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OBJECTIVE Many neurosurgeons resect nonenhancing low-grade gliomas (LGGs) by using an inside-out piecemeal
resection (PMR) technique. At the authors’ institution they have increasingly used a circumferential, perilesional, sulcus-
guided resection (SGR) technique. This technique has not been well described and there are limited data on its effective-
ness. The authors describe the SGR technique and assess the extent to which SGR correlates with extent of resection
and neurological outcome.

METHODS The authors identified all patients with newly diagnosed LGGs who underwent resection at their institution
over a 22-year period. Demographics, presenting symptoms, intraoperative data, method of resection (SGR or PMR),
volumetric imaging data, and postoperative outcomes were obtained. Univariate analyses used ANOVA and Fisher’s
exact test. Multivariate analyses were performed using multivariate logistic regression.

RESULTS Newly diagnosed LGGs were resected in 519 patients, 208 (40%) using an SGR technique and 311 (60%) us-
ing a PMR technique. The median extent of resection in the SGR group was 84%, compared with 77% in the PMR group
(p =0.019). In multivariate analysis, SGR was independently associated with a higher rate of complete (100%) resection
(27% vs 18%) (OR 1.7, 95% Cl 1.1-2.6; p = 0.03). SGR was also associated with a statistical trend toward lower rates

of postoperative neurological complications (11% vs 16%, p = 0.09). A subset analysis of tumors located specifically in
eloquent brain demonstrated SGR to be as safe as PMR.

CONCLUSIONS The authors describe the SGR technique used to resect LGGs and show that SGR is independently
associated with statistically significantly higher rates of complete resection, without an increase in neurological complica-
tions, than with PMR. SGR technique should be considered when resecting LGGs.
https://thejns.org/doi/abs/10.3171/2021.9.JNS21718
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nically challenging. Although LGGs are infiltra-

tive,' several studies have shown that more exten-
sive resection of the hyperintense abnormality observed
on T2-weighted or FLAIR MRI results in improved sur-
vival compared with less extensive resection.>* Given that
diffuse gliomas often infiltrate functional brain, this onco-
logical goal of maximal resection must be balanced by the
goal of maintaining neurological function. Improvements
in preoperative imaging, the development of computer-
assisted methods that permit intraoperative identification
of tumor borders, and awake mapping techniques>-® that

R ESECTION of low-grade gliomas (LGGs) can be tech-

identify the functionally important brain regions have all
contributed to effective removal of LGGs. Indeed, many
LGGs that were previously considered unresectable are
now often resected.

Despite these advances, the ideal surgical technique for
resecting LGGs has not been clearly defined, and there
is little emphasis in the literature on the methods for re-
moving these tumors. Most neurosurgeons remove LGGs
by using an intralesional or piecemeal resection (PMR)
technique in which the tumor is resected from the center
toward the edges. This approach is often recommended
because the resection remains within the tumor, avoiding

ABBREVIATIONS HR = hazard ratio; KPS = Karnofsky Performance Scale; LGG = low-grade glioma; OR = odds ratio; PMR = piecemeal resection; SGR = sulcus-guided

resection.
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the surrounding healthy brain. In contrast, at our institu-
tion we have increasingly used a circumferential or sulcus-
guided resection (SGR) technique, in which the edges of
the tumor are defined at the beginning of the resection by
using the surrounding sulci as a guide, and the tumor is re-
sected circumferentially at its interface with the surround-
ing brain and sulci without ever entering the tumor core.
This approach is consistent with principles of general sur-
gical oncology, in which violating tumor margins is avoid-
ed. This SGR method is particularly applicable to LGGs,
because LGGs rarely grow across sulci. Consequently,
circumferential resections of LGGs can be achieved by
exploiting the surrounding sulci as a guide to the borders
of the tumor and performing transsulcal or subpial dissec-
tions of the surrounding sulci. With the SGR approach, in-
traoperative brain shift is significantly reduced compared
with the PMR approach, because the walls of the tumor do
not fall in on themselves as the tumor is dissected during
SGR, rendering intraoperative image-guided navigation
useful throughout the resection. Furthermore, the bottoms
of the surrounding sulci often demarcate the deep portion
of the tumor, or at least the interface between tumor and
white matter is often best identified at this region, increas-
ing the potential for a complete resection with SGR. Last,
the blood supply to the tumor is identified early during
SGR, resulting in a bloodless surgical field and preserva-
tion of the vessels that supply distal healthy brain.

Given these advantages, we hypothesized that SGR
leads to greater extent of resection compared with PMR,
without worsening neurological morbidity, in patients
with LGG. To address this hypothesis, we compared the
extent of resection and complications after SGR or PMR
in a large cohort of patients with LGGs. Furthermore, we
describe the SGR technique for LGGs in detail.

Methods

The institutional review board of The University of
Texas MD Anderson Cancer Center approved the study.
We retrospectively reviewed our prospective database to
identify patients (n = 697) with LGGs who underwent
initial resection at MD Anderson Cancer Center between
June 1, 1993, and December 31, 2015. Only nonenhanc-
ing WHO grade 1II and III gliomas, which included as-
trocytomas and oligodendrogliomas, were included in
the analysis. We included tumors that were hyperintense
on T2-weighted or FLAIR MRI, with limited or no en-
hancement on T1-weighted MRI. We included only hemi-
spheric glioma and excluded tumors in deep locations,
the posterior fossa, or locations that might preclude an
SGR technique, such as the ventricle, thalamus, or in-
sula. Based on these criteria, 519 patients were included
in the study. Preoperative data and intraoperative surgical
methods were entered into the prospective database at the
time of surgery by the treating physician. The following
data were reviewed: demographics; presenting symptoms
and Karnofsky Performance Scale (KPS) score; tumor
volume pre- and postoperatively assessed using T1- and
T2-weighted imaging; extent of resection (based on com-
puterized volumetric analyses of pre- and postoperative
MR images); extent of residual tumor; method of resec-
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tion (SGR or PMR); type of anesthesia (awake or general);
and postoperative neurological complications, seizures,
and KPS score. The method of resection was noted by the
neurosurgeons and entered into the database prospectively
immediately after the procedure. The choice of resection
method was based on surgical preference at the time of
surgery, but the rationale behind this choice was not re-
corded in the database. We defined complete resection as
100% resection of all hyperintense disease observed on
T2-weighted imaging. We dichotomized tumor locations
as either in noneloquent cortex or in/near eloquent cor-
tex based on previous publications from our institution.’
Neurological complications, defined as new or worsening
deficits that developed postoperatively, were recorded pro-
spectively. Neurological complications that lasted beyond
30 days were considered long term.

Statistical Methods

The primary outcome was extent of resection, and the
secondary outcome was neurological complications. Uni-
variate analyses were performed using ANOVA for con-
tinuous variables and Fisher’s exact test or chi-square test
for categorical variables. All tests were 2-tailed. Multivar-
iate analyses were performed using multivariate logisti-
cal regression; we planned a priori to include all variables
with p < 0.20 in univariate analysis in subsequent multi-
variate analysis. Values were considered significant if p
< 0.05. Odds ratios (ORs) and hazard ratios (HRs) are re-
ported with 95% Cls. Overall survival time, defined as the
time from the date of diagnosis to the date of death, was
estimated using the Kaplan—Meier method. Cox regres-
sion survival analysis was applied to estimate HRs and
their 95% Cls. Data were analyzed using SPSS version
23.0 software (IBM SPSS, Inc.).

Description of Circumferential Sulcus-Guided Surgical Technique

The SGR technique is based on the observation that
LGGs in general do not cross sulci, and when they invade
a neighboring gyrus they are likely to do so by following
the short U-fibers. As a result, the boundaries of LGGs
can be defined largely by the sulci that surround the hy-
perintense tumor as seen on FLAIR/T2-weighted MRI.
The SGR technique leverages this concept by resecting
the tumor circumferentially using the sulci as the guide to
the edges of the tumor. Specifically, resection proceeds by
dissecting down the sulci along the pia or by opening the
sulci that surround the tumor (Figs. 1 and 2). Once at the
base of the sulcus, the interface between tumor and white
matter is identified, and the bottom of the tumor is dis-
sected. Importantly, the large vessels within the sulci are
preserved and the small perforating vessels that enter the
gyri/tumor are coagulated and cut, resulting in progressive
devascularization of the tumor. The fundamental steps in
performing circumferential SGR of LGGs are as follows.

Step 1: Spatial Assessment to Define the Tumor
Boundaries

After completing the craniotomy and dural opening
(Fig. 1A and B), the surgeon defines the borders of the tu-
mor by identifying the gyri within which the tumor resides
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FIG. 1. Artist’s depiction of steps 1 and 2 of the SGR technique: spatial and functional assessment. A: Overview of the brain

showing surgical orientation, with the black box defining the orientation of the craniotomy; the tumor is located in the middle frontal
gyrus anterior to the precentral (motor) gyrus. B and C: Surgical field during step 1 (spatial assessment, B) and step 2 (functional
assessment, C). Using MRI-guided computer-assisted navigation, the borders of the tumor are defined based on the surround-
ing sulci. The black dashed line in panel B shows the tumor borders along the precentral sulcus, the superior fontal sulcus, and
the middle frontal sulcus. The red star and the dashed line underneath it show the anterior part of the tumor in the middle frontal
gyrus. Panel C depicts an electrode grid placed on the brain to record after-potentials, and the brain is directly stimulated over the
tumor, where no positive sites are identified. Stimulation of precentral gyrus results in movement of the hand (tagged with “H”) and
face (tagged with “F”). D: Cross-section depiction of the brain from panel A showing how tumor can expand a gyrus and bulge
underneath a neighboring gyrus. Although the neighboring gyrus appears to involve tumor when viewed from the surface, in fact
the tumor edge is defined by the sulcus and tumor does not invade into the neighboring sulcus. When this expansion occurs near
a positive stimulation site, it may appear that the tumor under the site cannot be resected. Here a stimulation site (marked by an
asterisk) on the cortex of the precentral gyrus appears to be over the tumor and might be interpreted to mean that the tumor under
this site cannot be resected. However, because the sulcus is expanded, dissection along the sulcus [defined by the arrow and the
number sign (#)] defines the border of the tumor and allows for removal of the tumor under the stimulation site without violating the
precentral gyrus and thereby not interrupting motor function. A similar dissection along the sulcus is depicted on the opposite side.
Artist: David Aten, Senior Medical lllustrator, MD Anderson Cancer Center. Copyright The Board of Regents of the University of

Texas System. Published with permission.

and the sulci that surround these gyri (Fig. 1B, Fig. 3).
This precise localization is achieved by computer-assisted
stereotactic navigation, ultrasound, and visual assessment.
In cases in which the tumor appears to be in the center of
a gyrus, the surgeon can often identify a nearby sulcus
on the surface, and with careful analysis often finds that
the sulcus is projecting under the neighboring gyrus, giv-
ing the appearance that the neighboring gyrus is involved
when it is not (Fig. 1D and Fig. 3E). Once the sulci are
defined, the final edges of the tumor in the infiltrated gy-
rus are defined on the surface of the gyrus, completing
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the circumferential identification of the tumor. Equally
important is identification of any major vessels (arteries
or veins) on the cortical surface (Figs. 2B, 3, and 4), which
are assessed for their supply to the surrounding brain. Any
large arteries and veins overlying the tumor should be pre-
served.

Step 2: Functional Assessment to Localize Eloquent Brain

The surgeon next defines the functional anatomy of
the brain where the tumor resides by using intraopera-
tive mapping paradigms that have been well described in
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cross-section

FIG. 2. Artist’s depiction of steps 3 and 4 of the SGR technique, sulcus-guided anatomical circumferential resection (panels A-C)
and white matter resection (panels C-E). A-C: Step 3, sulcus-guided anatomical circumferential dissection begins by opening the
arachnoid over the sulci and splitting the surrounding sulci as shown in panel A. This opening is usually done with sharp dissection
as shown, or by gentle widening with the bipolar. Overlying veins are preserved if necessary (panel B). The sulci are dissected

to their bases as shown in panel C, and larger arteries in the sulci that are supplying surrounding brain are preserved, whereas
the small perforators are coagulated and cut (cross-section of panel C). D: Once the bases of the sulci are reached, the tumor is
dissected along the white matter by using the computer guidance to help define the tumor edge. Direct subcortical stimulation can
be used to avoid injury to important descending motor fibers (panel D and its cross-section). E: The tumor is ultimately removed as
a single en bloc mass. Artist: David Aten, Senior Medical lllustrator, MD Anderson Cancer Center. Copyright The Board of Regents
of the University of Texas System. Published with permission.

the literature (Figs. 1C, 3, and 4). SGR is possible even quent gyri without evidence of actual function within
when tumor is surrounded by eloquent brain. In fact, in the tumor-laden gyri (Fig. 1D and Fig. 4). In many cases,
our experience, many tumors that preoperatively appear stimulation of the cortex identifies a functional site that
to be within eloquent brain are often surrounded by elo- appears to overlie tumor-infiltrated brain (Fig. 1D and Fig.
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FIG. 3. MRI sequences and intraoperative photographs of right frontal premotor tumor resection using the SGR technique. A: Pre-
operative FLAIR MRI sequence showing nonenhancing tumor located in the middle frontal gyrus anterior to and abutting the motor
cortex. The depth of the posterior sulcus often demarcates the depth of the tumor (arrow). B: Postoperative FLAIR MRI sequence
showing complete resection. C: Intraoperative photograph of brain after awake mapping and prior to resection. The “F” tag repre-
sents facial motor stimulation, and the “H” tag represents hand motor stimulation. Tumor is demarcated by arrows, corresponding
to the surrounding sulci. D: Resection cavity after tumor removal showing intact pia of the wall of the superior frontal gyrus along
the superior frontal sulcus (star) and preservation of posterior veins in the precentral sulcus (arrow). E: Resection cavity with

ruler showing the distance that the sulcus extended under the precentral gyrus. Imaging suggested that the tumor was within the
precentral gyrus, but in fact the tumor was separated from the precentral gyrus by the sulcus. Removal of tumor along the sulcus
led to preservation of motor function (the precentral gyrus was never violated) and complete tumor resection. F: Formalin-fixed en

bloc tumor specimen after SGR.

3E). However, careful analysis of the sulci reveals that the
brain beneath the functional cortex is from the neighbor-
ing expanded tumor-infiltrated gyrus and that the positive
stimulation site is separated from the tumor by a sulcus.
The tumor/gyrus under the positive stimulation site can be
safely resected right up to the sulcal surface without injury
to the stimulation site or to the white matter tracts (Fig.
1D, Figs. 3 and 4).

Step 3: Sulcus-Guided Anatomical Circumferential
Resection

Once the surgeon defines the tumor’s anatomical
boundaries and verifies that eloquent brain regions are
not within the tumor mass, the surgeon begins the resec-
tion by sharply opening the arachnoid overlying the sulci
that define the tumor (Fig. 2A). Veins and arteries on the
surface can be preserved if they supply surrounding brain
(Fig. 2B and Fig. 4). From here, the dissection is carried
down to the base of the sulcus (Fig. 2C and D). In the
sulcus, the surgeon will often encounter large vessels that
are supplying the tumor via small perforators (Fig. 2C
[cross-section] and Fig. 4). The large en passage vessels
are identified and preserved, and the small perforators are
coagulated and sharply divided (Fig. 2C [cross-section]).
Of note, there is often a vein at the base of most sulci that
can be coagulated. As an alternative to opening the sulci,
the surgeon can perform subpial dissections along the sul-
ci. This approach is particularly effective when the neigh-
boring gyrus is eloquent, because the neighboring gyrus
is protected by CSF and pia. The goal of the transsulcal
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or subpial dissection is to reach the base of each of the
sulci surrounding the tumor (Fig. 2D). For the gyri that are
partially involved, the edge of the tumor is defined using
computer-assisted navigation, the pial surface is coagu-
lated, and the dissection proceeds from one sulcus to the
other (see Fig. 1B, red star and dashed line underneath).

Step 4: White Matter Dissection

Once the depths of the sulci are reached, the tumor is
demarcated from the underlying white matter. The trajec-
tory of this demarcation is aided by image guidance, ultra-
sound, and tactile and visual clues (Fig. 2D and E). Often,
the depth of the deepest sulcus can be used as a landmark
to identify the relative depth of the tumor (Fig. 4A). The
intersection between the tumor and white matter is dis-
sected using gentle suctioning and bipolar cautery. This is
done in a circumferential manner, with progress marked
by patties/cottonoids until all the sides of the tumor meet
and the tumor can be removed as a single mass (Fig. 2E,
Fig. 3F, and Fig. 5). During this white matter dissection,
subcortical stimulation can minimize neurological injury
(Fig. 2D).>101! Stimulation can be performed efficiently
with the SGR technique because the operative field is free
of blood.

Description of the PMR Technique

With the PMR technique, after performing functional
mapping to localize functional brain, a safe entry point
into the tumor is identified and the pial surface is opened
sharply and, using a combination of suction and ultrasonic
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A Before Resection c After Resection
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FIG. 4. Left frontal opercular tumor removed using the SGR technique and showing preservation of arteries overlying the tumor
and in the sulcus. A: Axial FLAIR and T2-weighted MR images showing large nonenhancing tumor in the left frontal operculum,
seemingly within the anatomical Broca area. Arrows indicate artery on the surface of the tumor. B: Intraoperative photograph
obtained after awake brain mapping. The “S” tags indicate sites of speech arrest both anterior and posterior to the tumor; the “M”
tags indicate positive motor site for face movement; and the “T” tag depicts gyri containing tumor. Arrows demarcate tumor edges
as defined by sulci surrounding the tumor. Note that there are no functional speech areas within the tumor, despite its location in
the frontal operculum where classically the Broca area would be expected to be anatomically located. Note the arteries on the sur-
face of tumor, correlating with MRI. C: Postoperative FLAIR and T2-weighted images showing complete resection. Arrow indicates
position of preserved vessel. D: Intraoperative photograph obtained after SGR, illustrating preservation of overlying arteries and
arteries within the sulci. The posterior aspect of the tumor was underneath the speech (*S”) sites and was removed by following
the sulcus, resulting in no interruption of speech function.

aspiration, the tumor is removed from this point toward
the edges (i.e., from the inside out). Vessels are coagulated
as they are encountered from inside the tumor. The resec-
tion is completed when the surgeon believes that he/she
has reached the edge of the tumor, as determined by im-
age guidance or tumor texture/feel, or when the functional
boundaries are reached based on intraoperative mapping.

Results

We identified 519 patients who met the eligibility crite-
ria; 208 (40%) underwent SGR, and 311 (60%) underwent
PMR. The baseline characteristics of the resection groups
are shown in Table 1. Most patients (64%) presented with
seizures. An awake mapping technique was performed in
27% of cases, and there was no significant difference in
the proportion of awake mapping between SGR and PMR
cases (26% and 29% respectively, p = 0.5). The frequency
of awake mapping increased over time; it was 19% from

L 1996 to 2005 versus 36% from 2006 to 2015.
FIG. 5. Right middle frontal gyrus tumor removed using the SGR tech- Extent of Resection
nique. A: Preoperative FLAIR MRI showing larger right f_rontal tumor. The median extent of resection for all patients was 79%,
B: Intraoperative photograph shows widely expanded middle frontal gy- and 111 patients (21%) underwent complete resection of the

rus. The “M” tags indicate positive motor site for face movement. C: Post-
operative FLAIR MRI shows near total resection of tumor. D: En bloc
specimen after removal using the SGR technique.

T2 hyperintense disease. After univariate analysis to eval-
uate potential predictors of extent of resection, we found
that the median extent of resection in the SGR group was
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TABLE 1. Preoperative presenting characteristics of 519 patients who underwent resection of a

treatment-naive LGG

Value
Characteristic All SGR PMR p Value
Total 519 208 (40%) 311 (60%)
Median age in yrs 40.5 41.3 39.3 0.14
Sex 0.9
Male 289 (56%) 115 (55%) 174 (56%)
Female 230 (44%) 93 (45%) 137 (44%)
Location
Frontal 326 (63%) 150 (72%) 176 (57%) 0.0004
Temporal 132 (25%) 44 (21%) 88 (28%) 0.08
Parietal 56 (11%) 12 (6%) 44 (14%) 0.002
Occipital 5 (1%) 2 (1%) 3 (1%) 0.7
Functional location
Eloquent 187 (36%) 58 (28%) 129 (42%) 0.002
Noneloquent 331 (64%) 150 (72%) 181 (58%)
Pathological diagnosis
Astrocytoma 258 (50%) 104 (50%) 154 (50%) 0.9
Oligodendroglioma 246 (47%) 97 (47%) 149 (48%) 0.8
Mixed pathology 15 (3%) 7 (3%) 8 (3%) 0.6
Grade*
I 188/482 (39%) 73/195 (37%) 115/287 (40%) 0.6
1l 294/482 (61%) 122/195 (63%) 172/287 (60%) 0.5
Preop deficits
Any neurological deficit 224 (43%) 77 (37%) 147 (47%) 0.024
Motor deficits 67 (13%) 25 (12%) 42 (14%) 0.7
Speech deficits 98 (19%) 36 (17%) 62 (20%) 0.5
Sensory deficits 84 (16%) 25 (12%) 59 (19%) 0.04
Visual deficits 67 (13%) 23 (11%) 44 (14%) 0.4
Preop seizures 333 (64%) 128 (62%) 205 (66%) 0.4
Median tumor size (cm?) 40.5 35.1 401 >0.99
Mean tumor size (cm?) 50.9 50.9 50.9 >0.99
KPS score 270 514 (99%) 206 (99%) 308 (99%) >0.99
Awake mapping 144 (27%) 53 (26%) 89 (29%) 0.5

Results of univariate analyses with p values are reported; p < 0.05 was considered significant.
* Analysis of grade excludes 37 patients who were categorized as intermediate; 13 in the SGR group and 24 in the PMR

group.

significantly greater than in the PMR group (84% vs 77%
respectively, p = 0.019). Tumors resected using an SGR
technique also had a significantly higher rate of complete
resection (i.e., 100% resection) compared with PMR (27%
vs 18%, p = 0.016) (Table 2 and Fig. 6). Finally, we found
that smaller tumor volume was strongly associated with a
greater extent of resection (p < 0.001) (Fig. 6); that tumors
in eloquent brain regions had a lower rate of complete re-
section (p = 0.002); and that Grade II tumors had a higher
rate of complete resection (p = 0.012) (Table 2). There was
no difference in the degree of resection between astrocy-
tomas and oligodendrogliomas.

In subsequent multivariate analyses, SGR and smaller
preoperative volumes were found to be independently as-
sociated with higher rates of complete resection (OR 1.7,
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95% CI 1.1-2.6, p = 0.03; and OR 0.97, 95% CI 0.96—0.98,
p <0.001, respectively) (Table 2). Of note, tumors resected
using an SGR or PMR technique had similar median vol-
umes preoperatively (Table 1).

Neurological/Postoperative Outcomes

Forty-three percent of patients presented with a neurolog-
ical deficit, most commonly language dysfunction (19% of
patients) (Table 1). Postoperatively, 72 patients (14%) devel-
oped new or worse short-term neurological complications;
these complications persisted at 30 days for 10% of patients
(Table 3). There was no statistically significant difference in
the rate of these or any of the other postoperative outcomes
assessed between the SGR and PMR (all p > 0.05) (Table 3).
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TABLE 2. Results of univariate and multivariate analyses
evaluating correlation with complete resection

TABLE 3. Postoperative characteristics of 519 patients who
underwent resection of a treatment-naive LGG

p Value Multivariate OR Value
Univariate Multivariate (95% ClI) Characteristic All SGR PMR  p Value

Sex 0.5 New neurological complica- 72 (14%) 22 (11%) 50 (16%) 0.09
Age 0.14 013 0.9 (0.9-1.004) tion, short-term
SGR 0.016* 0.028t 1.7 (1.1-2.6) Neurological complication, 52 (10%) 16 (8%) 36 (12%) 0.18
Preop vol <0.001*  <0.001t 0.97 (0.96-0.98) 30 days .
Eloquent location 0.002* 0.125 06 (04_11) New postop seizure 9 (17%) 5 (24%) 4 (13%) 0.5
Lt-sided tumor 0416 016 0.7 (0.5-1.1) Postop infection 6(1.2%) 4(1.9%) 2(0.6%) 0.2
Grade Il tumor 0.012* 03 13(0.8-2.1) Intraparenchymal hematoma 0 0 0
Location Subdural hematoma 2(04%) 2(1%) 0 (0%) 0.16

Frontal 0.74 Results of univariate analyses with p values are reported; p < 0.05 was consid-

Temporal 04 ered Significant.

Parietal 0.6
Preop neurological deficits 0.7 Tumors in Eloquent Locations
Astrocytoma 04

Multivariate OR with 95% Cls are reported; p < 0.05 was considered significant.
* Statistically significant based on univariate analysis.
t Statistically significant based on multivariate analysis.

Based on univariate analyses, we found that patients
with tumors in eloquent locations were more likely to de-
velop postoperative neurological complications compared
with tumors in noneloquent cortex (18% vs 11%, p = 0.03).
Patients in the SGR group had a lower rate of postoper-
ative neurological complications (11% vs 16%), but this
difference did not meet statistical significance (p = 0.09)
(Table 3).

Overall, 28% of tumors resected using an SGR technique
were located in eloquent locations compared with 41.6% of
those resected with PMR (p = 0.002). Given the importance
of eloquent location with regard to postoperative neurologi-
cal complications, we performed a subgroup analysis evalu-
ating only tumors in eloquent locations. Importantly, tumors
in the SGR group were of similar size compared with tumors
in the PMR group (median 41 vs 45 cm?, respectively, p =
0.6). We found that SGR had a lower rate of postoperative
complications compared with PMR (12% vs 21%), but this
difference did not reach statistical significance (p = 0.16).

Overall Survival
The median survival was 11.0 years (95% CI 7.7-14.3
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FIG. 6. Graph showing the percentage of complete resection for each variable. Tumor volume is dichotomized based on median
initial tumor volume for the purpose of visualization. * Statistically significant based on univariate analysis. # Statistically significant

based on multivariate analysis.
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years). Based on multivariate Cox regression survival anal-
ysis, a resection of > 75% was associated with improved
overall survival (HR 0.6, 95% CI 04-0.8; p = 0.003).
Longer survival was also associated with smaller initial
tumor volume based on T2-weighted images (HR 1.004,
95% CI 1.001-1.008; p = 0.015) and a histological diagno-
sis of oligodendroglioma (HR 0.53, 95% CI 0.4-0.8; p =
0.003). Grade II tumors were not associated with signifi-
cantly improved survival in this multivariate analysis (p
= 0.059), and resection technique (SGR vs PMR) did not
affect survival.

Discussion

To our knowledge, this is the first study comparing
SGR with PMR for LGGs. We describe the technique of
circumferential SGR performed using the surrounding
sulci to demarcate the borders of the tumor and demon-
strate that SGR is independently associated with a higher
rate of complete resection, and that it results in similar or
decreased postoperative neurological morbidity compared
with PMR. We demonstrate that SGR is safe and feasible,
even when tumors are located in eloquent locations.

In systemic malignancies, such as lung cancer and colon
cancer, circumferential resection using a no-touch tech-
nique is the standard of care.'>?? Our group has recently
shown that, for glioblastoma, circumferential resection of
the contrast-enhancing tumor based on T1l-weighted im-
ages is associated with a higher extent of resection than
for PMR.?

For diffuse LGGs, the goal of surgery is maximal safe
resection of the hyperintense signal on MRI FLAIR/T2-
weighted sequences. However, the ideal resection tech-
nique has not been clearly defined. Whereas many neu-
rosurgeons resect LGGs from the inside out (i.e., using
PMR), we have increasingly advocated for a circumfer-
ential SGR technique to resect LGGs. Although circum-
ferential resection has been mentioned in several studies
of LGGs,'#-2 data are sparse regarding patient outcomes.
Therefore, this paper is, to our knowledge, the most com-
prehensive description of a circumferential resection tech-
nique that takes advantage of the tumor sulci to demarcate
the borders of the tumor and guide the resection. We show
that the SGR technique results in statistically significant
improvement in complete resection rates compared with
PMR in both univariate and multivariate analyses.

We think that these outcomes are due to the fact that the
SGR technique has several advantages over PMR. First,
because the boundaries of the tumor are defined by the
sulci/gyri and are therefore determined before an incision
is made, the surgeon maintains an understanding of the
anatomy of the tumor and surrounding brain throughout
the resection. Second, because the positions of the sulci do
not shift as the tumor is resected, the image guidance sys-
tem remains accurate throughout most of the resection, and
there is minimal or no brain shift because the tumor re-
mains intact until the end of the operation.” Third, areas of
tumor that appear to be invading eloquent brain and might
not be considered resectable are often merely pushing the
sulcus under the eloquent brain region. By following the
sulcus, the surgeon does not enter the adjacent eloquent
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gyrus, resulting in complete removal of the tumor with-
out injuring eloquent gyri (Figs. 1-3). Fourth, the base of
the sulci can help define the depth of the tumor, given that
many tumors do not extend beyond the base of the deep-
est sulci—when they do, the depth of the sulcus is a point
where the tumor interface and the white matter interface
can be visually identified, and therefore the depth of the
tumor is more easily defined. Fifth, by opening the sulci, en
passage vessels can be identified early, preventing injury,
and therefore preserving blood supply to the surrounding
brain. Last, because LGGs are supplied by small perfora-
tors coming off the larger sulcal arteries, these small perfo-
rators can be coagulated and cut early, thereby devascular-
izing the tumor and resulting in a bloodless resection.

A common argument against circumferential resection
of LGGs is that this technique increases the potential for
neurological dysfunction. In our study, 14% of patients de-
veloped short-term neurological complications postopera-
tively. When comparing SGR with PMR, we found that the
rate of neurological complications was lower in the SGR
group than in the PMR group (11% vs 16%); however, the
difference did not reach statistical significance. Never-
theless, this result indicates that the SGR technique is at
least as safe as PMR in this population. The neurologi-
cal outcome data also provide indirect evidence that SGR
does not result in greater postoperative ischemic changes
or large strokes than does PMR. In fact, SGR may pro-
tect against injury to en passage vessels in the sulci due
to early detection of these vessels. To further highlight
these findings, a subset analysis was performed to evalu-
ate only tumors in eloquent locations. The tumors were of
similar sizes in the two groups. The neurological compli-
cation rates were again lower in the SGR group than in
the PMR group (12% vs 21%, p = 0.16); although not sig-
nificant, these findings again indicate that SGR is at least
as safe as PMR, even for tumors located in eloquent brain
regions. Although it is generally believed that PMR is a
safe approach, our data suggest that the SGR technique is
also safe, especially considering the potential overlapping
anatomical relationships between tumor sulci and posi-
tive functional stimulation points, as described in Fig. 1D.
Therefore, we suggest that SGR should be considered even
for tumors located in eloquent brain, assuming that careful
intraoperative functional mapping and monitoring is avail-
able to the neurosurgeon.

Despite the increased extent of resection after SGR
compared with PMR, we were not able to show a statisti-
cally significant improvement in survival after SGR. We
suspect that this result was due to the small numbers of
tumors in each of the groups and the different survival
rates between astrocytomas and oligodendrogliomas. To
fully evaluate overall survival, our study would need to
assess the molecular profile of each tumor (IDH status,
ATRX status, 1p/19Q status). This information was not
known for many of our tumors, precluding this analysis.
Nevertheless, we provide strong statistical evidence that
SGR results in improved rates of complete resection, and
multiple studies support the notion that increased extent of
resection is associated with increased survival.2#

An important element of the SGR technique is an em-
phasis on identification and preservation of the arteries and
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veins around the tumor. Discussions of vascular anatomy
are often neglected or minimized in operative texts de-
scribing the resection of malignant brain tumors. The SGR
technique places a premium on the vascular anatomy of
the tumor. In general, vessels are encountered early in the
dissection, and the SGR technique can help identify the
vessels from the outside in rather than from the inside out,
which helps differentiate vessels that should be spared. In
this manner, sulcal and surface vessels can be protected.
Small perforating vessels that are directly entering the tu-
mor can be taken on its margin, helping to devascularize
the tumor as it is being dissected. Taken together, this ap-
proach results in a bloodless field that aids in identifying
tumor borders.

The use of adjuncts to improve extent of resection in
LGGs has been discussed in other reports. 5-Aminolevu-
linic acid has been used for LGGs; however, most LGGs
do not fluoresce, and when they do, the fluorescence is
confined to regions of malignant transformation.?6-> In-
traoperative MRI is a powerful tool that can improve
extent of resection. However, it is not available in most
institutions. Given these limitations, because SGR relies
primarily on anatomy, it can be universally applied, es-
pecially in centers that do not have many advanced tech-
nologies.

Our study has several limitations. We recognize that
there may be a selection bias when choosing the perilesion-
al technique, and tumors in eloquent brain were less likely
to undergo SGR. However, even after multivariate analy-
sis, use of the SGR technique continued to be significantly
associated with a more complete resection compared with
PMR. Furthermore, we attempted to mitigate this bias
by performing a subgroup analysis focusing on eloquent
tumors alone. We did note that SGR was used less often
when patients presented with neurological symptoms, or
when the tumors were in the dominant hemisphere. There
was also disparity in different lobes of the brain—we
found a higher rate of SGR in frontal tumors and a lower
rate in parietal tumors. We suspect that this was a result of
a higher prevalence of eloquent sites for tumors of the pa-
rietal lobe. However, as mentioned, eloquent location was
analyzed separately, and the frontal and parietal location
variables had no significant effect on the extent of resec-
tion in this subanalysis. In addition, we excluded tumors
in deep locations thought to be difficult to resect using an
SGR technique, given that inclusion of these tumors may
have inflated the complication rate of PMR. Although a
randomized trial would definitively address this question,
it is unlikely to be successfully conducted.

Conclusions

Because LGGs do not migrate through sulci, the sulci
help demarcate the tumor edges, and the SGR technique
leverages this normal tumor growth pattern to the advan-
tage of the surgeon. Based on our data, SGR of LGGs is
safe and feasible, even in eloquent locations, and SGR is
independently associated with a higher rate of complete
resection than is PMR. We recommend that neurosurgeons
consider applying the SGR technique, when feasible, to
maximize the extent of resection of LGGs.

1024  J Neurosurg Volume 137 « October 2022

Brought to you by The Aga Khan University, Health Sciences Library | Unauthenticated | Downloaded 10/11/22 04:16 AM UTC

Acknowledgments

We thank David Aten for his creation of the artistic illustra-
tions in Figs. 1 and 2. This study was supported by the National
Cancer Institute (2P5S0CA127001), The University of Texas MD
Anderson Moon Shots Program, The Broach Foundation for Brain
Cancer Research, The Elias Family Fund, The Priscilla and Jason
Hiley Fund, The Baumann Family/CureFest Fund, The Jim and
Pam Harris Fund, The Gene Pennebaker Brain Cancer Fund, The
Schneider Memorial Fund, The Sweet Family Cancer Research
Fund, The Dr. Marnie Rose Foundation, The Gold Family
Memorial Fund, and The Sorenson Foundation.

References

1. Zetterling M, Roodakker KR, Berntsson SG, Edqvist PH,
Latini F, Landtblom AM, et al. Extension of diffuse low-
grade gliomas beyond radiological borders as shown by the
coregistration of histopathological and magnetic resonance
imaging data. J Neurosurg. 2016;125(5):1155-1166.

2. Claus EB, Horlacher A, Hsu L, Schwartz RB, Dello-lacono
D, Talos F, et al. Survival rates in patients with low-grade
glioma after intraoperative magnetic resonance image guid-
ance. Cancer. 2005;103(6):1227-1233.

3. McGirt MJ, Chaichana KL, Attenello FJ, Weingart JD, Than
K, Burger PC, et al. Extent of surgical resection is indepen-
dently associated with survival in patients with hemispheric
infiltrating low-grade gliomas. Neurosurgery. 2008;63(4):
700-708.

4. Smith JS, Chang EF, Lamborn KR, Chang SM, Prados MD,
Cha S, et al. Role of extent of resection in the long-term out-
come of low-grade hemispheric gliomas. J Clin Oncol.2008;
26(8):1338-1345.

5. Duffau H. A new philosophy in surgery for diffuse low-grade
glioma (DLGG): oncological and functional outcomes. Neu-
rochirurgie. 2013;59(1):2-8.

6. Hervey-Jumper SL, Berger MS. Maximizing safe resection of
low- and high-grade glioma. J Neurooncol. 2016;130(2):269-
282.

7. Sanai N, Berger MS. Recent surgical management of glio-
mas. Adv Exp Med Biol. 2012;746:12-25.

8. Yordanova YN, Moritz-Gasser S, Duffau H. Awake surgery
for WHO Grade II gliomas within “noneloquent” areas in the
left dominant hemisphere: toward a “supratotal” resection.
Clinical article. J Neurosurg. 2011;115(2):232-239.

9. Sawaya R, Hammoud M, Schoppa D, Hess KR, Wu SZ, Shi
WM, Wildrick DM. Neurosurgical outcomes in a modern
series of 400 craniotomies for treatment of parenchymal tu-
mors. Neurosurgery. 1998;42(5):1044-1056.

10. Chang EF, Raygor KP, Berger MS. Contemporary model of
language organization: an overview for neurosurgeons. J
Neurosurg. 2015;122(2):250-261.

11. Krivosheya D, Prabhu SS, Weinberg JS, Sawaya R. Technical
principles in glioma surgery and preoperative considerations.
J Neurooncol. 2016;130(2):243-252.

12. Abdulaziz M, Mallory GW, Bydon M, De la Garza Ramos R,
Ellis JA, Laack NN, et al. Outcomes following myxopapillary
ependymoma resection: the importance of capsule integrity.
Neurosurg Focus. 2015;39(2):E8.

13. Al-Holou WN, Hodges TR, Everson RG, Freeman J, Zhou S,
Suki D, et al. Perilesional resection of glioblastoma is inde-
pendently associated with improved outcomes. Neurosurgery.
2020;86(1):112-121.

14. Altorki N, Skinner D. Should en bloc esophagectomy be the
standard of care for esophageal carcinoma? Ann Surg. 2001,
234(5):581-587.

15. Fengler SA, Pearl RK. Technical considerations in the surgi-
cal treatment of colon and rectal cancer. Semin Surg Oncol.
1994;10(3):200-207.

16. Hsieh PC, Xu R, Sciubba DM, McGirt MJ, Nelson C,



17.

18.

19.

20.

21.

22.

23.

24.

25.

Witham TF, et al. Long-term clinical outcomes following en
bloc resections for sacral chordomas and chondrosarcomas: a
series of twenty consecutive patients. Spine (Phila Pa 1976).
2009;34(20):2233-2239.

Oldfield EH, Vortmeyer AO. Development of a histological
pseudocapsule and its use as a surgical capsule in the exci-
sion of pituitary tumors. J Neurosurg. 2006;104(1):7-19.

Patel AJ, Suki D, Hatiboglu MA, Abouassi H, Shi W, Wil-
drick DM, et al. Factors influencing the risk of local recur-
rence after resection of a single brain metastasis. J Neuro-
surg. 2010;113(2):181-189.

Patel AJ, Suki D, Hatiboglu MA, Rao VY, Fox BD, Sawaya
R. Impact of surgical methodology on the complication rate
and functional outcome of patients with a single brain metas-
tasis. J Neurosurg. 2015;122(5):1132-1143.

Rachinger J, Buslei R, Prell J, Strauss C. Solid haemangio-
blastomas of the CNS: a review of 17 consecutive cases. Neu-
rosurg Rev.2009;32(1):37-48.

Suki D, Abouassi H, Patel AJ, Sawaya R, Weinberg JS, Groves
MBD. Comparative risk of leptomeningeal disease after resec-
tion or stereotactic radiosurgery for solid tumor metastasis to
the posterior fossa. J Neurosurg. 2008;108(2):248-257.

Varga PP, Szovérfi Z, Fisher CG, Boriani S, Gokaslan ZL,
Dekutoski MB, et al. Surgical treatment of sacral chordoma:

prognostic variables for local recurrence and overall survival.

Eur Spine J. 2015;24(5):1092-1101.

Germano IM. Advanced Techniques in Image-Guided Brain
and Spine Surgery. Thieme; 2002.

Hebb AO, Yang T, Silbergeld DL. The sub-pial resection tech-
nique for intrinsic tumor surgery. Surg Neurol Int. 2011;2:180.
Watanabe M, Tanaka R, Takeda N. Magnetic resonance im-
aging and histopathology of cerebral gliomas. Neuroradiol-
0gy. 1992;34(6):463-469.

Brought to you by The Aga Khan University, Health Sciences Library | Unauthenticated | Downloaded 10/11/22 04:16 AM UTC

Al-Holou et al.

26. Widhalm G, Olson J, Weller J, Bravo J, Han SJ, Phillips J, et
al. The value of visible 5-ALA fluorescence and quantitative
protoporphyrin IX analysis for improved surgery of suspect-
ed low-grade gliomas. J Neurosurg. 2020;133(1):79-88.

27. Goryaynov SA, Widhalm G, Goldberg MF, Chelushkin D,
Spallone A, Chernyshov KA, et al. The role of 5-ALA in
low-grade gliomas and the influence of antiepileptic drugs on
intraoperative fluorescence. Front Oncol.2019;9:423.

28. Wadiura LI, Millesi M, Makolli J, Wais J, Kiesel B, Misch-
kulnig M, et al. High diagnostic accuracy of visible 5-ALA
fluorescence in meningioma surgery according to histopatho-
logical analysis of tumor bulk and peritumoral tissue. Lasers
Surg Med.2021;53(3):300-308.

Disclosures
Drs. Hodges and Freeman are consultants for Medtronic.

Author Contributions

Conception and design: Lang, Al-Holou. Acquisition of data:
Al-Holou, Everson, Freeman, Ferguson, McCutcheon, Prabhu,
Weinberg, Sawaya. Analysis and interpretation of data: Suki.
Drafting the article: Lang, Al-Holou, Suki. Critically revising the
article: all authors. Reviewed submitted version of manuscript: all
authors. Approved the final version of the manuscript on behalf of
all authors: Lang. Study supervision: Lang.

Correspondence

Frederick F. Lang: The University of Texas MD Anderson Cancer
Center, Houston, TX. flang@mdanderson.org.

J Neurosurg Volume 137 « October 2022 1025



