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Brain metastases (BM) are the most frequent intracranial tumors, which may result in
significant morbidity and mortality when the lesions involve the perirolandic region.
Surgical intervention for BM in the perirolandic region is still under discussion even
though prompt relief of mass effect and avoidance of necrosis together with brain
edema may not be achieved by radiotherapy. More recently, several researchers
attempt to evaluate the benefit of surgery for BM within this pivotal sensorimotor area.
Nevertheless, data are sparse and optimal treatment paradigm is not yet widely
described. Since the advance in intraoperative neuroimaging and neurophysiology,
resection of BM in the perirolandic region has been proven to be safe and efficacious,
sparing this eloquent area while retaining reasonably low morbidity rates. Although
management of BM becomes much more tailored and multimodal, surgery remains the
cornerstone and principles of resection as well as indications for surgery should be well
defined. This is the first review conceming the characteristics of BM involving the
perirolandic region and the current impact of surgical therapy for the lesions. Future
perspectives of advanced neurosurgical techniques are also presented.

Keywords: brain metastases, eloquent areas tumors, surgical treatment, individualized approach, perirolandic
mass lesions

INTRODUCTION

The perirolandic region is essential for neurological functions, supporting motricity, and sensitivity
of trunk and extremities (1, 2). Notably, brain metastases (BM), the most common intracranial
tumors (3), tend to be located in the eloquent areas such as the perirolandic region where
sensorimotor function is often disrupted (1, 4-7). With advances in neuroimaging,

Abbreviations: BM, brain metastases; WBRT, whole-brain radiation therapy; SRT, stereotactic radiotherapy; LITT, laser
interstitial thermal therapy; MCA, middle cerebral artery; SSS, superior sagittal sinus; CST, corticospinal tract; fMRI,
functional magnetic resonance imaging; 5-ALA, 5-aminolevulinic acid; FS, fluorescein sodium; GTR, gross-total resection;
CT, computed tomography; DTI, diffusion tensor imaging; FA, fractional anisotropy; ADC, apparent diffusion coefficient;
CSF, cerebrospinal fluid; SEPs, somatosensory evoked potentials; IONM, intraoperative neurophysiological monitoring;
MEPs, motor evoked potentials; STR, subtotal resection; HF, high-frequency; LF, low-frequency; RPA, recursive partitioning
analysis; RTOG, Radiation Therapy Oncology Group; KPS, Karnofsky Performance Score; MTR, microscopic total resection.
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neurophysiology, and neurosurgical techniques, patient-tailored
surgery has become the pivotal strategy in multimodal treatment
paradigms of BM. However, approaching BM in the perirolandic
region remains a challenge because there may be a risk of new
permanent neurological deficits resulting from impairment of
cortical or subcortical structure after resection of the tumors
which infiltrate into the surrounding sensorimotor areas (4,
7-11).

Controversy exists regarding optimal treatment for patients
with BM within the perirolandic region (7, 11-22). Less-invasive
therapies including whole-brain radiation therapy (WBRT) or
stereotactic radiotherapy (SRT) has still been preferred although
relief of the mass effect was always delayed and patients often
suffered from adverse events produced by radiation (5, 12, 13, 17,
20, 22, 23). Alternatively, several studies have suggested that
optimal resection could promptly reduce mass effect, relieve
neurological symptoms, provide pathological diagnosis, and
improve local tumor control (4, 6, 10, 16, 18, 24-26). To the
best of our knowledge, there are only a few reports with regard to
surgical treatment of BM involving the perirolandic region (4, 6,
16, 18, 24, 26, 27), while no literature reviews have been
performed, leaving the optimal treatment paradigm unresolved.

This review summarizes the impact of surgery on the
multimodal management of BM in the perirolandic region.
Close attention has been paid to the indications for surgery,
the principles of resection, and the individualized surgical
approaches. Future minimally invasive and multimodal
therapies such as laser interstitial thermal therapy (LITT) are
discussed, which may lead to new paradigm for management.

ANATOMY

The perirolandic region, also known as central lobe (1) or
paracentral area (6), is one of the most eloquent areas of the
brain, which consists of pre- and postcentral gyrus, central
sulcus, and the paracentral lobule (1, 2). The lateral surface of
the perirolandic region includes the precentral and postcentral
gyri divided by the central sulcus and limited anteriorly by the
precentral and posteriorly by the postcentral sulcus. The medial
surface extends into the interhemispheric fissure to form the
paracentral lobule which is limited by the paracentral sulcus
anteriorly, the ascending ramus of the cingulate sulcus
posteriorly, and the cingulate sulcus below. When operating in
the perirolandic region, it is important to remain constantly
aware of the arterial supply as well as venous drainage because
neurological deficits following tumor resection is more
frequently due to arterial or venous infarction than to cortical
or subcortical structural impairment (28). The central artery
arising from middle cerebral artery (MCA) supplies a larger part
of the central lobe than any other arteries. When performing
transsulcal approach, care must be taken to avoid coagulation of
any branches arising from the central artery within the sulcus,
which may lead to motor weakness. The central vein usually
drains the largest portion of the central lobe. Although there are
anastomoses located at the terminal ends of veins just proximal

to the superior sagittal sinus (SSS), sacrifice of major bridging
veins such as central vein or precentral vein should be avoided.
Obliteration of the cortical veins from the perirolandic region
may cause severe contralateral hemiparesis prominent in the
lower limbs (1, 29). Ribas et al. (2) considered the perirolandic
region as a single lobe because the gyri, sulcus and subcortical
white matter such as corticospinal tract (CST) shared the
common patterns in configuration and sensorimotor function.
The fibre tracking technique could reconstruct the white matter
trajectories, particularly the CST and thalamocortical radiations
which connected the sensorimotor cortex to the peripheral
nervous system. The perirolandic region identification based
on functional magnetic resonance imaging (fMRI) and direct
electrical brain stimulation demonstrated its role as sensorimotor
center and disproportionate arrangement of different body parts
in an inverted fashion in this area called homunculus (1, 30)
(Figure 1A). The different parts of the body were represented in
approximately bottom-to-top order, while the cortical areas
supporting fine movements were disproportionally larger
than areas supporting more gross movements (1). An
understanding of anatomy is important to create a road for
approaching lesions in the perirolandic region.

EPIDEMIOLOGY

BM are the most common neoplasms in the central nervous
system (3), with an approximately 10-40% of all cancer patients
ultimately developing the condition (3, 4, 31-33). These tumors
mostly originate from melanoma, lung and breast cancer (3, 9,
31). Currently, the rising incidence of BM is due to an aging
population, effective targeted therapies for systemic disease, and
advances in sensitive diagnostic tools (4, 31, 34). It is well known
that diagnosis of BM portends a poor prognosis, with median
survival time varying from 1 to 6 months in untreated patients
(3,9, 21, 34-38).

BM have been estimated to occur as many as 10 times more
frequently than primary brain tumors (3, 33, 34). Although the
distribution of single BM predominates in parietal lobe (50.98%)
followed by frontal lobe (25.49%) (33), the prevalence of BM
involving the perirolandic region has not yet been clarified. Yoo
et al. (32) analyzed 51 patients (54.26%, 94 metastases in total)
with lesions in eloquent locations. In a cohort of 1,033 BM, there
were 288 tumors (27.88%) in eloquent areas (31). However, these
retrospective analyses were all single institutional studies which
reviewed BM in or directly adjacent to eloquent areas including
language, vision, or sensorimotor regions. Krieg et al. (18)
reported a series of 206 metastases including 56 (27.18%) in
the eloquent motor area, which probably exhibited reliable data
with regard to the incidence of the tumors.

INVASION PATTERNS

BM were usually regarded as sharply delimitated within
brain parenchyma (8, 32). Neuro-radiological findings
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brain metastases.

presented well-demarcated contrast-enhanced areas comparing
with that of primary malignant brain tumors. In fact, the
infiltrative growth pattern has been identified, exhibiting a
tongue-like expansion into the surrounding tissue (8, 35, 39,
40). Recently, 5-aminolevulinic acid (5-ALA) was administrated
in detecting tumor border to adjacent brain tissue during BM
resection and found almost 40% metastases as well as tumor beds
depicted fluorescence (39, 41). There were three different
invasion patterns of BM (8, 35): i) well-demarcated border to
surrounding white matter; ii) perivascular protrusion from main
tumor mass; iii) diffuse infiltration of single cells into
surrounding brain parenchyma (Figure 1B). Baumert et al.
(42) reported 63% BM displayed evidence of infiltration in an
autopsy study. Siam et al. (43) performed clinical study and
corroborated the above autopsy findings. Sundaresan et al. (8, 32,
35, 39, 40, 44) suggested the infiltrative tumor cells seldom
extended to more than 5 mm beyond the gliotic pseudocapsule.

The invasion patterns might assume major prognostic
significance (8). Pure circumferential stripping of BM was
sometimes insufficient in achieving disease control, and
unexpected residual tumors might result in local progression
(9, 32, 43, 45). The incidence of local tumor progression after
BM resection has been reported up to 40% (31, 32, 46).
Moreover, 10-34% patients had recurrence in surgical cavity
1 year after treatment even though they underwent complete
removal together with adjuvant radiotherapy (23, 32, 38, 45,
47). In a recently published prospective EORTC 22952-26001
study, 27% patients receiving postoperative WBRT and 58%
patients without adjuvant therapy suffered from local tumor
recurrence (22).
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FIGURE 1 | (A) Diagram of the perirolandic region illustrating the primary motor cortex, primary somatosensory cortex, and the classic homunculus. The areas of
sensorimotor cortex supporting motricity and sensitivity are inverted and disproportionate based on the sensorimotor patterns (fine or gross) as depicted in the
coronal planes. (B) Schematic illustration exhibiting the infiltrative growth pattern of BM which may extend to 5 mm beyond the gliotic pseudocapsule. T, tumor; BM,

BM tend to grow in the cortical-subcortical junction and
significantly displace the sensorimotor cortex or the subcortical
white matter tracts if located in the perirolandic region (4).
Resection could be conservative in this area because the tumors
probably infiltrate and disrupt the surrounding critical structures
in addition to displacement of them. Consequently, the
infiltration into the adjacent sensorimotor areas may play a
pivotal role in local recurrence after gross total resection and
must challenge therapeutic indication because of concern for
cortical or subcortical structure impairment.

CURRENT STRATEGIES

The treatment of BM is more tailored and multimodal,
including surgical, radiation, and systemic therapies (9, 35).
Personalized therapeutic paradigms mainly depend
on decisions provided by multidisciplinary oncological
specialists. It is widely accepted that surgical resection is
ideally followed with adjuvant radiotherapy (13, 21, 23, 35,
48, 49). SRT to postoperative surgical cavity has increasingly
replaced WBRT as the standard of practice following the
resection of tumors (12, 13, 21, 48). The rate of local control
at 12 months was found to be 83.7% with low rate of radiation
necrosis (6.9%) in a meta-analysis, and patients receiving
fractionated SRT had better local control than those treated
with single fraction SRT (87.3 vs 80.0%) (48). Although the
adjuvant hypofractionated SRT resulted in high tumor local
control rates with low toxicity, prompt relief of mass effect and
symptoms could be delayed (9, 13, 21, 35).
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Surgical intervention for BM in the perirolandic region has still
been a matter of debate, since there may be a potential risk of new
permanent neurological deficits during the postoperative period
(4, 19, 26). Less-invasive therapies such as WBRT and SRT have
been previously preferred in several institutions (5, 20, 23, 38).
Luther et al. (5) reviewed patients underwent SRT for BM located
in the motor cortex and indicated that worsening of motor
function occurred in less than 20% of patients. They suggested
radiation provided both tumor control and a low risk of
producing neurological deficits (5). Williams et al. (23) found
11% of patients treated with SRT developed new motor deficits for
lesions located in the perirolandic region. Another study focusing
on treatment of BM in the precentral gyrus suggested 26% of
patients suffered new neurological deficits after SRT, including
new onset refractory epilepsy (27). More recently, Pintea et al. (19)
pointed out the overall incidence of complication and
improvement ratio of pre-treatment motor deficits were 35.7
and 17% in the SRT group, comparing with 25 and 54% in
surgical group, respectively. It is clear that the adverse events
produced by radiation cannot be negligible. Radiotherapy may
have several disadvantages of its own in the BM therapy (5, 12, 13,
17, 19, 20, 23, 27, 46, 50, 51): i) cannot promptly relieve the
symptoms or even develop new deficits caused by mass effect,
brain edema, or hydrocephalus; ii) cannot provide definite
histological diagnosis which may facilitate the chemotherapy or
targeted therapies; iii) has been generally limited to lesions which
are less than 3cm in maximal diameter; iv) may cause
symptomatic radiation necrosis with an incidence of 5%.

ADVANCES IN TECHNOLOGY

The introduction of 5-ALA fluorescence-guided resection has
significantly improved local tumor control for gliomas (41, 52).
Recently, 5-ALA was administered prior to surgery for BM to
detect tumor which infiltrated adjacent brain tissue (9, 16, 39,
41). But some of these studies met with disappointing results,
which showed that the tumor border could only be verified after
circumferential resection in less than 40% patients (39, 41).
Alternatively, fluorescein sodium (FS) has been used to
distinguish intracranial tumors from brain parenchyma since
1948 (53). More recently, Schebesch et al. (54) reported a high
rate of FS uptake (90%) in BM, resulting in significant increase in
the number of patients receiving gross-total resection (GTR)
(83.3%). Hohne et al. (55) performed fluorescence-guided
resection of BM with FS. Fluorescein was considered helpful in
distinguishing tumors from viable tissue in 95% of patients.
Technical adjuncts including the intraoperative ultrasonography
and neuronavigation were used only for tumor localization
but not for resection control. Similar to what other authors
have described (55-57), the visibility of intraoperative
ultrasonography remained clear during the surgical procedure
and was helpful in tumor resection in 86.67% (13/15) of cases
(56). There were few reports referring to combination of
ultrasound and fluorescence-guided BM resection. More
recently, Barbagallo et al. (57) investigated the safety and

extent of BM resection. The fluorescence-guided resection
and neuromonitoring including intraoperative ultrasonography
and computed tomography (CT) were used in cased of
lesions allocated in eloquent areas. Fluorescence was negative
in 2 cases (25%), while the presence of residual tumor
confirmed by intraoperative CT scanning was often less
than that anticipated by ultrasound, demonstrating that
intraoperative ultrasonography might generate false positives
(57). Histologically, clean surgical margins have been
confirmed by intraoperative fresh-frozen sectioning in the Yoo
study (32). Frozen biopsy samples were obtained from multiple
sites, including anterior, posterior, medial, lateral, superior, and
inferior walls of the surgical cavity (8). If reports were positive for
tumor cells, more biopsy samples were collected at or near the
suspicious areas (8, 32, 39). Although the clean tumor border
could be verified, extra surgical time was needed to perform the
pathological analysis. The benefit of fluorescence-guided
resection and fresh-frozen sectioning still needs to be evaluated
in future prospective trials.

Together with the advances in neuroimaging and neurophysiology,
fMRI helps to examine and visualize sensorimotor cortex
and white matter tracts, which could facilitate preoperative
planning as well as navigated resection of BM affecting the
perirolandic region (10, 18, 58, 59). The diffusion tensor
imaging (DTI) sequence with 3D reconstruction might
definitely delineate the relationship between tumor and the
sensorimotor pathways (Figure 2), which is useful in exploring
individualized surgical approaches (4, 10, 60, 61). Sanmillan et al.
(4) performed resection of BM allocated immediately anterior to
the CST (Figures 2A-C) via dissection of the precentral sulcus.
Total removal of the tumor was achieved, while the patient
showed improvement in the initial symptoms. The perirolandic
lesion frequently causes critical displacement and distortion of
the pyramidal tract or the thalamocortical radiations as
being depicted by DTI (4, 6, 16, 18, 60). Bobek-Billewicz et al.
divided the patterns of white matter tract alterations into 5 types
based on DTI (62): i) untouched; ii) deviated; iii) oedematous; iv)
infiltrated; v) destroyed. They found that most BM deviated the
white matter tracts which could be oedematous. The fractional
anisotropy (FA) values were significantly lower and the
apparent diffusion coefficient (ADC) values were significantly
higher within the precentral gyrus and CST in patients with
neurological deficits than ones without them. Although
preoperative DTI parameters might be important for fibre
tracking, there were some reports referring to the limitations in
localizing perirolandic region due to tumor metabolism and
edema (15, 63). Furthermore, neuronavigation might be less
accurate because images obtained prior to surgery could be
subject to brain shift (64, 65). Following dural opening,
cerebrospinal fluid (CSF) drainage, and tumor resection,
brain shift might be as large as 2.4 cm (4). The safest non-
eloquent approach to the lesion without disturbing the adjacent
sensorimotor tracts was established by employing intraoperative
MRI including DTI data (Figures 2D, E) (26, 60, 61, 66).
D’Andrea et al. (61) performed intraoperative DTI for
tractography after the dural opening to correct the potential
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from Krivosheya et al. (60).

FIGURE 2 | Merged DTl sequence and contrast T1-weighted MRI revealing the proximity between BM and the CST. A cystic lesion with peripheral contrast
enhancement allocated in the perirolandic region was depicted in the axial (A) and coronal (B) planes. The proximity was noted between the deep surface of the
tumor and the descending fibers of the CST (B). The 3D reconstruction of the CST and volumetric reconstruction of the lesion showed the distortion of the motor
pathways (C). Total removal of another large cystic tumor which significantly displaced the CST (D) was confirmed by postoperative MRI (E). Notably, the distance
between surgical cavity and the CST increased from 5.7 to 24.9 mm, suggesting the effect of initial deformation accompanied by intraoperative brain shift. DTI,
diffusion tensor imaging; MRI, magnetic resonance imaging; BM, bran metastases; CST, corticospinal tract. (A-C) Modified from Sanmillan et al. (4). (D, E) Modified

brain shift. The white matter bundle containing the CST was
visualized in all patients following correcting an average error of
0.79 £ 0.25 mm, and the overall data illustrated 75% of cases in
contact and/or involving the motor tracts. Only 1 patient
presented transient weakness of left extremities which
dramatically improved 1 month later and then disappeared
after 3 months.

Since Penfeld and Boldrey first described brain stimulation
techniques (67), intraoperative brain mapping combined with
intraoperative neurophysiological monitoring (IONM) have
permitted the delimitation of cortical sensorimotor areas and
subcortical functional pathways, and evolved to become the gold
standard for preserving neurological function during BM
resection (4, 68). The electrode strip is placed over the
sensorimotor cortex to identify the central sulcus, precentral
gyrus, and postcentral gyrus by recording the N20-P20 phase
reversal somatosensory evoked potentials (SEPs) and performing
brain mapping (Figure 3). Thereafter, corticotomy can be
performed within the nonfunctional area which is determined
by cortical motor mapping (4, 25, 67-69). During resection of
BM in the perirolandic region, cortical as well as subcortical
electrical stimulation are continuously produced using electrode
strip and monopolar electrode respectively to assess the motor

response and demarcate the area where proximity to the CST is
suspected (68, 69). Finally, when resection is finished, brain
mapping could evaluate the functionality of sensorimotor
pathways. Obermueller et al. (70) performed direct cortical
motor evoked potentials (MEPs) aiming on preservation of
motor tracts. There was no real false negative case, but 11
cases (19.64%) were categorized as false positive ones when
MEPs decline >50% was considered, resulting in high rate of
subtotal resection (STR). Thus, an amplitude decline >80% was
recommended. Sanmillan et al. (4) combined the transcranial,
cortical, and subcortical stimulation to double check the
functional integrity of sensorimotor pathways. Intraoperative
partial motor seizure occurred in 1 case and was terminated by
cold Ringer’s lactate. Postoperatively, the patient received
anticonvulsant medication and was asymptomatic without any
further seizures, while other 4 patients (12.12%) developed a
transitory worsening in their paresis, who recovered within 3
months. Recently, high-frequency (HF) stimulation was adopted
during resection of tumors within perirolandic region for motor
mapping with lower rates of stimulation-induced seizures
compared to traditional low-frequency (LF) stimulation
mapping (71, 72). Bander et al. (72) identified motor cortex
using HF bipolar stimulator. Continuous cortical MEPs

Frontiers in Oncology | www.frontiersin.org

October 2020 | Volume 10 | Article 572644


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Zuo et al.

Surgery for Perirolandic Region Metastases

FIGURE 3 | Identification of the central sulcus and sensorimotor cortex using brain mapping. Subdural electrode strip was placed over the perirolandic region (A) to
record SEPs, and N20-P20 phase reversal (B) gave information about the site of the central sulcus (dotted line in A). After direct motor cortex mapping, BM
allocated within the left paracentral lobule as depicted in axial T2-weighted MRI (C) and contrast sequence in the coronal (D) and sagittal planes (E) was removed via
the contralateral transfalcine approach (arrow in D). SEPs, somatosensory evoked potentials; MRI, magnetic resonance imaging.

monitoring was elicited throughout the tumor resection without
any decrement in all cases (100%), but LF bipolar stimulation
was successful at eliciting MEPs only in 30.77% of the cases.
Notably, there was no intraoperative seizures occurred in group
of HF bipolar stimulation. Apart from primary motor cortex, the
functional integrity of sensory tracts is hard to be evaluated, and
further studies of mapping techniques which have improved
sensitivity as well as specificity are still required.

NEUROSURGICAL MANAGEMENT

With advances in neuroscience and technologies, surgery
remains the cornerstone in BM treatment because of prompt
relief of the mass effect and resultant clinical symptoms (9, 21, 26,
31, 32, 35, 46, 73). There have been numerous publications
concerning surgical treatment of BM located in the sites of high
eloquence including premotor, motor, sensory, speech, vision
centers, and so on (39, 40, 74, 75), whereas only a few, until now,
have particularly focused on the tumors directly involving the
perirolandic region. Neither prospective randomized controlled
trials nor systemic reviews have been performed, leaving the
optimal treatment algorithm largely unresolved. Weil et al. (27)
first specifically analyzed a series of 17 patients who underwent
resection of BM within the primary motor cortex, and
demonstrated that excision of BM could preserve or improve
neurological function with meaningful increases in quality of life

and survival time. Rossetto et al. (16) performed the first study
on resection of BM in the perirolandic area by means of IONM
including cortical mapping, and showed that 90% of patients
improved or remained stable after surgery. However, clinical
follow-up of 1 month was definitely short not to define and assess
the postoperative outcomes accurately. More recently, Sanmillan
et al. (4) reported the largest series of BM patients in the
perirolandic region receiving surgical treatment. The patient-
tailored IONM was also performed to achieve gross total
resection in 93.9% of patients, total recovery of neurological
deficits 3 months after surgery, and the mean survival time of
24.4 months. According to the retrospective studies
schematically illustrated in Table 1, removal of BM in the
perirolandic region is safe and effective with good expectation
for long-term local control (4, 6, 7, 16, 18, 19, 24, 26, 27, 39, 76).
Therapeutic decision should rely on several factors including
tumor characteristics, patient’s condition, and status of systemic
disease (19, 21).

Surgical Indications

The recursive partitioning analysis (RPA) classification provided
by the Radiation Therapy Oncology Group (RTOG) is graded
based on age, functional status characterized by the Karnofsky
Performance Score (KPS), and control of systemic disease, which
facilitates to select appropriate patients for surgical treatment
(14). Guideline papers suggest that class I or II patients who
suffer larger BM (>3 cm in diameter) or those developing
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TABLE 1 | Reports of patients who underwent resection of BM in the perirolandic region.

References No. of GTR Rate Transient New/Worsened Postoperative Local Mean OS
Patients Neurological Permanent KPS>70 Recurrence (Months)
Deficits Neurological Deficits Rate
Weil and Lonsen (27) 17 100% (17) 3 (17.65%) 1(5.88%) 94.12% (16) 0% 10.3
Shinoura et al. (24) 1Al 54.55% (6) 6 (54.55%) 1(9.09%) - - -
Walter et al. (6) 20 95.00% (19) 2 (10.00%) 1 (5.00%) 60% (12) - -
Kamp et al. (39) 12 100% (12) 2 (16.67%) 0 - - -
Kellogg and Munoz 17 100% (17) 1(5.88%) 1(5.88%) 82.35% (14) - -
(26)
Krieg et al. (18) 37 89.19% (33) 10 (27.03%) 5(13.51%) - - -
Rossetto et al. (16) 47 93.62% (44) 17 (36.17%) 5 (10.64%) 89.36% (42) - -
Sanmillan et al. (4) 33 93.94% (31) 6 (18.18%) 0 75.76% (25) - 24.4

BM, brain metastases; GTR, gross-total resection; KPS, Karnofsky Performance Scale; OS, overall survival.

significant mass effect may have better outcomes with surgical
resection followed by radiotherapy which can offer increased
local control rates (9, 13, 17). Notably, even the small lesions
(<1.5cm in diameter) within the perirolandic region may present
acute neurological deterioration and represent a surgical
indication (21). Nevertheless, the indications for surgery in the
setting of BM involving the perirolandic region have been less
well defined.

With the advances in therapeutic options for systemic cancer
and improvement of neurosurgical techniques as well as
instruments, more patients with BM in the perirolandic region
may benefit from aggressive surgical excision which could be
performed in the following situations as depicted in Table 2 (9,
21, 27, 74). In general, all efforts must be directed toward the
avoidance of permanent neurological deficits postoperatively (4,
7, 14, 27, 34), because deteriorated functional status could
deprive the patients of the chance for adjuvant therapies,
significantly affecting overall survival.

Principles of Tumor Resection

The oncological idea that en bloc excision, defined as
circumferential stripping of lesion along the brain-tumor
interface without violation of its capsule may obtain local
disease control and improve the survival time has been widely
accepted (4, 9, 31, 32, 35, 40). Previous reports suggested that en
bloc resection of BM was associated with lower rates of

TABLE 2 | Indications for surgery of BM in the perirolandic region.

Multiple
factors

Surgical indications

Therapeutic +  Symptomatic lesion with brain edema

»  Cystic or necrotic lesion

*  Tumor hemorrhage requiring immediate relief

»  Lesion with mass effect or associated hydrocephalus
Diagnostic *  No known primary cancer

»  Potential differential diagnosis

e Suspected symptomatic brain radionecrosis
Strategic » Potentially eligible for identifying new molecular targets and

associated therapies

Prognostic «  Stability of systemic disease

+  Estimated overall survival time >6 months

BM, brain metastases.

leptomeningeal dissemination (77, 78) and local recurrence
(79) than piecemeal resection. But en bloc resection of BM was
not always achievable particularly in eloquent areas (13, 47, 75).
Recent results supported this technique as feasible when tumor
involved the functional brain regions (4, 31, 35). Sanmillan et al.
(4) performed en bloc microsurgical resection of BM located in
the perirolandic region with the help of intraoperative mapping
techniques. The authors indicated that the patient-tailored fMRI-
guided approach combined with IONM could spare the
sensorimotor areas, thereby avoiding new permanent
neurological deficits.

As previously described, BM might display an infiltrative growth
pattern, extending towards surrounding brain parenchyma (8).
Therefore, some authors designed the technique of microscopic
total resection (MTR) [also known as supramarginal resection (39)]
which included removal of apparently normal-looking surrounding
brain tissue to a depth of 5 mm (confirmed by neuronavigation)
after GTR of the tumors (32, 39, 40). Kamp et al. (39) provided the
first data on the outcomes of supramarginal resection of 12 BM
located within the perirolandic region using awake mapping, which
revealed that none of the patients suffered from new permanent
neurological deficits whereas only 2 displayed temporal
disturbances. In addition to MTR, clean surgical margins have
been confirmed with cavity biopsies sent for intraoperative fresh-
frozen sectioning (32). However, most investigators have preferred
intraoperative brain mapping and subcortical stimulation rather
than MTR because continuous feedback of neuronal fiber pathways
might prevent permanent neurological deficits (4, 9, 63, 80, 81).
They suggested that supramarginal resection could not be achieved
because intraoperative sub-cortical stimulation revealed new
neurological deficits when performing MTR in the eloquent
areas. Although eloquently situated BM can be eligible for
supramarginal resection, further studies are still necessary to
evaluate complication rate, local tumor control, and overall survival.

Individualized Surgical Approaches

Regarding BM at the sensorimotor strips, the central sulcus can
be dissected to minimize brain retraction and contusion (11, 32,
76). Then the corticotomy was preferably established in the
depth of the central sulcus overlying the tumor (32). Lee et al.
(11) chose to dissect the central or precentral sulcus rather than
directly incised in the gyrus based on the shortest distance to the
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brain metastases. From Barkhoudarian et al. (76).

FIGURE 4 | llustration demonstrating endoscopy-assisted gravity-aided contralateral transfalcine approach for deep medial BM involving the paracentral lobule. BM,

tumor border and showed favorable outcomes. But as previously
described, the necessity of DTI fiber tracking needs to be
emphasized since it is able to exhibit orientation of neuronal
fiber pathways and may facilitate surgical planning of patient-
tailored approach (59). Many investigators have paid close
attention to CST, also known as the pyramidal tract, which
connects the sensorimotor cortex to the spinal cord to ensure
extremities movement (4, 9, 11, 16, 82). Usually, BM with
associated edema could cause a critical anterior displacement
of the CST (9, 18), and dissection of the precentral, central, or

postcentral sulcus is available and may therefore increase the
safety of tumor resection.

Deep medial BM involving the paracentral lobule could be
reached by different approaches. Since Spetzler et al. (83) first
described contralateral transcallosal approach in detail,
contralateral interhemispheric transfalcine approach to
parafalcine lesions has been widely used to provide better
exposure avoiding invasion into the eloquent cortex and brain
contusion (76, 84, 85). More inspiringly, the advent of endoscope
has been proven to be useful in further enhancing the

FIGURE 5 | Intraoperative MRI monitoring of LITT after stereotactic placement of the laser electrode. The heat maps are presented showing temperature-dependent
colors during treatment. MRI, magnetic resonance imaging; LITT, laser interstitial thermal therapy. Modified from Ferguson et al. (35).
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TABLE 3 | Pros and cons of the LITT in comparison to open surgery in patients
with BM.

Pros Cons

¢ Accurate real-time monitoring on < lrregular lesions larger than 3 cm
navigation workstation in diameter

*  Surgically inaccessible locations *  Refractory edema caused by

« Tumors resistant to standard-of-care tumors

therapies such as surgical resection or «  Seldom prompt symptom relief

SRT in patients with preoperative
«  Minimally invasive procedure with less deficits
bleeding *  Repeated process for multiple

¢ Reducing risk of infection due to tumors
thermal effect

*  Lower incidence of complications

«  Shorter operating times and length of
stay, less medical expenses and time-

consuming

LITT, laser interstitial thermal therapy; BM, brain metastases; SRT, stereotactic radiotherapy.

visualization of the deep-seated surgical cavity (76, 86).
Barkhoudarian et al. (76) first took advantage of endoscopy-
assisted gravity-aided contralateral transfalcine approach for
deep para-midline BM within the paracentral lobule. After CSF
release, the contralateral hemisphere falls away from midline to
widen the interhemispheric space, which facilitates to open the
falx and broadly expose the lesion without retraction of the vital
cortex (Figure 4). Additionally, the endoscopic approach allows
the surgeon to operate closer to the surgical area in more
comfortable manner without fully extending the unsupported
arms comparing with microscopic surgery (76).

FUTURE PERSPECTIVES

Prevalence of BM involving the perirolandic region is increasing
(9, 19). As previously reported, surgical removal can be used to
promptly relieve the mass effect, improve clinical symptoms,
obtain tumor tissue to identify novel makers for targeted or
individualized therapies (35, 50, 51). Nowadays, patient-tailored
treatment concept in BM has been widely accepted, including
minimal invasiveness and multimodal therapy. Interstitial
brachytherapy enables the accurate application of highly
focused necrotizing tissue dose with a steep fall-off from the
center to the periphery (9, 87), which can be indicated in
eloquent BM that are not amenable to resection even after
previous irradiation or radiosurgery (87, 88). Additionally,
LITT can deliver enough thermal damage and induce
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