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Functional approach using intraoperative brain mapping
and neurophysiological monitoring for the surgical
treatment of brain metastases in the central region

Jose L. Sanmillan, MD,' Alejandro Fernandez-Coello, MD,! Isabel Fernandez-Conejero, MD,?
Gerard Plans, MD,! and Andreu Gabarrés, MD, PhD*

Departments of 'Neurosurgery and 2Neurophysiology, Hospital Universitari de Bellvitge, Barcelona, Spain

OBJECTIVE Brain metastases are the most frequent intracranial malignant tumor in adults. Surgical intervention for
metastases in eloquent areas remains controversial and challenging. Even when metastases are not infiltrating intra-
parenchymal tumors, eloquent areas can be affected. Therefore, this study aimed to describe the role of a functional
guided approach for the resection of brain metastases in the central region.

METHODS Thirty-three patients (19 men and 14 women) with perirolandic metastases who were treated at the authors’
institution were reviewed. All participants underwent resection using a functional guided approach, which consisted

of using intraoperative brain mapping and/or neurophysiological monitoring to aid in the resection, depending on the
functionality of the brain parenchyma surrounding each metastasis. Motor and sensory functions were monitored in all
patients, and supplementary motor and language area functions were assessed in 5 and 4 patients, respectively. Clinical
data were analyzed at presentation, discharge, and the 6-month follow-up.

RESULTS The most frequent presenting symptom was seizure, followed by paresis. Gross-total removal of the me-
tastasis was achieved in 31 patients (93.9%). There were 6 deaths during the follow-up period. After the removal of

the metastasis, 6 patients (18.2%) presented with transient neurological worsening, of whom 4 had worsening of motor
function impairment and 2 had acquired new sensory disturbances. Total recovery was achieved before the 3rd month
of follow-up in all cases. Excluding those patients who died due to the progression of systemic iliness, 88.9% of patients
had a Karnofsky Performance Scale score greater than 80% at the 6-month follow-up. The mean survival time was 24.4

months after surgery.

CONCLUSIONS The implementation of intraoperative electrical brain stimulation techniques in the resection of central
region metastases may improve surgical planning and resection and may spare eloquent areas. This approach also
facilitates maximal resection in these and other critical functional areas, thereby helping to avoid new postoperative
neurological deficits. Avoiding permanent neurological deficits is critical for a good quality of life, especially in patients

with a life expectancy of over a year.

https://thejns.org/doi/abs/10.3171/2016.2.JNS152855
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neoplasms in adults and are diagnosed in up to 40%

of patients with a systemic tumor."> The rising inci-

dence of brain metastases is due to better control of sys-

temic disease and the development of new and powerful

diagnostic tools that allow early and accurate diagnosis.

However, because brain metastases carry a poor prognosis,
prompt multidisciplinary treatment is mandatory.*’

Resection followed by radiotherapy is currently the

B RAIN metastases are the most frequent intracranial

most common treatment for solitary brain metastases and
can provide excellent local tumor control'>!#3%; however,
as we will discuss further, when a metastasis involves the
eloquent cortex, stereotactic radiosurgery (SRS) or whole-
brain radiation therapy (WBRT) is preferred in some cen-
ters. It has been argued that treatment strategies should be
individualized to the patient,'* not least because besides
surgery other treatment options exist, including SRS, che-
motherapy, and effective supportive care. Optimal resec-

ABBREVIATIONS CST = corticospinal tract; DCS = direct cortical stimulation; DTI = diffusor tensor imaging; EBS = electrical brain stimulation; KPS = Karnofsky Perfor-
mance Scale; MEP = motor evoked potential; SMA = supplementary motor area; SRS = stereotactic radiosurgery; TES = transcranial electrical stimulation; WBRT = whole-

brain radiation therapy.
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tion can reduce mass effect, improve neurological status,
and improve survival while retaining reasonably low
morbidity rates.?63* Despite this, the surgical treatment of
brain metastases located in eloquent areas remains contro-
versial because surgery is challenging and there is a risk of
new permanent neurological deficits in the postoperative
period.”* Consequently, brain metastases located in these
areas have classically been approached with less-invasive
treatment options.’

Brain metastases tend to be located in the cortical-sub-
cortical junction and are surrounded by nontumoral white
matter. The brain tissue around brain metastases, such as
that located in an eloquent area, can be essential for neu-
rological function and is often disrupted even during the
resection of extraaxial tumors. We argue that neurologi-
cal outcome could be improved after surgical treatment
of brain metastases in eloquent areas by using a planned
intraoperative functional approach for those tumors. In-
deed, intraoperative brain mapping techniques have been
demonstrated to be useful for the resection of intrinsic le-
sions. In a recent meta-analysis, the use of intraoperative
stimulation brain mapping was associated with fewer late
severe neurological deficits and more extensive resection
in patients with high- and low-grade gliomas.® Further-
more, intraoperative brain mapping has been described as
useful during the surgical resection of extraparenchymal
lesions, such as arteriovenous malformations.'*

Different neurophysiological techniques have been de-
scribed to evaluate eloquent brain function intraoperative-
ly. Since the first electrical brain stimulation (EBS) cases
were reported by Penfield and Boldrey,® intraoperative
EBS has evolved to become the gold standard for local-
izing and assessing function during surgery. A functional
approach that uses intraoperative mapping techniques
combined with neurophysiological monitoring allows the
delimitation of cortical eloquent areas, as well as subcorti-
cal functional boundaries, and can help preserve both dur-
ing tumor resection. However, although EBS techniques
are recommended by some authors for the resection of me-
tastases,'®* implementation is incompletely reported and
its use remains poorly defined.

In the present article, we explain the surgical protocol
for the functional approach that is applied at our institu-
tion, and we discuss the usefulness of functional assess-
ment. We focus on our experiences with the resection of
metastases in the eloquent brain areas of patients with
single perirolandic metastases.

Methods

Patients

We retrospectively searched the tumor database of our
institution for patients with centrally located, single paren-
chymal brain metastases who underwent resection with
the assistance of intraoperative neurophysiological moni-
toring and/or brain mapping between 2003 and 2013. The
search yielded 33 adults, each with a single brain metas-
tasis that was located in the precentral gyrus, postcentral
gyrus, or immediately adjacent to these locations. Patients
were excluded if they underwent biopsy or had a metasta-
sis smaller than 3 cm at its greatest diameter. All included
patients had controlled extracranial disease, a life expec-
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tancy longer than 6 months, and a preoperative Karnofsky
Performance Scale (KPS) score greater than 70%.

Table 1 summarizes the patient characteristics. There
were 19 men (57.6%) and 14 women (42.4%) with a mean
age of 56.4 years (range 37-78 years). The mean preopera-
tive KPS score was 83.0% + 9.83%. Metastases originated
from lung cancer (n = 17), breast cancer (n = 7), kidney
cancer (n = 5), rectal cancer (n = 2), malignant melanoma
(n=1), and parotid gland cancer (n = 1). The initial clinical
presentation was seizure (n = 13; 39.4%) or hemiparesis (n
= 11; 33.3%) in most cases. Other presenting symptoms
were headache (n = 3), sensory disturbances (n = 2), mild
dysphasia (n = 1), and behavioral disturbances (n = 1). Two
patients were asymptomatic at diagnosis.

Preoperative assessment was MRI with spectroscopy
and diffusor tensor imaging (DTI) sequences. For those
patients in whom, due to the size of the metastasis, classic
anatomical language functional areas (e.g., Broca’s and/
or Wernicke’s areas) were affected and in whom language
was slightly impaired during clinical evaluation (e.g., im-
paired verbal fluency, impaired sentence repetition, or im-
paired object naming), we performed both preoperative
functional MRI and neuropsychological evaluation. We
also performed these 2 preoperative tests in those patients
in whom the metastasis affected the posterior area of the
superior frontal gyrus of the dominant hemisphere. Num-
ber counting, noun generation, and picture-naming tasks
were performed by all patients during functional MRI and
neuropsychological evaluation, and these were reproduced
during surgery in awake mapping cases. All patients un-
derwent postoperative gadolinium-enhanced MRI. Short-
term follow-up was performed at the moment of hospital
discharge. Cases were evaluated after surgery in a multi-
disciplinary team meeting, and periodic MR images were
obtained during follow-up.

Surgery

According to our institutional protocol based on Euro-
pean guidelines,* surgery followed by WBRT is recom-
mended—and preferred to radiotherapy alone—for all pa-
tients who had a single, reachable brain metastasis greater
than 3 cm at its greater diameter as well as good functional
status and a controlled primary tumor, even if the patient
was asymptomatic at the moment of diagnosis. The pecu-
liarity of the patients included in our series is that they all
had lesions located in a highly eloquent brain area. There-
fore, instead of changing treatment to SRS because of the
eloquence of the brain area, we offered all patients surgery
with the intent to remove all of the lesion using a function-
al guided approach with intraoperative neurophysiological
monitoring and/or brain mapping in order to attend to the
affected structures in each patient and minimize the risk of
permanent postoperative neurological deficit (Fig. 1).

Twenty-four patients (72.7%) with lesions surrounding
the central sulcus underwent surgery while asleep, and
9 (27.3%) patients with lesions extending to and affect-
ing dominant perisylvian areas (4 patients) or dominant
supplementary motor areas (SMAs) (5 patients) underwent
surgery under awake conditions. Awake surgery allowed
intraoperative language assessment of the patients with
tumors located in perisylvian areas. We also performed
surgery under awake conditions to identify complex motor
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TABLE 1. Demographic and clinical preoperative data

Characteristic Value*
Sex
Male 19 (57.6)
Female 14 (42.4)
Age, yrs
Median 56.4
Range 37-78
Primary tumor location
Lung 17 (51.5
Breast 7(21.2
Kidney 5(15.2)
Rectum 2(6.1)
Melanoma 1(3.0)
Parotid gland 1(3.0)
Presenting symptoms
Seizures 13 (39.4)
Hemiparesis 11 (33.3)
Headache 3(9.1)
Sensory disturbances 2(6.1)
Dysphasia 1(3.0)
Behavioral disturbances 1(3.0)
Asymptomatic 2(6.1)

* Data are presented as number of patients (%) unless otherwise stated.

movements and specific language function in the domi-
nant SMA because damage to the SMA during the tumor
approach or resection has been shown to cause permanent
neurological deficits, especially when involving the SMA
in the dominant hemisphere.!* The surgical protocol used
in our department is briefly outlined below.

General Surgical Considerations

Total intravenous anesthesia was performed using pro-
pofol (5-10 mg/kg/hour) and remifentanil (0.01-0.03 ng/
kg/minute). The use of muscle relaxants was avoided. An-
tibiotic prophylaxis was cefuroxime (1.5 g) administered
30 minutes before skin incision. Once the patient was
anesthetized, the head was fixed to the operating table
with a Mayfield 3-pin fixation device. The skin wound
was injected with a local anesthetic solution composed
of 0.5% bupivacaine and 2% lidocaine. Craniotomy was
tailored with the help of a frameless neuronavigation sys-
tem (Brainlab). Anticonvulsant therapy was administered
preoperatively, intraoperatively, and postoperatively to all
patients suffering seizures at presentation. Those patients
who were eligible to undergo awake surgery were treated
at least 1 week before surgery with anticonvulsant therapy.
If stimulation-evoked seizures occurred during the proce-
dure, iced Ringer’s lactate was applied directly onto the
brain cortex'*?¥ and anticonvulsant therapy was initiated
immediately and maintained during at least the postoper-
ative period.

Asleep Surgery
Motor function in asleep patients was evaluated by mo-
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tor evoked potentials (MEPs). In patients under general
anesthesia, MEPs were obtained after transcranial elec-
trical stimulation (TES) and/or direct cortical stimula-
tion (DCS) with a short train of stimuli.* For TES, scalp
spiral “corkscrew” needles were placed on the measured
sites over the motor cortex (International 10-20 electro-
encephalography system).*> For DCS, a subdural grid of 8
contacts was placed over the sensorimotor cortex.

The stimulation parameters consisted of a short train
of stimuli (35 pulses), each 500 usec in duration, with a
4-msec interstimulus interval and intensities of up to 150
mA for TES and 20 mA for DCS. MEPs were recorded
from bilateral muscles, including the extensor digitorum
communis, abductor pollicis brevis, tibialis anterior, and
abductor hallucis. This allowed monitoring of the func-
tional integrity of the corticospinal tract (CST) and specific
muscles based on the tumor location and its relation to the
surrounding eloquent cortex. A pair of subdermal needles
was inserted into each muscle to record the MEPs.?? In
supratentorial surgeries, MEPs elicited by DCS were pref-
erable because they are more focal than TES and do not
risk stimulating deeper than the cortical-subcortical level.
Once the dura mater was opened, a strip electrode with 8
contacts (each 4 mm in diameter and with interelectrode
distance of 10 mm) was placed over the sensorimotor cor-
tex. Functional localization of the central sulcus was done
by recording the N20—P20 phase reversal somatosensory
evoked potentials with a subdural grid.>* The electrode
selected from the grid to elicit MEPs was the one that pro-
duced the highest amplitude response with the lowest in-
tensity of stimulation. MEPs were continuously recorded
through the surgical procedure.

A neuronavigation system was used to locate the le-
sion. The same stimulation parameters were used for brain
mapping (electrical identification of motor cortical areas
or subcortical motor tracts). A hand-held monopolar elec-
trode was used, with anodal and cathodal stimulation used
for cortical and subcortical mapping, respectively. Corti-
cal mapping was used to identify functional and nonfunc-
tional cortical areas around the lesion and to perform safe
corticotomy without damaging the motor cortex. When
a functional area was stimulated with the electrode, the
neurophysiologist recorded the MEPs and advised the sur-
geon about the functionality of the area, the stimulated
muscle or muscles, and the intensity of the stimulus re-
quired to elicit the response.

Corticotomy was performed in a noneloquent cor-
tical area and directed toward the lesion. Total en bloc
microsurgical resection was performed whenever pos-
sible. During the procedure, if proximity to a motor path-
way was suspected, subcortical monopolar stimulation
was performed to provide feedback about proximity to
the CST. This was performed starting at 15 mA, which
has been shown to be a safe threshold.?® If MEPs were
registered, decreasing intensity stimulations were done
at the same subcortical area until MEPs were no longer
registered. When a positive MEP response was found at
5 mA, the critical proximity to the functional pathway
was assumed and extreme caution was taken during re-
section in this area to avoid damaging the surrounding
brain parenchyma. Once total macroscopic resection was
completed, we used transcranial, cortical, and subcortical
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FIG. 1. A: Axial T1-weighted MR image obtained after gadolinium administration, demonstrating a subcortical lesion in the right
frontal lobe with peripheral contrast enhancement allocated in the middle frontal gyrus immediately anterior to the right mo-

tor cortex. B: The proximity and relationship is noted between the deep surface of the lesion and the descending fibers of the
right motor pathway when observed in the coronal plane. C: DTl sequence with 3D reconstruction of the motor pathways and
volumetric reconstruction of the lesion. Note the displacement and distortion of the right motor tract caused by the tumor. D and
E: Postoperative T1-weighted MR images after gadolinium administration in the axial (D) and coronal (E) planes, showing the total
resection of the lesion. F: Postoperative DT sequence with 3D reconstruction of the motor pathways, showing the distortion of
the right motor tract after the surgery. The patient presented with postoperative worsening of the preoperatively existing left-arm
paresis without developing any new motor deficit. G: Intraoperative photograph showing the 8-contact electrode strip placed over
the motor cortex. The electrode strip elicited a motor response in the proximal muscles of the left inferior limb when Electrodes 1
or 2 were stimulated and a motor response of the left hand when Electrode 3 was stimulated. The dotted line demarcates the area
selected for corticotomy. The area was demarcated after the nonfunctionality of the area was checked with cortical motor mapping
using a hand-held monopolar electrode. H: Intraoperative photograph obtained once the metastasis resection was finished. Sub-
cortical mapping with a hand-held monopolar electrode is performed during resection and when resection is finished to assess the
functionality and the distance of the corticospinal tract in the areas where close proximity to the corticospinal tract is suspected.
MFG = middle frontal gyrus; SFG = superior frontal gyrus. Figure is available in color online only.

stimulation at the resection margins to check the anatom- Awake Surgery

ical-functional integrity of the motor function network!! In cases where tumors affected dominant perisylvian
and predict the patient’s postoperative clinical status and structures or dominant-sided SMAs, we used an awake
recovery (Fig. 1). mapping procedure during resection to identify language
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and complex motor function sites. Just before opening
the dura mater, we administered mannitol, discontinued
sedatives, and woke the patient. After opening the dura
mater, a bipolar electrode Ojemann cortical stimulator
(Radionics, Inc.) with an interelectrode distance of 5 mm
was used to stimulate the brain. The electrode was set to
deliver a biphasic current with a 60-Hz pulse frequency
and a 1-msec single-pulse phase duration. The duration of
each stimulation was 3 seconds in all cases.

Brain mapping began with stimulation of the facial
area of the motor cortex in order to set the stimulation pa-
rameters by eliciting speech arrest; testing started with an
intensity of 1 mA and progressively increased by 0.5-mA
increments until the desired response was evoked. The
smallest intensity that provoked speech arrest while the
patient performed a counting task was used during cortical
mapping. The sensorimotor cortex was stimulated when
the extension of the tumor also affected those functional
areas. A numbered sterile plastic label was placed in loca-
tions where movement or sensory response was elicited.
After sensorimotor stimulation, perisylvian structures or
the dominant superior frontal gyrus was stimulated using
the same intensity. Language function was tested while
the patient performed the picture-naming task during
brain stimulation."** To monitor SMA function, in cases
in which this is required, the patient performed 2 complex
motor tasks. The first task was the finger-to-thumb task,
which was performed with both hands consecutively in a
complex, self-paced sequence beginning with the little fin-
ger and followed by the middle finger, ring finger, and fi-
nally the index finger opposition. The second task was the
bimanual hand coordination task, which consisted of flex-
ion and extension of both hands with a phase shift of 180°
between them.*?*3° The verb generation task was used to
explore the language function of the SMA.*%2 When a
functional SMA area was stimulated, it elicited a response
that consisted of a blockade in the execution of language
or SMA-required tasks. For the language assessment, we
considered semantic and phonemic paraphasia, speech ar-
rest, anomia, perseverations, or articulatory disorders as
positive mapping responses. At least 2 of 3 positive stimu-
lations were required to consider an area as functional in
all mapping modalities. When a site was considered func-
tional, it was marked with a numbered plastic label.

Nonlabeled areas were selected to approach the lesion,
which was assisted by demarcation by the neuronavigation
system. During microsurgical resection, motor control of
the subcortical function around the tumor was assessed by
continuous movement requests, and subcortical language
or SMA function was monitored by continuous execution
of the specific tests mentioned above. Alteration of any
function during resection of the tumor margins obligated
the neurosurgeon to stop resection and confirm the find-
ings by subcortical stimulation. When a subcortical path-
way was identified, great care was taken during further
dissection of the tumor wall at this site, with particular
attention given to avoiding damage to the surrounding
brain; however, we still aimed to achieve a total en bloc
microsurgical resection whenever possible. Once the le-
sion was totally removed, the patient was anesthetized us-
ing a laryngeal mask and surgical closure was performed.
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Statistical Analysis

Descriptive analysis of the clinical data was done at
baseline, in the postoperative period, and during follow-
up. We used paired t-tests to compare preoperative KPS
scores with postoperative KPS scores and compare post-
operative KPS scores with follow-up KPS scores (mea-
sured at 6 months). Spearman’s correlation test was used
to compare preoperative and postoperative KPS scores
with the survival period. A significance level of 5% was
accepted for the comparisons.

For comparison of outcomes, patients were stratified
into 3 groups by postoperative KPS score, as follows:
Group 1, KPS Score 0% to 40% and unable to care for
self; Group 2, KPS Score 50% to 70%, unable to work, and
varying amount of assistance needed; and Group 3, KPS
Score 80% to 100% and able to carry out normal activ-
ity and work. Kaplan-Meier survival curve analyses were
done to show differences in survival among the groups.
We used IBM SPSS (version 21.0; IBM Corp.) to perform
the statistical analyses.

Results

The use of a functional guided approach by means of
brain stimulation was used to guide the corticotomy and
the limits of the resection in all cases.

A postoperative gadolinium-enhanced, T1-weighted
MRI scan revealed the total removal of the tumor in 31
patients (93.9%). In 2 patients, total resection was not
achieved. Each patient had a metastasis of the motor area
and demonstrated functional parenchyma attached to the
tumor during intraoperative functional assessment. The
neurophysiologist reported a significant decrease in MEPs
during tumor capsule manipulation. Subcortical stimula-
tion revealed a positive MEP response at 5 mA. These 2
patients presented with postoperative moderate-to-severe
hemiparesis that resolved within 3 months. After WBRT,
no relapse was found in these 2 patients. In total, 28 pa-
tients (84.8%) received WBRT after surgery. One patient
did not receive WBRT due to early death, and 4 patients
did not receive WBRT due to bad performance status pri-
or to radiotherapy. These 4 patients did not receive WBRT
due to bad clinical status secondary to systemic progres-
sion of their primary tumor. All 4 patients had a survival
period less than 4 months. There were 3 patients with local
relapse of the tumor (9.0%), and stereotactic fractionated
radiotherapy was applied to all relapsed metastases.

Postoperatively, 27 patients (81.8%) showed improve-
ment or no change in their initial symptoms. However, 6
patients (18.2%) showed a clinical worsening after sur-
gery, 4 patients with preexisting weakness developed a
worsening in their paresis, and 2 patients developed new
sensory disturbances. All 6 new neurological deficits were
transitory, with total recovery within 3 months in all cases
(Table 2).

After 6 months of follow-up, 6 patients died. In 5 pa-
tients, death was due to systemic progression of the pri-
mary tumor. However, 1 patient died following accidental
vascular damage during surgery, which led to venous in-
farction, edema, intracranial hypertension, and death on
postoperative Day 3.

One intraoperative partial motor seizure occurred (3%)

Brought to you by Universitat de Barcelona | Unauthenticated | Downloaded 01/30/25 01:52 PM UTC



Surgical treatment of brain metastases in the central region

"80B}INS UIRIQ 8U} 0} SISE]SEIOW B} WOJ) 80UB)SIP JajIoys
ay} Buiquosap aul| 8y} Aq pejossielul SEm X8}02 Yalym uo Buipuadep NS 10 X81100 AI0SUSS ‘X8}J09 J0JoW 8U} SE SISEISEJaW 8y} 8} JO UONBIO| 8U} PALISSEIO &M ‘SUOIS8| [B21100QNS Aj[Ensn ale sasejsejsw asneosy

‘g|qealdde jou = YN

VN [eloL vN abenbue| g Alosuas ‘U0jo|\ aemy ssauyesp\ 0S X8}109 I0JO\| ce
VN [eloL VN Klosuas R 10j0\ das|sy SSBUYEAM oF X8)109 Klosuag S
VN [el0L VN Alosuas R I0j0\ dagsy sooueqIn)sip Alosuss oy X9}J09 J0J0 1e
VN [eloL VN K1osuas 3 J0JO|\ das|sy ssauyesp\ € X8}109 I0JO\] 0g
SSOUYeam 8I9AeS [eo)ans VN Kiosuas g J0jo|\ des|sy Ssoauyeap| A X8}102 JOJO| 62
VN [elo0L VN Klosuas R I0j0\ dagsy SSaUNBAM oF X9}J09 J0J0) 8z
VN [eloL VN K1osuas 3 J0JO|\ das|sy ssauyesp\ /€ X8}109 I0JO\] 12
VN [e10| VN K1osuas g J0JO|\ das|sy $8InZI19g 0¢ X81102 JOJO|\ 9z
VN |e10L VN Klosuas R I0j0\ des|sy ayoepesay S X9}J09 J0JO Gz
SSBUYeaMm 8I9A9S [e10)4NS VN Kiosuas 3 JOJO|\ des|sy ssauyesp\ 0g X8}109 I0JO|\] ¥z
VN [el0L VN K10suas 3 J0JO|\ das|sy EIEEN €9 X81102 JOJO\ ez
VN |e10L VN Klosuas R I0j0\ das|sy sainziag IS X8)109 Klosuag w2
s8ouequnsip AJ0SUsS MaN [el0L VN Kiosuss 3 JOJO|\ das|sy ssauyesp\ /€ X8}102 J0JON] 1z
VN [el0L VN K10suas 3 J0JO|\ das|sy $8InZI9g 8¢ X8}109 I0JO|\| 0z
VN [eJoL aInz|ss Jojow [elied Kiosuas g J0JO|\ das|sy S8oUBQINSIP [BIOINBYDY 9y X8}102 J0JO 6l
VN [eJ0L VN obenbug| g Aiosuas ‘0jo aemy S8INZI9g ov X8}102 J0JO\] 8l
VN [el0L vN abenbue| g Alosuss ‘I0jo|\ aemy $8InZI9g A X8}102 I0JO|\] m
VN [EJOL VN YINS ¢ A10suss ‘J0jo} Nemy $8InZI19g 8¢ VIS 9l
VN [EJOL VN YINS B Aiosuss J0j0 NemMy S8INZIvg 79 VNS Gl
VN [eloL VN Kiosuas 3 J0oJo|\ das|sy $8InZI9g /€ X810 Alosuag vl
VN [eyoL VN Kiosuas g Jojo|\ dos|sy s8Inz|9g 0¢ X8}102 JOJO el
SSOUMBOM BI9AS [e10L VN abenbue| x Alosuas I0jo\ emy SSAUNBIM ¥ X9}J09 J0J0)\ )
SSOUYeaMm 8I9NS [eloL VN VIS % Alosuss ‘Jojopy aemy Ssauyeap Ge VNS L
S9IUBqIN)SIP A10SUBS MON |ejoL VN Kiosuas R 10j0\ das|sy anewoldwAsy e X8)109 Klosuag 0l
VN [e10L VN Klosuas R J0j0\ das|sy sainziag 68 X91109 Alosuss 6
VN [el0L VN Kiosuas 3 J0JO|\ des|sy eiseydsig Ge X8}102 J0JO[N] 8
VN [el0L VN Kiosuas 3 J0JO|\ das|sy s9oUeqIn}sip A1osuag I X8}100 A10Suag /
VN [e10L VN Kiosuas R J0j0\ das|sy sainziag S X9}109 AIosussg 9
VN [eloL VN Kiosuas 3 Jojo|\ das|sy saInziag ¥9 X8)100 A1osuag G
VN [eloL VN Kiosuas R Jojo|\ des|sy onewoydwAsy 0g X810 A1osuag v
VN [eoL VN Kiosuas 3 J0jo|\ dos|sy ayoepesy 0¢ X8}102 JOJO|N e
VN [eloL VN YINS B Aiosuss J0j0 emy dyoepesH 0¢ VNS 4
VN [eloL VN VINS % Aiosuss ‘J0j0p aemy sainzieg €e VNS |
Juswuredw| pansIyoy sainziag fiabing Buiddepy swoydwAg uonejussald  (ww) Jeyewelq LUoneao ‘ON
[euOioUNS 8AIJeIado)SOd  UOIJ09SaY JO Junowy aniesadoenu) Bunng passessy suopoun{  des|sy SA ayemy 1S9)e8I5) SISBISEJS|\ UlRlg  Judned

ejep [edlul]o Jusijed 'z 319v.L

703

J Neurosurg Volume 126 « March 2017

01:52 PM UTC

30725

lona | Unauthenticated | Downloaded 01/

€

you by Universitat de Barc

Brought to



J. L. Sanmillan et al.

TABLE 3. Surgical results

TABLE 4. Patient distribution according to KPS

Characteristic No. (%) KPS Score No. of Patients (%)
Resection Preop KPS score
Total 31(93.9) 0%-40% 0(0)
Subtotal 2(6.1) 50%-70% 0(0)
Surgical complications 80%-100% 33 (100)
Intraop seizure 1(3) Postop KPS score
Other major complications 1(3) 0%-40% 1(3.0)
Mortality 50%-70% 7(21.2)
Periop* 1(3) 80%-100% 25 (75.8)
* Perioperative mortality occurred during hospital admission. 6-mo follow-up KPS score
0%-40% 7(21.2)
and was stopped with the application of cold Ringer’s lac- 50%-70% 2(6.1)
tate onto the brain cortex. The intraoperative seizure did 80%-100% 24 (72.7)

not impede the neurophysiological monitoring and the to-
tal removal of the metastasis. The patient received anticon-
vulsant medication and was asymptomatic after surgery
without any further seizures (Table 3). Two patients who
had seizures as a presenting symptom required control
of the partial seizures with anticonvulsant therapy dur-
ing hospitalization. None of these patients presented new
postoperative transient or permanent neurological deficits.

The overall mean postoperative KPS score was 81.5%
(median 90%), which was comparable to the mean preop-
erative KPS score of 83.0% (p = 0.60). At 6 months after
surgery, 17 patients showed an improvement in KPS score
compared with the postoperative evaluation (Table 4). The
median preoperative KPS score was 80%, while the me-
dian postoperative KPS score and median KPS score at 6
months of follow-up was 90% in both cases. Of the total
patients included in the series, 15 (45.4%) patients were
asymptomatic and 24 (72.7%) had a KPS score greater
than 80% at 6 months. At 6 months of follow-up, 88.9%
of the patients who survived had a KPS score greater than
80%.

The mean survival period of our series was 24.4
months. However, patients who worsened postoperatively
had a mean survival of 13.5 months. Survival showed a
statistically significant positive correlation with postopera-
tive KPS (r, = 0.345; p < 0.05) (Fig. 2).

Discussion

Advances in the diagnosis and treatment of various can-
cers have resulted in the improvement of patient survival.
However, there has been a concurrent increase in the inci-
dence of brain metastases, which are now the most frequent
intracranial malignant tumor of adults. In 1990, Patchell et
al. published a study in which they demonstrated the su-
periority of surgery followed by WBRT for the treatment
of solitary brain metastasis compared with WBRT alone,
effectively increasing the mean survival of patients from
15 to 40 weeks.* Level I evidence-based data also indicate
that resection followed by postoperative WBRT is superior
to WBRT alone.”® Therefore, resection of a single metas-
tasis is considered the standard treatment for patients with
an accessible lesion, good functional status, and absent or
controlled extracranial disease.?+-204!

Today, the debate has moved from the question of

704  J Neurosurg Volume 126 » March 2017

whether resection is appropriate to the question of how to
best deal with lesions located in or affecting sites of high
eloquence, such as the central region. Moreover, most brain
metastases are located at the gray matter—white matter
junction, and corticotomy is required to approach them; as
they are frequently located in the rolandic region, it is nec-
essary to establish the safest treatment option for central
region metastases.’”> Due to the proximity of these tumors
to the primary motor cortex, primary sensory cortex, and
motor and sensory pathways, great care must be taken to
prevent the development of new and permanent sensorimo-
tor deficits after surgery. Furthermore, depending on the
tumor volume, other cognitive functions could be impaired
during resection, including language.

For these reasons, some authors have advocated the use
of SRS as an alternative treatment to surgery.”’* Never-
theless, SRS has some limitations and disadvantages of
its own in the treatment of brain metastases. For example,
SRS does not relieve the symptoms caused by the mass
effect of the tumor, edema, or hydrocephalus, does not pro-
vide a histopathological diagnosis of the lesion, and larger
tumor volumes are associated with less satisfactory out-
comes.'3?! Furthermore, among patients treated with SRS,
Williams et al. reported the development of new motor
deficits in more than 11% of patients and emphasized the
increased risk of treatment-related complications when le-
sions involved functional brain regions.*’ However, only a
few researchers have analyzed the role of surgery for brain
metastases located in the central region.!%>>4346 To the best
of our knowledge, the present series is the largest to de-
scribe and analyze the results of surgical treatment for such
tumors.

In 2011 Walter et al. described 20 patients suffering
from single subcortical metastases in the central region
who were surgically treated with the aid of continuous
neurophysiological monitoring.*> Gross-total resection was
achieved in 95% of patients, and although 3 patients suf-
fered a postoperative worsening of hemiparesis, this was
transient in 2 patients. Walter et al. presented similar results
to ours at 6-month follow-up, with 10 patients improving
in the 6 months after the operation and 12 (66.7%) patients
having a KPS score greater than 70%.

Recently, Kellogg et al. reported on 17 patients with ce-
rebral metastases within the precentral gyrus who were
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FIG. 2. Kaplan-Meier curve showing the differences in survival related
to postoperative KPS among the patients during a period of 5 years.
Postoperative KPS was measured at the moment of hospital discharge.
Figure is available in color online only.
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surgically resected without cortical mapping or stimula-
tion.”> The safest noneloquent route to the lesion and lo-
cation for corticotomy were anatomically established in-
traoperatively by employing neuronavigation. Kellogg et
al. reported good results with gross-total resection in all
patients, improved paresis in 13 patients, and new postop-
erative hemiparesis that resolved partially within 3 months
in 1 patient. No data on tumor relapse were available.

Image guidance during the resection of metastases
could be used as an alternative to our approach, but this
would be less accurate because it relies on images ob-
tained prior to surgery that could be subject to brain shift."”
Intraoperative brain shift—which can follow dural open-
ing, use of mannitol or hypertonic saline, CSF drainage, or
tumor resection—can be as large as 2.4 cm during tumor
surgery.?”** Furthermore, the use of functional MRI in lo-
calizing eloquent areas has limitations, with false positives
and false negatives being reported due to tumor metabo-
lism and edema.?3%

In our view, the safest, most reliable method to localize
eloquent brain areas, and thus to avoid damage to them
during surgery, is to perform a patient-tailored functional
guided approach that combines intraoperative mapping
techniques with neurophysiological monitoring.” Together,
these techniques not only provide the surgeon with infor-
mation of the functionality of the underlying tissue, but
they also provide the ability (e.g., by subcortical monopo-
lar stimulation mapping) to assess the subcortical distance
to the motor function pathway. Indeed, Nossek et al. com-
pared the thresholds of subcortical monopolar mapping (a
train of 5-7 stimuli, pulse duration 0.5 msec, 300 Hz) to
navigation with brain shift correction by intraoperative ul-
trasonography. They showed a linear correlation between
the distance to the CST and the threshold of subcortical
stimulation producing a motor response, with a relation-
ship of 0.97 mA for every 1 mm of brain tissue.”® This cor-
responds to our rule of thumb that 1 mA was equivalent to

Surgical treatment of brain metastases in the central region

1 mm. This linear correlation between stimulus intensity
(train of 5 stimuli, pulse duration 0.2 msec, 500 Hz) and
distance was also recently postulated by Ohue et al., who
analyzed the distance of the postoperative resection cavity
to the imaged CST on early postoperative DTI MRI.?

EBS techniques performed by a trained team have
been proven safe. In our series, we considered the single
reported intraoperative seizure to be a mild surgical com-
plication because it was elicited by electrical stimulation
of the cerebral cortex, even though the application of cold
Ringer’s lactate terminated the seizure immediately. The
reported seizure did not result in any other consequences
and surgery continued without further problems. There-
fore, consistent with previous reports, the EBS technique
permitted the exact localization of function at the cortical
and subcortical levels in order to establish a safe approach
route to the lesion, thereby facilitating safer resection in
eloquent areas. Moreover, these techniques allowed for the
integrity of anatomical-functional networks to be tested
and confirmed after removal of the tumor.'?

Metastases are not sharply delimitated from the sur-
rounding tissue as previously believed. Also, aggressive
tumor metastases can infiltrate noncancerous cerebral pa-
renchyma to a maximum depth of 1 to 3 mm,? exhibiting
tongue-like expansion into the adjacent brain tissue that
can lead to local recurrence in up to 59% of cases, despite
gross-total macroscopic resection.'” Yoo et al. extended re-
section to a depth of 5 mm after complete microsurgical
resection of the metastases located in nonfunctional areas
and compared them with a group in which resection was
not extended and achieved significantly improved local
tumor control.*® Unless supramarginal resection is not an
appropriate strategy for lesions located in eloquent brain
areas, EBS could provide continuous feedback of the sub-
cortical functional pathway during supramarginal resec-
tion of a noneloquent lesion when the resection reaches
an eloquent area. Without the safeguards offered by EBS,
the risk of unsuspected permanent neurological deficit is
likely to be prohibitively high in eloquent areas.'

When we analyzed the correlation between preopera-
tive functional status and the survival period it did not
reach statistical significance, probably due to our selection
process. Many authors have previously demonstrated a re-
lationship between preoperative functional status and sur-
vival time, as well as the real impact of preoperative KPS
on clinical outcomes.?24384! For that reason, we excluded
patients whose KPS functional status was less than 70%.
Therefore, we only included patients with a high preopera-
tive functional status. Despite this, we did find a statisti-
cally significant correlation with postoperative functional
status itself and the survival period. Although the func-
tional status of most patients improved during the follow-
up period, a decrease in the postoperative status alone was
associated with a negative impact on survival.

We must keep in mind that the majority of patients will
die due to the progression of their primary tumor, and that
a decrease in the postoperative functional status could
leave the patient in a situation of dependency or decrease
the treatment options available for the primary tumor. In-
deed, bad functional status after surgery could mean that
the patient would not be suitable for postoperative sys-
temic therapy, which would significantly affect survival.?
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Therefore, all reasonable efforts must be directed toward
the avoidance of permanent deterioration postoperatively.
The implementation of a patient-tailored functional ap-
proach to surgery for metastases of the central region of-
fers clear advantages in the treatment of brain metastases,
and is currently the most reliable method for avoiding per-
manent neurological deficits.

Conclusions

Intraoperative brain mapping and neurophysiological
monitoring by a trained team during the resection of cen-
tral-region metastases is a safe procedure that can improve
surgical planning. These techniques allow the surgeon to
reach the lesion and perform maximal resection while
avoiding structural damage to eloquent areas and preserv-
ing crucial functional parenchyma. In turn, this reduces
the chance of permanent neurological deficit and improves
the functional outcome of the patient.
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