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OBJECTIVE Surgery for low-grade gliomas (LGGs) aims to achieve maximal tumor removal and maintenance of pa-
tients’ functional integrity. Because extent of resection is one of the factors affecting the natural history of LGGs, surgery 
could be extended further than total resection toward a supratotal resection, beyond tumor borders detectable on FLAIR 
imaging. Supratotal resection is highly debated, mainly due to a lack of evidence of its feasibility and safety. The authors 
explored the intraoperative feasibility of supratotal resection and its short- and long-term impact on functional integrity in 
a large cohort of patients. The role of some putative factors in the achievement of supratotal resection was also studied.
METHODS Four hundred forty-nine patients with a presumptive radiological diagnosis of LGG consecutively admitted to 
the neurosurgical oncology service at the University of Milan over a 5-year period were enrolled. In all patients, a policy 
was adopted to perform surgery according to functional boundaries, aimed at achieving a supratotal resection whenever 
possible, without any patient or tumor a priori selection. Feasibility, general safety, and tumor or patient putative factors 
possibly affecting the achievement of a supratotal resection were analyzed. Postsurgical patient functional performance 
was evaluated in five cognitive domains (memory, language, praxis, executive functions, and fluid intelligence) using a 
detailed neuropsychological evaluation and quality of life (QOL) examination.
RESULTS Total resection was feasible in 40.8% of patients, and supratotal resection in 32.3%. The achievement of 
a supratotal versus total resection was independent of age, sex, education, tumor volume, deep extension, location, 
handedness, appearance of tumor border, vicinity to eloquent sites, surgical mapping time, or surgical tools applied. 
Supratotal resection was associated with a long clinical history and histological grade II, suggesting that reshaping of 
brain networks occurred. Although a consistent amount of apparently MRI-normal brain was removed with this approach, 
the procedure was safe and did not carry additional risk to the patient, as demonstrated by detailed neuropsychological 
evaluation and QOL examination. This approach also improved seizure control.
CONCLUSIONS Supratotal resection is feasible and safe in routine clinical practice. These results show that a long 
clinical history may be the main factor associated with its achievement.
https://thejns.org/doi/abs/10.3171/2019.2.JNS183408
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In low-grade gliomas (LGGs), the use of a brain map-
ping technique increases the percentage of patients in 
whom a total and subtotal resection can be achieved 

and decreases the incidence of postoperative permanent 
deficits, maintaining patient integrity.2,8,10,12,18 Accord-
ing to this functional approach, resection is performed 
until functional boundaries are encountered.5 Functional 
boundaries can be found within, at, or outside tumor bor-
ders as visible on volumetric FLAIR images.7 The first 
situation, in which functional boundaries are found inside 
of the tumor mass, allows a partial, or subtotal, removal. 
In an intermediate situation, gross-total resection (GTR) 
can be achieved. When, instead, functional boundaries 
are distinctly outside the tumor area, part of the appar-
ently intact brain parenchyma is removed along with the 
tumor itself, and thus a supratotal resection is obtained.25 
The rationale for performing a supratotal resection is 
based on the finding that diffuse LGGs infiltrate the pa-
renchyma far beyond conventional MRI abnormalities, 
suggesting that LGG recurrence after surgery may be due 
to undetected glioma cells growing beyond MRI-defined 
abnormalities.19 Moreover, the tissue located at the tumor 
periphery plays a crucial role in epileptogenesis due to tu-
mor-induced changes in peritumoral cortex.9,16 Therefore, 
the peritumoral area is considered a fundamental surgi-
cal target, along with the MRI-defined tumoral bulk. Al-
though limited, encouraging studies on oncological long-
term outcome of supratotal resection suggested a signifi-
cant impact on late tumor growth control and histological 
transformation.11 The main criticism to this approach con-
cerns its wide-scale applicability, because it is considered 
feasible only in a small, anecdotal number of cases, with 
small-volume tumors located in “low-risk” locations. Ad-
ditional concerns regard its safety and functional impact, 
considering that it requires the removal of brain paren-
chyma beyond the tumor border with no abnormalities on 
standard MR images. Finally, it is not clear how far re-
section can be safely extended around the tumor mass, or 
whether tumor location, extension, and volume may affect 
the amount of tissue that can be safely removed. Conclu-
sively, many open questions remain unanswered for this 
promising approach.

In this study, all patients with a presumptive radiologi-
cal diagnosis of LGG consecutively admitted to our ser-
vice over a 5-year period were studied. In all patients we 
adopted the policy to perform surgery according to func-
tional boundaries, aiming to achieve a supratotal resection 
whenever possible, without any patient or tumor a priori 
selection. We assessed feasibility and general safety; we 
analyzed the clinically, radiologically, and intraoperatively 
related factors possibly associated with achievement and 
degree of supratotal resection; and finally, we investigated 
functional outcome based on an analysis of neuropsycho-
logical and quality of life (QOL) profiles.

Methods
Patients

All patients admitted to the neurosurgical oncology 
service at the University of Milan between May 2011 and 
April 2016, harboring a radiological diagnosis of presump-

tive LGG—i.e., a measurable FLAIR mass lesion without 
contrast enhancement on postgadolinium T1-weighted im-
ages—and candidates for resective surgery, were included. 
All procedures were approved by our Ethical Committee.

Imaging
The preoperative MRI protocol, acquired on a Siemens 

MAGNETOM Verio 3-T MRI machine, included: 1) axial 
3D FLAIR imaging; 2) postgadolinium 3D T1-weighted 
imaging; and 3) diffusion-weighted imaging (DWI) and 
apparent diffusion coefficient DWI. Functional MRI/DTI 
fiber tracking images were available in most patients. Pa-
tients underwent both immediate (within 48 hours) and 
2-month postoperative MRI (volumetric FLAIR and post-
gadolinium T1-weighted) to estimate the extent of resec-
tion (EOR). Immediate postoperative diffusion-weighted 
MRI scans were performed to rule out ischemia.

Surgical Procedures
Resection was accomplished according to functional 

boundaries, with the aim of achieving a supratotal re-
section whenever possible, without any patient or tumor 
(size, location, or extension) a priori selection. The cra-
niotomy exposed the tumor area and a limited amount 
of surrounding tissue. Surgery was performed under 
asleep-awake-asleep anesthesia, or asleep anesthesia (ac-
cording to clinical needs). Cortical mapping allowed us 
to determine the cortical safe entry zone. Resection was 
performed with the aid of a brain mapping and monitor-
ing technique,7 using subcortical mapping intraoperative 
neurophysiology and, in most cases, neuropsychology 
to locate functional boundaries (motor, language, hap-
tic, visual, and cognitive), which ultimately defined the 
resection margins. Resection was initiated at the tumor 
periphery and continued until functional boundaries were 
reached, independently from where they were located 
with respect to tumor borders visible on MRI. Once sub-
cortical tracts were identified and the tumor functionally 
disconnected, the mass was removed (during asleep anes-
thesia), with the aid of motor mapping and motor-evoked 
potential/somatosensory-evoked potential EEG monitor-
ing. All procedures were standardized and performed by 
the same surgeon (L.B.) with the aid of the first author 
(M.R.).

Extent of Resection
EOR corresponded to the percentage of tumor volume 

resected with respect to the preoperative volume, i.e., pre-
operative tumor volume - postoperative residual volume)/
preoperative tumor volume, evaluated using volumetric 
FLAIR imaging.23 Volumes were computed onto volumet-
ric FLAIR imaging with manual segmentation using iPlan 
Cranial software (BrainLAB) by three blinded investiga-
tors (M. Rossi, M. Riva, and M.C.N.). Any FLAIR hyper-
intense signal abnormalities were included in the lesion 
load and reported in cubic centimeters. Total resection 
was achieved when EOR was equal to 100%. A suprato-
tal resection was defined as the complete removal of any 
signal abnormalities, with the volume of the postoperative 
cavity being larger than the preoperative tumor volume25 
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(Fig. 1). To quantify supratotal resection, the volume of the 
surgical cavity was calculated using manual segmentation 
with iPlan Cranial software on MRI at 2 months after sur-
gery, and this volume was compared with the preoperative 
tumor volume.25 Patients were stratified into 3 groups ac-
cording to EOR (Fig. 2).

Feasibility and General Safety
Feasibility was assessed by calculating the number of 

cases in which a supratotal resection was achieved; mea-
suring the duration of surgery (incision to closure); mea-
suring mapping time (time to perform cortical/subcorti-
cal mapping); and occurrence during the awake phase of 
patient fatigue, or mapping abortion (due to patient dis-
comfort or reduced collaboration). General safety was as-
sessed by evaluating the number of immediate (new with-
in the first week of surgery) and permanent (persistent at 

1 month after surgery) neurological deficits, occurrence of 
intraoperative complications (e.g., intracavitary bleeding 
or ischemia), and operative mortality.

Factors Affecting Supratotal Resection
Among the factors possibly associated with the achieve-

ment of a supratotal resection, the following were investi-
gated: 1) factors relating to the patient (age, sex, clinical 
history duration, incidental discovery, epilepsy history, 
handedness); 2) factors related to the tumor that were de-
ducible by evaluating preoperative conventional MRI (lo-
cation, volume, hemispheric dominance, involvement of 
functional sites at the cortical or subcortical level, tumor 
border [either well-defined or diffuse], and involvement of 
corpus callosum); 3) intraoperative factors such as loca-
tion of subcortical functional borders (within, at the tumor 
border, or outside), or previous biopsy or recurrence; and 

FIG. 1. Examples of supratotal resection. The tumor volume is highlighted in red using the semiautomated Smartbrush software 
(Elements, BrainLAB) and superimposed on the coregistered postoperative images. A: Example of supratotal resection in a case 
of nondominant frontal LGG (preoperative axial FLAIR image, left). Resection was accomplished according to motor, haptic, and 
cognitive boundaries, found far from the tumor border, enabling a supratotal tumor removal (2-month postoperative FLAIR image, 
right). The tumor volume was 20.7 cm3, resection cavity 80.8 cm3, and the calculated degree of supratotal resection was 390%. 
B: Example of supratotal resection in a case of dominant frontal LGG involving the corpus callosum and characterized by irregular 
tumor borders (preoperative axial FLAIR image, left). Resection was performed according to motor, haptic, language, and cogni-
tive boundaries, found outside the tumor borders. The anterior and middle portion of the corpus callosum was removed (2-month 
postoperative FLAIR image, right). The tumor volume was 20.7 cm3, resection cavity 128.5 cm3, and the calculated degree of 
supratotal resection was 620%. C: Example of supratotal resection in a case of dominant frontal LGG involving the dorsal and 
ventral premotor areas (preoperative axial FLAIR image, left). Resection was performed according to motor, haptic, language, 
and cognitive boundaries, found outside the tumor border (2-month postoperative FLAIR image, right). Tumor volume was 17 cm3, 
resection cavity 42 cm3, and the calculated degree of supratotal resection was 240%. D: Example of supratotal resection in a case 
of dominant parietal LGG with irregular tumor borders (preoperative axial FLAIR image, left). Resection was performed according 
to motor, language, haptic, and visual boundaries, found outside the tumor border (2-month postoperative FLAIR image, right). 
Tumor volume was 12.8 cm3, resection cavity 60.8 cm3, and the calculated degree of supratotal resection was 475%. Figure is 
available in color online only.
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4) integrated molecular/histological diagnosis, histologi-
cal grade, and IDH1 mutation.

Duration of clinical history was categorized as < or > 
6 months. Epilepsy history was categorized as focal (and 
related to tumor functional sites, e.g., motor Jacksonian 
seizures in primary motor cortex tumors) or generalized 
(including focal followed by generalization). Handedness 
was assessed using the Edinburgh Handedness Inventory 
questionnaire. Tumor location was defined according to 
the lobe most involved (e.g., parietal, etc.). The frontal 
group included anterior (polar) and posterior (ventral pre-
motor, dorsal premotor, supplementary motor, and pure 
motor) gliomas; paralimbic tumors included mostly in-
sular gliomas. Tumor borders were evaluated on FLAIR, 
and referred to as well-defined or highly irregular.1,6 The 
distance between the tumor and brain sites anatomically 
related to main neurological functions (such as motor, lan-
guage, visual, visuospatial, etc.) was computed on preop-
erative FLAIR imaging;25 sites were considered infiltrated 
when at a distance < 5 mm. The corpus callosum was con-
sidered infiltrated when the tumor reached or involved the 
corpus callosum on preoperative FLAIR imaging.

Assessment of the Degree of Supratotal Resection
The ratio between the surgical cavity and preoperative 

tumor volume defined the degree of supratotal resection, 
which was expressed as a percentage value.25 The asso-
ciation between degree of supratotal resection and tumor 
volume was also investigated.

Cavity collapse was defined as any changes or deforma-
tion of the surgical cavity as a result of brain volume modi-
fications that occurred as a consequence of resection, CSF 
drainage, and gravity.17,22 In deep (e.g., paralimbic) or pos-
terior (e.g., parietal or posterior-temporal) locations, cavity 
collapse should be more evident as compared with frontal 
locations, due to the effect of gravity. For this reason, we 
assessed the effect of cavity collapse on the calculation 
of the degree of supratotal resection in different locations.

Detailed Analysis of Functional Outcome
The analysis of functional outcome was conducted on 

a subgroup of patients fulfilling the following criteria: 
1) availability of both pre- and postoperative volumet-
ric MRI; 2) EOR ≥ 100%; 3) complete clinical history, 
comprehensive pre- and postoperative information about 
seizures and seizure control, antiepileptic drugs (AEDs), 
neurological deficits, and other treatments (previous sur-
gery, adjuvant CT); 4) full molecular data; 5) neuropsy-
chological evaluations performed preoperatively, and at 5 
days and 1–3 months after surgery; and 6) availability of 
global performance status and ability and time to return to 
work. Neuropsychological data at 1 year and QOL assess-
ment were also available in 60 of these patients.

Neuropsychological Profile Evaluation
The neuropsychological profile was evaluated with the 

Milano-Bicocca battery.20 Language, memory, praxis abil-
ities, attentive and executive functions, and fluid intelli-
gence were assessed. The score of each test was corrected 
for patient age and educational level to obtain a normal-
ized value and converted to an equivalent score on a scale 
of five values from 0 to 4 (0 = pathologic, 1 = inferior limit 
of normal performance, 2–4 = different degrees of nor-
mal performance). The division of corrected scores into 
five different regions, each corresponding to an equivalent 
score, was based on the distribution of the scores observed 
in a control population; the first region (equivalent score = 
0) corresponds to the worst 5th percentile results observed 
in the control population, while the region on the opposite 
end (equivalent score = 4) corresponds to the corrected 
scores in the control population between the median and 
the maximum score. The other three regions (1, 2, and 3) 
are defined between these two extreme regions, so that the 
ranges of the corrected scores observed are evenly spaced 
between the normality reference threshold and median. 
This conversion in equivalent scores allowed the compari-
son of test scores among different subjects.

Global Performance and QOL Evaluation
Global functional outcome was assessed by using mea-

sures of cognition, seizure activity and control, symptom 
severity and burden, neurological deterioration, global per-
formance status, and ability and time to return to work.4 
For detailed assessment of QOL, the QOL assessment and 
Hospital Anxiety and Depression Scale were available in 
60 patients.26

Statistical Analysis
To evaluate the association between feasibility of tu-

FIG. 2. Flowchart showing the process used for patient stratification. 
Patients were stratified into subtotal/partial, total, and supratotal resec-
tion groups. The number and respective percentage of patients included 
in each group are reported. Figure is available in color online only.
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mor resection with some putative risk factors, resection 
was categorized into 1 of 3 levels: partial/subtotal, total, 
and supratotal. A multinomial regression model (using to-
tal resection as the baseline) was considered. Results were 
expressed using two odds ratios (ORs) for each investi-
gated variable: one considering the odds of supratotal ver-
sus total resection, and the other considering the odds of 
partial/subtotal versus total resection. The two ORs were 
collapsed into one if there was no evidence of difference 
according to the likelihood ratio test, indicating a vari-
able of reduced clinical relevance. An initial screening of 
variables to be considered in the multivariable regression 
model was performed using univariable multinomial re-
gression. Finally, a multivariable, partially unconstrained, 
multinomial logistic model was fitted.3,14

Regression analysis was used to investigate the associa-
tion between tumor volume and cavity volume. General-
ized additive models for location, scale, and shape21 were 
used, allowing not only the mean but also the variance to 
depend on covariates, accounting for possible nonlinear 
effects using spline functions. The model allows one to 
estimate relevant percentiles of the cavity volume distribu-
tion as a function of tumor volume. The Akaike Informa-
tion Criterion (AIC) was used to select spline complex-
ity.24 The adjusted coefficient of determination (R2) was 
used to evaluate the explained variation by the regression 
equations. Bootstrapping was also used to account for op-
timism in R2. The model selection phase (selection of the 
number of spline bases) was not included in the validation 
with bootstrapping.

To evaluate differences in degree of supratotal resec-
tion when comparing insular or parietal versus frontal 
locations, ANCOVA was used on tumor volume and loca-
tion, regressing the difference between the cavity and tu-
mor volume. To evaluate the association of resection with 
patient performance, quantitative variables were analyzed 
using ANOVA with resection groups (total vs supratotal) 
as independent variables. Qualitative variables were ana-
lyzed using logistic regression, with resection group as the 
independent variable.

Regarding neuropsychological test analysis, all test 
results were categorized as abnormal (equivalent score 0 
or 1) or normal. A logistic regression was then used to 
evaluate the association with resection groups. Because 
neuropsychological tests were repeated in the follow-up 
evaluations over different time points, a random coeffi-
cients model was implemented. The random components 
of test response were modeled by allowing intercepts to 
vary across patients and across tests.4 Thus, the probabil-
ity of a deficit in a test of each domain was modeled as 
a random-intercept generalized linear model, with patient 
and test as clustering variables, and time point of follow-
up, resection group, and their interaction as fixed effects. 
The effects exerted on each domain by preoperative vol-
ume and histological-molecular profile were estimated on 
average, and in interaction with time of assessment.

Results
Patients

In the analyzed period, 449 patients with a presumptive 

radiological diagnosis of LGG and who were candidates 
for resective surgery were consecutively admitted. Patient 
clinical, radiological, and intraoperative features are listed 
in Table 1. Asleep-awake-asleep anesthesia was used in 
94.5% of patients (Table 2) for language, cognitive, haptic, 
and visual mapping. Asleep anesthesia was used in cases 
of small, nondominant, anterior temporal pole tumor re-
section in which subcortical motor mapping defined the 
medial margin of resection. Integrated diagnosis revealed 
an oligodendroglioma in 51.4% of cases and an astrocy-
toma in 48.6%. A low grade was diagnosed in 79.5% of 
cases. Of the high-grade tumors (20.5%), the majority 
were grade III (18.7%). The IDH1 mutation was detected 
in 91.1%, and wild-type in 8.9%.

Feasibility and General Safety of Supratotal Resection
A total resection was obtained in 183 patients (40.8%, 

95% confidence interval [CI] 35.9%–46.0%), a supratotal 
resection in 145 (32.3%, 95% CI 27.4%–37.5%), and a sub-
total/partial resection in the remaining patients (n = 121). 
No significant differences in global surgical time and/or 
mapping (cortical/subcortical) time emerged between the 
resection groups. During the awake surgeries (the major-
ity of procedures), the amount of patient fatigue was low 
and similar in all groups (< 1%) and no mapping abortion 
was observed (Table 2).

To assess safety, in all resection groups we analyzed the 
incidence of immediate or permanent neurological defi-
cits and surgically related complications (Table 2). Acute 
postsurgical functional outcome assessment revealed new 
deficits (e.g., reduction of speech, slowness of movement), 
which recovered within 1–2 weeks. The incidence of 
permanent neurological deficits was low in all resection 
groups, but was significantly higher in patients in the sub-
total/partial resection group in comparison to the total or 
supratotal groups (6.6% vs 0.55% and 0.68%, respectively, 
p < 0.001; Table 2). No postoperative mortality was ob-
served.

Achievement of Supratotal Resection
The effect of various parameters was assessed (Table 

3). Among patient-related factors, left-handedness and in-
cidental discovery occurred in a few patients, and were 
therefore excluded from the analysis.

Considering univariate regressions, the association of 
sex, affected hemisphere, proximity to eloquent sites, and 
tumor volume with any resection group was not signifi-
cant. Such variables were not included in the multivariable 
regression. Among clinical variables, a duration of clini-
cal history longer than 6 months was strongly associated 
with the achievement of supratotal resection, i.e., a patient 
with a clinical history > 6 months was approximately 24 
times more likely to have a supratotal versus a total re-
section than a patient with a clinical history < 6 months. 
Regarding seizures before surgery, this parameter was less 
clinically relevant, as the OR for generalized versus focal 
seizures was very large with respect to the achievement of 
partial/subtotal versus total and of supratotal versus total 
resection. Among imaging parameters, the involvement of 
the corpus callosum was associated with greater odds of 
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TABLE 1. Clinical and imaging features

Category
EOR

p Value‡Partial/Subtotal Total Supratotal

No. of patients, n (%) 121 (26.9) 183 (40.8) 145 (32.3)
Age, yrs
 Median
 Mean

38.2
39.9

37.2
38.1

36.5
37.9

0.108

Sex
 Males
 Females

73
48

119
64

77
68

0.091

Admission
 Symptomatic
 Incidental

121
0

178
5

131
14

<0.001

Seizure, n (%)
 Generalized
 Focal

120 (99.2)
1 (0.8)

81 (44.3)
97 (53.0)

131 (90.3)
0 (0)

<0.001

Clinical history, n (%)
 <6 mos
 >6 mos

62 (51.2)
59 (48.8)

84 (45.9)
99 (54.1)

7 (4.8)
138 (95.2)

<0.001

Handedness
 Lt
 Rt

3
118

1
182

1
144

0 .330

Dominant, n (%)
 Yes
 No

78 (64.5)
43 (35.5)

103 (56.3)
80 (43.7)

71 (49)
74 (51)

0.041

Side, n (%)
 Lt
 Rt

84 (69.4)
37 (30.6)

111 (60.7)
72 (39.3)

76 (52.4)
69 (47.6)

0.019

Location, n (%)
 Frontal
 Temporal
 Parietal
 Insular

38 (31.4)
18 (14.9)
23 (19)
42 (34.7)

85 (46.4)
33 (18)
31 (16.9)
34 (18.6)

86 (59.3)
28 (19.3)

7 (4.8)
24 (16.6)

<0.001

Eloquent, n (%)
 Yes
 No

115 (95)
6 (5)

172 (94)
11 (6)

126 (86.9)
19 (13.1)

0.029

MRI borders, n (%)
 Compact
 Diffuse

23 (19)
98 (81)

62 (33.9)
121 (66.1)

36 (24.8)
109 (75.2)

0.013

Corpus callosum, n (%)
 Yes
 No

10 (8.3)
111 (91.7)

64 (35)
119 (65)

52 (35.9)
93 (64.1)

<0.001

Preop volume in cm3

 Min
 Max
 Median
 Mean

0.9
385.5

43.15
71.1

0.7
366.6

46.1
63.7

0.3
278.0

49.1
67.4

0.680

Intraop factors
 Functional borders, n (%)*
  Inside FLAIR margin
  At FLAIR margin
  Outside FLAIR margin

120 (99.2)
1 (0.8)
0 (0)

1 (0.5)
180 (98.4)

2 (1.1)

0 (0)
0 (0)

145 (100)

<0.001

 Second surgery
  No
  Previous biopsy
  Previous surgery

103
15
3

140
37
6

133
11
1

<0.001

CONTINUED ON PAGE 1698 »

Brought to you by Humanitas | Unauthenticated | Downloaded 09/25/20 08:00 AM UTC



Rossi et al.

J Neurosurg Volume 132 • June 20201698

partial/subtotal versus total resection, while there was no 
evidence of association for the odds of supratotal versus 
total resection. The association with tumor border was not 
as clinically relevant. Regarding tumor location, the likeli-
hood of reaching a total or supratotal resection was higher 
in frontal and temporal tumors, but without a significant 
difference between total or supratotal resection groups. 
The odds of insular location having a supratotal resection 
were smaller than the odds of frontal locations, but without 
a significant difference between total or supratotal groups. 
Parietal location was associated with smaller odds (0.26) 
of having a supratotal resection. Among histological/mo-
lecular parameters, IDH1 mutation was not significant, 
whereas diagnosis of LGG and oligodendroglioma cor-
related with the achievement of supratotal resection. As 
for surgical parameters, supratotal resection appeared per-

fectly associated with the identification of all functional 
sites outside the tumor border, whereas previous biopsy or 
recurrence was not as clinically relevant.

Degree of Supratotal Resection
The degree of supratotal resection was calculated by 

comparing tumor volume on preoperative FLAIR imag-
ing and surgical cavity volume on postoperative FLAIR 
imaging. The degree of supratotal resection varied be-
tween 105.6% and 4371.5% (median 320.2%). Regarding 
the association between tumor volume and cavity volume, 
a regression model with 3 spline bases was selected using 
AIC. The adjusted R2 was 0.63 corrected for optimism. 
The association was significant (Fig. 3).

To assess the effect of cavity collapse on the calcula-
tion of degree of supratotal resection, we compared mea-

TABLE 1. Clinical and imaging features

Category
EOR

p Value‡Partial/Subtotal Total Supratotal

Intraop factors (continued)
 Histology, n (%)†
  Oligodendroglioma
  Astrocytoma

62 (51.2)
59 (48.8)

80 (43.7)
103 (56.3)

89 (61.4)
56 (38.6)

0.006

 Histological grade, n (%)
  Low
  High

90 (74.4)
31 (25.6)

135 (73.8)
48 (26.2)

132 (91)
13 (9)

<0.001

 IDH1, n (%)
  Mutated
  Wild-type

117 (96.7)
4 (3.3)

161 (88)
22 (12)

131 (90.3)
14 (9.7)

0.021

* Functional borders indicate where the functional boundaries were detected at intraoperative subcortical functional mapping in relation to tumor 
FLAIR abnormalities. 
† An oligodendroglioma was defined when an IDH1 mutation and 1p/19q codeletion were present. An astrocytoma was defined when a 
1p/19q codeletion was absent and an ATRX mutation was present. IDH1 status was determined by immunohistochemistry, in case of negative 
expression by mutational analysis. Codeletion was determined by fluorescent in situ hybridization; ATRX loss, p53 mutation, and Ki67 were 
determined by immunohistochemistry. For MGMT methylation status, DNA was extracted and determined by pyrosequencing. 
‡ The Fisher exact test and Kruskal-Wallis test were used to evaluate the hypothesis of no association with the resection group.

» CONTINUED FROM PAGE 1697

TABLE 2. Clinical and surgical features

General Population Partial/Subtotal Total Supratotal p Value

No. of patients, n (%) 449 (100) 121 (27) 183 (40.8) 145 (32.3)
Asleep-awake-asleep, n (%) 424 (94.4) 112 (92.6) 173 (94.5) 139 (95.9) 0.503
Mean duration of surgery ± SD, min 229 ± 18 225 ± 19.4 234 ± 21 228 ± 19 0.532
Mean mapping time ± SD, min 40 ± 18 39.5 ± 17.3 39.5 ± 15 41.5 ± 12 0.492
Intraop complications, n (%)* 4 (0.9) 2 (1.6) 1 (0.5) 1 (0.7) 0.575
Mappings aborted 0 0 0 0 NA
Patient fatigue, n (%) 8 4 (3.3) 3 (1.6) 1 (0.7) 0.270
Operative deaths 0 0 0 0 NA
Immediate deficits, n (%) 399 (88.9) 111 (91.7) 161 (88) 127 (87.6) 0.498
Permanent deficits, n (%) 9 (2) 8 (6.6) 1 (0.55) 1 (0.69) <0.001

NA = not applicable.
* Intraoperative complications included intracavitary bleeding (n = 2), ischemia (n = 1), and infection (n = 1).
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surements of the degree of supratotal resection observed 
in deep (e.g., paralimbic) or posterior (e.g., posterior-tem-
poral) locations, where it should be theoretically more 
crucial, to those obtained in frontal locations, where the 
influence of cavity collapse is less prominent. In deep lo-
cations, there was no evidence of a significant difference 
related to the degree of supratotal resection with respect 

to frontal locations (mean difference 7.82, p = 0.31), and 
this was independent from tumor volume. The same was 
observed for the affected hemisphere (mean difference 
10.34, p = 0.14).

Impact on Functional Outcome
The analysis of impact on functional outcome was per-

TABLE 3. Multinomial logistic model

Variable

Univariable Regression Multivariable Regression

OR (95% CI)
OR (95% CI) 
Proportional

Proportional 
Odds (p Value) p Value OR (95% CI) p Value

Sex, M vs F 1.26 (0.78–2.03) 1.49 (1.00–2.21) 0.22 0.05
1.72 (1.09–2.74)

Duration of clinical history, > or 
< 6 mos

0.76 (0.48–1.21) 2.20 (1.47–3.31) <0.01 <0.01 1.00 (0.52–1.97) <0.01
20.11 (7.84–51.55) 23.84 (8.25–68.90)

Seizures, generalized vs focal 96.10 (25.60–855.51) 300.58 (41.26–2189.83) 0.43 <0.01 354.13 (47.36–2647.89) <0.01
314.63 (44.67–infinite)*

Side, rt vs lt 0.71 (0.44–1.16) 1.43 (0.71–1.25) 0.03 0.10
1.25 (0.79–1.97)

Location <0.01 <0.01 <0.01
 Parietal vs frontal 1.73 (0.89–3.38) 0.75 (0.42–1.34) 1.41 (0.54–3.66)

0.26 (0.11–0.63) 0.24 (0.08–0.75)
 Insula vs frontal 2.78 (1.53–5.05) 1.42 (0.86–2.36) 1.79 (0.84–3.82)

0.75 (0.41–1.39) 0.37 (0.17–0.83)
 Temporal vs frontal 1.19 (0.60–2.38) 0.92 (0.54–1.57) 0.61 (0.24–1.53)

0.78 (0.43–1.44) 0.57 (0.22–1.48)
Dominant side, no vs yes 0.74 (0.46–1.19) 0.96 (0.65–1.41) 0.06 0.83

1.21 (0.77–1.90)
Eloquent area, no vs yes 0.88 (0.31–2.48) 1.45 (0.66–3.17) 0.09 0.35

2.01 (0.86–4.68)
Corpus callosum, yes vs no 5.93 (2.90–12.15) 1.96 (1.27–3.02) <0.01 <0.01 8.93 (3.80–21.01) <0.01

1.06 (0.66–1.70) 1.73 (0.82–4.64)
Volume 0.87 0.85
 Cubic spline 1.1 vs 2.1 1.00 (0.99–1.01) 1.00 (0.99–1.01)

1.00 (0.99–1.02)
 Cubic spline 1.2 vs 2.2 1.00 (0.98–1.02) 1.00 (0.98–1.02)

1.00 (0.97–1.02)
Border, well-defined vs irregular 0.47 (0.27–0.82) 0.52 (0.34–0.81) 0.54 <0.01 0.46 (0.24–0.89) 0.02

0.57 (0.34–0.96)
Integrated diagnosis, oligoden-

droglioma vs astrocytoma
1.38 (0.87–2.19) 1.72 (1.17–2.53) 0.09 0.01 1.83 (1.02–3.30) 0.04
2.12 (1.34–3.37)

Grade, high vs low 0.96 (0.57–1.63) 0.56 (0.35–0.89) <0.01 <0.01 1.01 (0.50–2.06) <0.01
0.26 (0.13–0.52) 0.23 (0.10–0.54)

IDH1, wild-type vs mutation 0.26 (0.09–0.76) 0.47 (0.24–0.95) 0.08 0.03 1.14 (0.37–3.53) 0.82
0.69 (0.32–1.48)

Previous recurrence or biopsy, 
yes vs no

0.55 (0.30–1.01) 0.71 (0.55–0.31) 0.16 <0.01 0.32 (0.15–0.68) <0.01
0.32 (0.16–0.63)

For each variable, the table reports: 1) the OR of the probability of partial/subtotal vs total resection, and the OR of the probability of supratotal vs total resection, and 
their 95% CIs; 2) the OR under the constraint of equality; 3) the p value for the hypothesis of equality; 4) the p value for the inclusion of the variable into the regression 
model (using the proportional or the unconstrained model according to the result of the equality test); 5) the OR of the multivariable model; and 6) the p value of the 
multivariable model. 
* Penalized multinomial logistic regression.

Brought to you by Humanitas | Unauthenticated | Downloaded 09/25/20 08:00 AM UTC



Rossi et al.

J Neurosurg Volume 132 • June 20201700

formed on a group of patients with total and supratotal 
resection for whom we had a complete set of neuropsycho-
logical profiles and QOL data before surgery, immediately 
after surgery, and at specific time points for follow-up. 
This pool included 100 patients, with comparable clinical 
and tumor parameters (Table 4).

Impact on Neuropsychological Profile
Neuropsychological tests were aggregated into five 

main cognitive domains: memory, language, praxis, atten-
tive-executive functions, and fluid intelligence. The pro-
portion of abnormal performance (equivalent score of 0 
or 1) in the total and supratotal resection groups at three 
different time points (preoperative, postoperative, and 3 
months postoperative) was compared. Memory, language, 
and fluid intelligence scores did not differ between groups, 
showing a dramatic decrease in mean scores immediately 
after surgery, followed by a substantial recovery after 3 
months (Fig. 4A, B, and E). For praxis, a better perfor-
mance immediately after surgery was observed in patients 
belonging to the total group in comparison to the suprato-
tal group, although this difference reversed after 3 months 
(Fig. 4C). Patients belonging to the supratotal group expe-
rienced a better recovery of executive functions (Fig. 4D). 
Previous surgery or molecular profile did not affect any 
cognitive domain analyzed. Patient sex appeared to have a 

significant effect on the speed of language recovery, with 
female patients having a better score immediately after 
surgery in comparison to males, and a faster speed of re-
covery. At long-term follow-up (1 year), scores were also 
comparable (Fig. 5).

Impact on QOL and Seizure Control
QOL was evaluated in all patients, considering the 

global performance status and ability and time to return to 
work, with no significant difference existing between the 
two groups (Table 4). A more detailed analysis, by using 
the Hospital Anxiety and Depression Scale, conducted in 
60 patients belonging to both groups, confirmed no dif-
ference.

Regarding the impact on seizure control, the two groups 
were comparable before surgery for occurrence of sei-
zures (80% vs 87.5%, c2[1] = 0.33, p = 0.56) and adminis-
tration of AEDs. After surgery, we observed a significant 
improvement of epilepsy control in the supratotal group 
(91.7% vs 77.5%, c2[1] = 4.089, p < 0.05; Table 4).

Discussion
This work addresses separate issues: 1) the feasibility 

in clinical practice of supratotal resection in LGG; 2) the 
factors associated with its achievement; 3) the degree of 

FIG. 3. Graph of the association between tumor volume (cm3) and cavity volume (cm3). A regression model with 3 spline bases 
was selected using AIC. The adjusted R2 value was 0.63 corrected for optimism. The plot shows the actual data (gray squares), 
the regression estimates of the median (solid line), quartiles (dotted lines), and 10th and 90th percentiles (dashed lines), according 
to generalized additive models for location, scale, and shape. The estimates show that cavity volume approaches tumor volume 
for large tumors, while for small tumors the cavity is larger than the tumor volume. Variability (distance between the quartiles or 
between 10th and 90th percentiles) is also larger for small tumors than for large tumors.

Brought to you by Humanitas | Unauthenticated | Downloaded 09/25/20 08:00 AM UTC



J Neurosurg Volume 132 • June 2020 1701

Rossi et al.

supratotal resection achieved; and 4) the general safety 
and functional impact of the procedure.

The first issue involves the main criticism attributed to 
supratotal resection, that it is generally considered to be 
feasible in only a few cases, in highly favorable and not 
critically eloquent locations. We reviewed all cases har-
boring a presumptive radiological diagnosis of LGG con-
secutively admitted to our service in a 5-year period, and 
candidates for resective surgery targeted to reach func-
tional boundaries, without any a priori selection. In this 
large series, a supratotal resection was reached in 32.3% of 
cases, and a total resection in 40.8%. These data indicate 

that a supratotal resection can be achieved in a consider-
able number of patients in the clinical routine when a func-
tional approach is used.

The second issue concerns the identification of puta-
tive factors associated with the achievement of a suprato-
tal resection. We investigated parameters associated with 
patient or clinical history, others deducible from preopera-
tive conventional MRI, others available intraoperatively, 
and others linked to the tumor. There was no evidence of 
an association with preoperative clinical features or im-
aging factors. The effect of tumor volume, proximity of 
eloquent sites, or tumor border appearance were not as 

TABLE 4. Clinical and imaging features of patients belonging to the prospective group used for the detailed 
neuropsychological analysis of the impact of EOR on patient performance

Variable Total Supratotal Statistical Analysis

No. of patients 40 60  
Mean age, yrs 36.86 38.2 p = 0.551
Sex, n (%)
 Male
 Female

 
24 (60)
16 (40)

 
30 (50)
30 (50)

Tumor location, n (%)
 Dominant side
 Nondominant side

 
24 (60)
16 (40)

 
34 (57)
26 (43)

c2(1) = 0, p = 0.1

Lobe, n (%)
 Frontal
 Parietal
 Temporal
 Paralimbic

 
16 (40)
8 (20)
1 (2.5)

15 (37.5)

 
28 (46.7)

4 (6.7)
7 (11.7)

21 (35)

c2(3) = 0, p = 0.107

Preop tumor volume, cm3

 Mean 29.78 24.43 p = 0.32
 Min 1.08 1.7
 Max 100.72 148.17  
EOR 100% >100% (665%)
Recurrent or previously biopsied tumors, n (%) 6 (15) 9 (15) c2(1) = 0.62, p = 0.43
Epilepsy control presurgery, n (%) 35 (87.5) 48 (80) c2(1) = 0.33, p = 0.56
No. of AEDs taken preop, n (%)
 1
 ≥2

 
25 (62.5)

8 (20)

 
31 (51.7)
10 (16.7)

c2(1) = 0.98, p = 0.32

Neurological deficit/symptoms, n (%)*
 Motor
 Sensory
 Apraxia
 Language
 Headache
 Vertigo

5 (12.5)
1
2
1
0
1
0

8 (13.3)
1
2
0
1
4
2

c2(1) = 0.0096, p = 0.921

Global performance status at 3-mo follow-up† 90 90
Ability to work at 3 mos, n (%) 39 (97.5) 58 (96.7)
Days to return to work 46 48
Epilepsy control 3 mos after surgery, n (%) 31 (77.5) 55 (91.7) c2(1) = 4.089, p < 0.05
No. of AEDs in patients with 3-mo postop seizure control, n (%)
 1
 ≥2

14 (48.3)
15 (51.7)

41 (78.8)
11 (21.2)

c2(1) = 6.418, p < 0.05

* Recorded at admission.
† Score range 10–100.
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clinically relevant. The achievement of supratotal resec-
tion was instead associated with a clinical history longer 
than 6 months, a histological diagnosis of a low-grade tu-
mor, and an oligodendroglial feature. Regarding the effect 
of location, the likelihood of reaching a total or suprato-

tal resection was higher in frontal and temporal tumors, 
but without evidence of a significant difference between 
total or supratotal resection groups. Considered together, 
these data suggest that a supratotal resection is achieved 
in tumors in which a long clinical history and slow tumor 

FIG. 4. Neuropsychological profile in patients who underwent total or supratotal resection. Probability (Prob.) of deficits accord-
ing to the time point for each functional domain tested: language (A), memory (B), apraxia (C), attentive-executive functions (D), 
and fluid intelligence (E). The proportion of abnormal deficits is on the y-axis (abnormal performance = equivalent score of 0 or 
1). Time points were preoperative (Pre-op), at 5 days postoperative (Post-op), and at 3 months postoperative (x-axis). Results 
are reported for patients submitted to total (dashed line) or supratotal (solid line) resection. Detailed statistics for each functional 
domain are also given (F). Time effect and resection indicate the effect exerted by time and resection on each functional domain. 
The linear and quadratic interactions are also reported.
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growth induce a high degree of functional reorganization 
of subcortical networks present in the tumor area.11,12 The 
existence of such a high degree of functional reshaping 
enables identification of all functional boundaries beyond 
the MRI-visible tumor border at surgery, a further param-

eter that strongly characterized supratotal resection cases. 
In patients in whom a supratotal resection was achievable, 
the existence of such a high functional network rebalance 
is confirmed by the fact that this surgery, in comparison 
to other resections, did not require a longer surgical or 

FIG. 5. Neuropsychological profile in patients who underwent total or supratotal resection. Probability of deficits according to time 
for each functional domain in the group of patients with longer neuropsychological follow-up: language (A), memory (B), apraxia 
(C), attentive-executive functions (D), and fluid intelligence (E). The proportion of abnormal deficits is on the y-axis (abnormal per-
formance = equivalent score of 0 or 1). Time points were preoperative (Pre-op), at 5 days postoperative (Post-op), and at 3 and 12 
months postoperative (x-axis). Results are reported for patients submitted to total (dashed line) or supratotal (solid line) resection. 
Detailed statistics for each functional domain are also given (F). Time effect and  resection indicate the effect exerted by time and  
resection on each functional domain. The linear and quadratic interactions are also reported.
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mapping time, and was not associated with higher patient 
fatigue, but was dependent on the location of functional 
tracts with respect to MRI-visible tumor margins.

The third issue concerns the degree of supratotal resec-
tion. When a supratotal resection is feasible, a consistent 
amount (median 320%) of tumor surrounding parenchyma 
could be removed, independent of location or affected 
hemisphere. Although preoperative tumor volume did not 
influence the chance of achieving a total versus suprato-
tal resection, the amount of tissue removed was associated 
with tumor volume, being progressively less when the tu-
mor volume increased. This is not surprising, because the 
larger the tumor volume, the larger the number of func-
tional networks involved that may possibly be found at tu-
mor margins.

The fourth issue concerns the safety of the procedure. 
The analysis did not show evidence of a significant differ-
ence among resection groups, and globally all resections 
were safe. Rates of new immediate deficits were quite 
high and independent from the EOR achieved, as expected 
when functional boundaries are always reached at the sub-
cortical level. Most deficits recovered in a few weeks. The 
safety of the procedure is also supported by the analysis 
of surgically related complications. The rate of deficits or 
complications registered in partial or subtotal resection 
was higher, suggesting that persistence of tumors in the 
surgical cavity may expose the patient to immediate or de-
layed complications.

The impact on functional outcome was evaluated by a 
detailed neuropsychological and QOL evaluation.15 Con-
sidering the complexity of the investigation, the analysis 
was performed in a patient subgroup commensurate for 
clinical and imaging variables. Various functional do-
mains were analyzed, using a battery specifically designed 
for patients with LGG.20 Overall, in all cognitive tests 
administered, patients with total and supratotal resection 
showed a very similar pattern in score means: starting 
from comparable scores in the preoperative period, both 
displayed an important decline during the first week, fol-
lowed by a substantial recovery at 1 month.5,7,10,12 At 3 
months, the majority of patients were able to restart work 
and a normal life. This positive trend of recovery was fur-
ther confirmed by the scores obtained at the 1-year evalua-
tion, in which patients reported equal or better scores than 
those observed at 1–3 months after surgery. The speed of 
recovery regarding language was quicker in females, pos-
sibly linked to the more bilateral organization of language 
tracts in their brains.13 Globally, this indicates that both 
approaches were maintaining a long-term and high level of 
cognitive performance. A difference was instead observed 
for the rate of seizure control. A consistent decrease in the 
number and frequency of seizures was found in the supra-
total group. In this context, the number of AEDs required 
to obtain seizure control was also lower, indicating that re-
moval of brain parenchyma surrounding the tumor (where 
the irritative zone may be located) affords better epileptic 
long-term control, particularly in cases of long-standing 
and intractable epilepsy.25

The current study has limitations. The achievement of 
distant functional boundaries extending resection raises 
the need for expanding the current battery of mapping 

tests, adding more sophisticated tests for detecting complex 
cognitive functions. Similarly, the neuropsychological bat-
tery should be added with a more complete evaluation for 
exploring the global QOL and psycho-oncological profile.

The fact that the surgical cavity could collapse after re-
section, particularly in some locations such as those pos-
terior, might underestimate the number of cases in which 
a supratotal resection was achieved, and globally decrease 
its degree. The calculation of the degree of supratotal re-
section was performed by applying the method most often 
used for performing such a calculation.25 In this case, the 
degree of supratotal resection did not differ between ante-
rior and posterior locations, and was not dependent upon 
tumor volume or affected hemisphere. Additional methods 
may be applied to further explore this point.

Conclusions
Globally, this is the first report describing the feasibility 

and safety of supratotal resection of LGGs in routine prac-
tice. The ability to reach a supratotal resection apparently 
depends on the level of functional reorganization reached 
by the individual patient’s brain and is predicted by a long 
clinical history.
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