2/8 and AH 1/8.
The mean motor threshold was 13+2 mA (range, 5-26 mA).
No post-discharge or electrical or clinical seizures were ob-
served. At times, we also stimulated via a monopolar probe
onto the cortex after removal of the grid. No topographical
differences were observed between the two types of stimula-
tion. However, differences in the electrical parameters were
not addressed. Surgical incision through the cortex was al-
ways selected according to the topography shown for ECoG
and cortical mapping.

In four patients, we monitored the motor response of the
upper limbs and face during the resection by continuous
electrical stimulation through the grid (Fig. 1). In four patients,
we used hTES to stimulate the IC (see Fig. 2). In these
patients, tumor location or the way to access it prevented the
placement of a grid for direct cortical stimulation. Therefore,
we monitored the motor system via trans-cranial electrical
stimulation, taking care to use a configuration of the electric
field that induced a response above the level of the resection
(see Fig. 2a). In both groups, 3/8 patients exhibited a reduction
>50 % and latency >10 % in one or more of the muscles
recorded, and in one patient, only an increase in the latency
was observed. However, all of these changes were reversible,
and no motor neurological deficits appeared after the surgery.

We also performed SSEPs that were recorded using a grid
in eight patients. We employed this technique to identify the
central sulcus using phase-reversal [2] prior to the motor
stimulation. In four patients, we continuously monitored the
ThCF function during the resection using this type of record-
ing. In one patient (#2, Table 1), transient facial hypoesthesia
was observed in the absence of modifications in the SSEP.
However, no new neurological deficits were observed after the
surgery in the ThCF system. In four patients, we monitored
the ThCF through scalp-recorded SSEPs (Fig. 2).

We stimulated the white matter in eight cases using a
monopolar probe. In four patients, we did not obtain any
muscular response at 20 mA, which was the maximum inten-
sity examined. However, in the remaining four patients, we
obtained a response between 14 and 18 mA.
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Fig. 1 Mapping and monitoring a

in cortical surgery in a patient
who has been previously operated
on. a Neuronavigational images
of a tumor located at the cortical
surface in the left frontal lobe. b
Placement of the grid near the
tumor. The colored areas show
the motor areas of the face, hand,
and forearm. The yellow discs
show the area of the post-rolandic
cortex and the blue discs, the pre-
rolandic cortex. ¢ The SSEP was
recorded using the grid and shows
a phase reversal. d An MEP
elicited by the electrical
stimulation through the grid. A

selective and reversible alteration
in the motor response is shown in
the tenar eminence region. This c
change was used as a warning
criterion for the surgeon

sopv |

5ms

Erb

Only in one patient (Table 1, #9, 95 % volume resected) we
had to stop resection although there was still fluorescence, due
to the existence of alarm criteria in motor function. The
extension of the resection resulted in a gross total resection
in 13/14 patients (92.8 %), and the average resection rate was
97.8 %.

The outcome 24 h after the surgery showed that only one
patient demonstrated deterioration compared with their pre-
surgical clinical status. At the end of the first week, two
patients showed improvement, and 12 patients exhibited a
state similar to their preoperative status. At the end of the
third month, five patients showed a clear improvement, and
nine patients exhibited a state similar to their preoperative
status. None of the patients showed a neurological deficit
induced by the surgery.

IONM in tumors located at the semioval center

We operated on 21 patients harboring tumors in the semioval
center. One of these patients was re-operated within 7 months,
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resulting in a total number of 22 surgeries (Table 2). In all of
these patients, surgical removal of the tumor was performed
far away from the motor cortex, but near to the IC. Thus, direct
cortical stimulation was precluded, and trans-cranial electrical
stimulation was performed. As previously stated, in all of the
patients, monitoring of the motor system was performed using
hTES.

We recorded the next muscles, and obtained a response at
the following rates: orbicularis oris 19/21; biceps brachialis 4/
7; ED 21/22; FC 1/2; tenar muscles 3/3; ADM 21/22; tibialis
12/20 and AH 15/22. The mean motor threshold was 214+
13 V (range, 100-320 V). This low voltage level enabled an
adequate motor stimulation during microdissection, resulting
in no disturbances to the surgeon.

In one patient who had a tumor in the left mesial frontal
lobe (Fig. 3a), TES was performed with scalp electrodes
placed at both sides of the incision. This patient deserves
further attention. To preferentially stimulate the frontal medial
cortex, an anode was placed 1 cm lateral to the vertex in the
direction of the right ear, and a cathode was placed 6 cm
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Fig. 2 Cortical mapping and a
scalp monitoring using subdermal
electrodes placed on the scalp. a
The region of the scalp incision
(black line). Subdermal scalp
electrodes on the MEP (C4/Cz)
and SSEP (C4’/Fpz) are
indicated. b Cortical mapping
was performed through the grid. ¢
The motor response elicited by
TES. d An upper limb SSEP was
recorded from the scalp

laterally to the ipsilateral ear. Theoretical consideration re-
garding the different excitation areas in the IC with the anode
position is shown in Fig. 3c. The motor stimulation obtained
showed a reliable and reproducible pattern response in the
upper and lower contralateral limbs during most of surgery.
This pattern continued until a sudden decrease affected only
the lower limb, whereas a normal response was elicited from
the muscles of the face and upper limb (Fig. 3e). This selective
change was reversed when the surgeon moved to a different
area of the resection. Thus, the TES stimulated directly in or
near the cortex because changes in the motor function of the
lower limb correlated well with the surgical action on the
medial frontal cortex.

We observed a reduction in the amplitude of >50 % and an
increase in latency of >10 % in one or more muscles in 14/22
patients, and in three patients, we observed an increase in the

lp.VL

10 ms

200/1000/100 v |
7.5 ms

latency alone. Interestingly, warning criteria occurred in iso-
lated muscles (segmental modifications) (Fig. 4). These seg-
mented changes were the most commonly observed,
appearing in 13 cases. Changes in all of the recorded muscles
were observed in only one patient (see Fig. 4c). The appear-
ance of segmental modifications in the motor response was
considered as a sign of danger, which required safety
measures. In 11/14 patients, these changes were revers-
ible, and no new motor neurological deficits appeared
after the surgery. However, in three patients (#3, 8, and
11, Table 2), a severe alteration in the motor response
was observed.

In the SSEP recordings, we observed significant changes in
the amplitude and latency in 1/22 surgeries. This patient also
showed a global affectation in motor response. The modifica-
tion of the motor conduction was reversible; however, this was
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Fig. 3 Monitoring of a patient harboring a tumor in the left frontal
parasagittal region. a Frontal MRI before (leff) and after (right) the
surgery. b An image indicating the placement of the electrodes and area
of the incision. Note that the surgical field is located between the TES
electrodes (arrows). The electrodes for the SSEPs are indicated. The right
picture shows the cortex after the opening of the dura. ¢ A mathematical

not the case in the ThCF, where the modifications persisted at
the end of the surgery. A transient change in the SSEP latency

(4 e

1pvl 0.5uvl_

10 ms

200/200/50 pv |

7.5ms

model (Pastor et al. 2010) showing the different excitabilities, which are
dependent on the anode placement. Red: the anode was placed laterally;
blue: the anode was placed on the vertex. d A normal response in the
upper (/eft) and lower limb (right) SSEP. e Segmental motor changes in
the lower limb during the surgery that served as alarm criteria. ED
extensor digitorum, 7ib. tibialis anterior, 4H abductor hallucis

was observed in one patient, and a decrease in the amplitude
was observed in four patients.
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In eight patients, we monitored the visual system using
VEP. In 4/8 patients, we observed significant changes in either
the amplitude or latency, and in another patient, a combined
change in the latency and amplitude was observed. In the last
patient (#15, Table 2), a transient visual deficit was observed
after the surgery. Although 5-ALA exhibits significant photo-
toxicity, it is important to note that no visual alterations were
reported due to phototoxicity. Nevertheless, the number of
trains of the VEP was limited.

In this group of patients, surgery was stopped despite the
presence of fluorescence in three cases (Table 2, #6, 11, and
16, 90% volumes resected). In two of these cases, a transient
neurological deficit was observed.

The extension of the resection resulted in a gross total
resection of 11/22 patients (50.0 %), and the average resection
rate was 93.3 %.

When we examined the outcome 24 h after surgery, five
patients showed a clinical deterioration. However, at the end
of the first week, only one patient maintained a poor clinical
score, and five patients showed improvement. Furthermore, at
the end of the third month, five patients showed a clear
improvement. The rest of the 17 patients exhibited a similar
pre-surgery state. Similar to the cortical surgery group, at this
time, no patients showed any neurological deficit after the

surgery.

Discussion

In this study, we have shown that it is possible to obtain a
significant percentage of GTR (66.7 %), with a mean tumor
resection of 90.4+3.7 % in patients harboring tumors in or
near eloquent areas during FGR surgery with absence of
neurological deficits. In addition, a significant percentage of
patients exhibited clinical improvement after the surgery
(27.8 %). This is an important result in patients with a decep-
tively short life expectancy because there is promise of an
adequate quality of life.

During resection, we have observed significant changes in
IONM repeatedly. Considering these modifications as warn-
ing signals, we have used them to modify the surgery and this
enable us termination prior to the induction of permanent
neurological deficits.

FGR enables the performance of a complete resection in
65 % of patients compared to only 36 % in non-FGR surgeries
[23]. However, an elevated degree of neurological alterations
after the surgery [3] was observed due to the difficulty in the
identification of functional areas and tracts during operation.
Furthermore, the risk of neurological deterioration was higher
in patients who did not respond to steroids, most likely be-
cause the tumor was intermingled with the functional tissue
and was not derived from edema [26]. Thus, it is extremely
important to identify the actual boundaries of the functional

@ Springer

tissue, particularly when fluorescence infiltration is observed.
Other various approaches have been used to avoid neurolog-
ical deficits, which combine intraoperative MRI with FGR
[28] or MRI with IONM [20]. However, in the latter case, it is
difficult to understand how morphological studies can identify
functionally significant structures such as eloquent cortical
areas or tracts.

In patients who harbor tumors in the cortex, we used
general anesthesia. Within recent years, there has been a
renewal in the use of awake craniotomies [4, 13, 14, 19]. No
differences in the immediate postoperative motor status, ex-
tent of resection, or threshold intensity were found when both
methods were compared [13]. In our study, no neurological
deficits were observed in the anesthetized patients, and thus,
we proposed that surgery near cortical eloquent areas can be
performed safely when intensive neurophysiological mapping
and monitoring are also employed [18]. Moreover, this com-
bined approach will be much more comfortable for both the
patient and surgical team.

5-ALA exhibits phototoxicity [8], for which reason the
patients must wear a facial mask and stay in the darkness for
24 h. Thus, the use of VEPs, which can be elicited by flashes,
may be potentially dangerous. With this idea in mind, we
restricted the number of light stimulations to be as low as
possible. Fortunately, none of the eight patients that required a
VEP for the IONM indicated new visual alterations after the
surgery due to phototoxicity. Additional data are required
before a safety level of VEP and FGR surgery may be
established; however, a margin may be determined to monitor
the visual system without iatrogenic deterioration.

Hemispheric TES has been used to stimulate the motor
system in surgeries near the cortex. We did not find any false-
negative cases, and the observed changes in motor function
were reversible most of the time when the surgeon moved to a
different place or stopped the manipulation. In cases where the
motor function did not completely recover, a transient motor
deficit was observed. Previous studies have shown that the
sensitivity and specificity for this type of stimulation were
similar to thTES [17], and although this study did not address
this aspect, our results confirm its utility. The voltage used was
sufficiently low to enable stimulation during the microdissec-
tion because there were no significant movements. This was a
very important feature because provided practical knowledge
of motor function in real time. In addition, the pattern of
activated muscles was broader compared to the cortical stim-
ulation on the motor strip. In the latter case, the area just
beneath the grid electrodes could be stimulated, and usually
it is very difficult to place a grid/strip that would cover the
patient from the face to the shoulder. However, hTES consis-
tently elicited a response in the upper limb and to a higher
degree compared to cortical stimulation of the face and lower
limb. Nevertheless, there was a real potential risk of error
when the voltage was too high or when the surgery was
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Fig. 4 Different types of changes in the motor response. a A highly
selective alteration of the motor response: an increase in the latency and
robust decrease in the amplitude in the hand (ADM). However, the
forearm (EC) and face (Orb) maintained a normal response. b Changes

performed above the area of stimulation. In these cases, the
hTES was replaced by cortical stimulation, if possible, which
reinforced the awareness of the limitations.
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in motor function of the upper limb. There was no change in the facial
response. ¢ Reversible global alteration of the motor response during a
very short period of time, which affected the face to the lower limb. AH
abductor hallucis

Our main clinical goal was to resect as much as possible
without neurological deficit. Consequently, we did not address
the specificity and sensitivity of the IONM. In contrast, we
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used classical warning thresholds, assuming that sustained
modifications indicated a greater probability of neurological
deficit [26]. However, it has been shown that changes in the
latency and amplitude of cortical MEP recordings serve as
warning criteria in addition to providing prognostic values in
IONM during surgery in the vicinity of the IC [7]. It is very
important to take into account that in four patients surgery was
stopped after severe warning criteria, despite the presence of
remaining fluorescence. In all of these cases, no permanent
neurological injury was observed, although transitory alter-
ations were seen in two of them. The decision to stop the
surgery was adopted following the criterion indicated above to
preserve neurological function over the presence of fluores-
cence. We did not find any false-negatives in the motor or
sensory functions in patients with neurological deficits at 24 h.
However, patient #2 (Table 1) demonstrated facial
hypoesthesia. Nevertheless, the SSEPs monitored the function
of the upper limb and did not show any alterations, particu-
larly in the face. Most likely, monitoring of trigeminal SSEPs
is required in such cases.

In patients with tumors located in the semioval center, no
false-negative responses were observed. In three patients,
transient motor deterioration changes in the IONM were ob-
served. In patient #4 (Table 2) a mild deterioration of language
was observed. This deterioration was recovered within a few
days and was most likely induced by an alteration in the
arcuate fasciculus and not in the cortical eloquent areas. The
only patient with a greater discrepancy between the results of
the IONM and motor function was patient #11 (Table 2). In
this patient, the motor function had immediately returned after
the patient recovered from the anesthesia; however the patient
suffered from a venous infarction within the first 12 h, and his
motor function had deteriorated. Nevertheless, the patient had
completely recovered at delivery.

In both groups of patients, those who were operated on at
the semioval center and at the cortex, a greater number of
transient neurological alterations (18.2 and 7.1 %), lower
percentage of GTR (59.1 and 92.8 %) and resected volume
(93.3 and 97.8 %) were observed in semioval surgery com-
pared to cortical surgery. In addition, the percentage of warn-
ings in either the motor or somatosensory recordings was
higher in the semioval surgery (68.2 and 50.0 %, respective-
ly). It has been shown that vascular dynamics such as vaso-
spasm or congestive edema can cause changes in the MEP
response [12, 26]. In our study, transient changes in motor
function were observed with relative frequency. Most likely,
this vascular effect is involved in a larger number of warning
events and, consequently, carries a praecox stop in surgery
with a lower percentage of resection.

By conclusion, FGR is a powerful technique developed to
help the neurosurgeon improve the degree of tumor resection.
However, is it extremely important to identify the functional
limits of the resection to ensure an adequate quality of life. We

@ Springer

have shown in this study that IONM can be helpful during
surgery to avoid neurological deficits and to improve the
quality of life in these patients.
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