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a b s t r a c t
Background. – High-ﬁeld intraoperative MRI (IoMRI) is a useful tool to improve the extent of glioma
resection (EOR).
Objective. – To compare the interest of 1.5 T IoMRI in glioma surgery between enhancing and nonenhancing tumors, based on volumetric analysis.
Methods. – A prospective single-center study included consecutive adult patients undergoing glioma
surgery with IoMRI. Volumetric evaluation was based on FLAIR hypersignal after gadolinium injection
in non-enhancing tumors and T1 hypersignal after gadolinium injection in enhancing tumors. Endpoints
comprised: residual tumor volume (RTV), EOR, workﬂow and clinical outcome on Karnofsky performance
score (KPS).
Results. – Fifty-three surgeries were performed from July 2014 to January 2016. Thirty-four patients
underwent one IoMRI, and 19 two IoMRIs. In non-enhancing tumors, intraoperative RTV on 1st IoMRI
T2/FLAIR was higher than in enhancing tumors on T1 sequences (7.25 cm3 vs. 0.74 cm3 , respectively;
P = 0.008), whereas the RTV on 2nd IoMRIs and ﬁnal RTV were no longer signiﬁcantly different. After
IoMRI, 72% of patients underwent additional resection. In non-enhancing tumors, EOR increased from
77.3% on 1st IoMRI to 97.4% on last MRI (P < 0.001). Taking all tumors together, ﬁnal RTV values were:
median = 0 cm3 , mean = 3.9 cm3 . Mean ﬁnal EOR was 94%. In 25% of patients, KPS was reduced during
early postoperative course; at 3 and 6 months postoperatively, median KPS was 90.
Conclusion. – Intraoperative MRI guidance signiﬁcantly enhanced the extent of glioma resection, especially for non- or minimally enhancing tumors, while preserving patient autonomy.
© 2018 Elsevier Masson SAS. All rights reserved.

1. Introduction
The extent of resection (EOR) in glioma surgery plays a crucial
role in prolonging patients’ survival, for both de novo and recurrent
tumors [1–3]. Optimal resection improves response to adjuvant
treatment and enhances and prolongs quality of life [4,5].
The neurosurgeon faces three main obstacles to this goal of
optimal resection. Firstly, it is difﬁcult, even under microscopy, to
distinguish the gross tumor boundaries between solid tumor tissue and inﬁltrated peritumoral brain tissue, especially in low-grade
glioma (LGG). Secondly, there is a “brainshift” phenomenon, con-
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sisting in offset between neuronavigation images and reality, due
to depletion of cerebrospinal ﬂuid through the opening of the dura
mater. Thirdly, the surgical approach has to take account of and
respect surrounding functional areas.
Intraoperative MRI (IoMRI) helps to address these issues. It
takes “brainshift” into account by updating neuronavigation data
with intraoperative imaging. It also allows the surgeon to control
the EOR at any time and to specify the location and volume of
tumor remnants. From a functional point of view, diffusion tensor
imaging (DTI: tractography) help to preserve motor or visual neurologic functions [6]. IoMRI was reported to signiﬁcantly increase
the extent of LGG and high-grade gliomas (HGG) resection, while
preserving function [7–10].
Based on the Response Assessment in Neuro-Oncology (RANO)
criteria, surgical goals differ between HGG and LGG [11]. In HGG,
removal of all enhancing tumor is the primary goal of complete
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resection, and not all FLAIR hyperintense tissue surrounding the
enhancing tumor is typically resected. In LGG, the goal is to remove
all detectable tumor tissue on T2/FLAIR sequences.
We report our experience using 1.5 T high-ﬁeld IoMRI in glioma
surgery for both contrast-enhancing and non-enhancing tumors.
The objective was to assess the impact of IoMRI on glioma surgery
in terms of EOR and functional outcome. We evaluated the surgical workﬂow and EOR on volumetric measurement and compared
these results between enhancing and non-enhancing tumors.
2. Materials and methods
2.1. Patients
All patients undergoing glioma surgery using a high-ﬁeld IoMRI
platform from July 2014 to January 2016 were prospectively
included. Inclusion criteria were: age > 18 years, histologic diagnosis of glioma, and comprehensive imaging data (pre-, intra- and
postoperative MRI).
Preoperatively, a senior neurosurgeon assessed Karnofsky Performance Scores (KPS).
Patients were divided into 2 groups, with T2/FLAIR sequences
for non-enhancing or minimally enhancing tumors and T1G+
sequences for strongly enhancing tumors.
Tumor location was categorized as left or right frontal, frontocallosal, fronto-temporo-insular, temporal, parietal or occipital.
The following brain areas were considered “eloquent”: primary
sensorimotor areas, supplementary motor areas, visual areas, language areas (dominant hemisphere fronto-opercular cortex and
posterior temporal cortex, arcuate fasciculus, and inferior frontooccipital fasciculus), limbic and paralimbic structures (including
both insulae), and basal nuclei.
All patients harboring a lesion potentially close to language
areas underwent preoperative functional MRI with language activation to identify the dominant hemisphere. Lesions in the
language areas on the dominant side were preferentially treated
under awake surgery rather than with IoMRI. Complementary DTI
with ﬁber tracking (DTI-FB) was performed if necessary to specify the position of major neurological bundles (corticospinal tract,
arcuate fasciculus, inferior fronto-occipital fasciculus, optical radiations). All patients had a recent preoperative MRI neuronavigation
sequence, in most cases the day before surgery.
Postoperatively, control MRI was performed within 48 hours of
surgery, and at 3 and 6 months. Functional outcome was assessed
on KPS by a senior neurosurgeon at discharge and at 3 and 6 months.
Deﬁnitive histologic subtypes were reviewed on the 2007 WHO
classiﬁcation by a senior neuropathologist.
2.2. Surgical procedures
All patients were operated on in our integrated imaging plat®
form, with dedicated software (Brainlab , Munich, Germany) and
®,
1.5 Tesla MRI (General Electric Boston, MA) located in a room
adjacent to the operative room. Thus, patients underwent surgery
outside the 5-Gauss line, and normal instruments and a surgical microscope could be used. Patients were positioned using an
MRI-compatible head-holder. Procedures were performed under
general anesthesia. The imaging sequences used for neuronavigation were 3D T1 after gadolinium injection, or 3D FLAIR. The surgical
®
microscope (OPMI Pentero Zeiss, Germany) was connected to the
imaging network and could be used for neuronavigation.
For enhanced tumors on gadolinium-injected T1 sequence,
the resection goal was to remove all enhancing tumor. For nonenhanced tumors, in both suspected grades II and III, the goal was
to remove all detectable tumor tissue on T2/FLAIR sequence. A sec-

ond IoMRI scan was performed when the neuronavigation became
insufﬁciently accurate and/or to assess the presence of residual
tumor. The IoMRI images were used to update the navigation data
after each control.
Ahead of MRI, a checklist was methodically ﬁlled out to ensure
absence of metallic material in the surgical site that could interfere
with the magnetic ﬁeld. For IoMRI, after sterile draping, the patient
transferred to the MRI scanner. IoMRI systematically included a
volumetric 3D T1 sequence to readjust neuronavigation. Additional
sequences, such as 3D FLAIR (especially for LGG), DTI (B1000 and
ADC) or T2 with gradient echo could also be performed. Intraoperative tractography was performed for gliomas close to functional
areas (e.g., corticospinal tract). Neuronavigation updating used the
®
automatic coregistration provided by the Brainlab software, with
quality and accuracy double-checked by an imaging engineer and
the senior neurosurgeon.
2.3. Volumetric analysis
Two independent observers (radiologist and senior neurosurgeon) measured pre-, intra- and post-operative glioma volumes,
using the “Tumor tracking” module of the IntelliSpace Portal pack®
age (Philips , Amsterdam, Netherlands). Lesions showing no or
slight contrast enhancement after gadolinium injection were contoured using the T2/FLAIR hypersignal. High-uptake tumors were
segmented using the T1 hypersignal after gadolinium injection
(T1G+). After segmentation, volumes were calculated in cubic centimeters. In case of > 10% discrepancy between the 2 observers,
both segmentations were compared so as to obtain a consensus
volume. EOR was reported as percentage: (preoperative tumor volume − postoperative tumor volume)/preoperative tumor volume.
2.4. Statistical analysis
Statistical analyses were performed by our institutional biostatistics department. Qualitative variables were expressed as
numbers (percentage), and quantitative variables as median
(interquartile range [IQR]). Distribution normality was assessed
using histograms and Shapiro-Wilk test. Inter-group comparisons
(T2/FLAIR vs. T1G+) used Mann-Whitney U-test for quantitative
variables and chi-square test for qualitative variables. To study the
impact of the number of IoMRI controls on postoperative tumor
volume, non-parametric analysis of covariance was performed,
adjusting on the baseline parameters: preoperative volume, de
novo tumor or recurrence, and eloquent area. KPS was compared
between the various postoperative time-points and the preoperative value, on Wilcoxon signed-rank test. Tests were 2-tailed, with
␣ = 0.05, using the SAS software package, release 9.3 (SAS Institute,
Cary, NC).
3. Results
3.1. Key-points
In this series of 53 gliomas, 34 non-enhancing or minimally
enhancing tumors (T2/FLAIR group) and 19 enhancing tumors
(T1G+ group) underwent at least one IoMRI. On ﬁrst IoMRI, median
RTV was 3.01 cm3 . Additional resections were then performed in
38 patients (72%), improving the EOR by 13.9%. Nineteen patients
(36%) underwent a 2nd IoMRI, which further improved the EOR by
4.8%. On the last MRI, ﬁnal median RTV dropped to 0 cm3 (P < 0.001).
Taking all tumors together, median EOR increased from 82% on
1st IoMRI to 100% on ﬁnal control (P < 0.001). There was no signiﬁcant difference in EOR between de novo and recurrent glioma.
T2/FLAIR group glioma showed greater beneﬁt from IoMRI: median
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Table 1
Anatomical distribution of operated tumors, according to hemisphere. EA: tumors
close to eloquent area.
Lesion location

Frontal
Fronto-callosal
Fronto-temporo-Insular
Temporal
Parietal
Occipital
Total

Hemisphere

Total

Right

EA

Left

EA

9
2
11
6
4
1
33

2
2
11
1
1
0
(17)

9
1
1
7
2
0
20

5
1
1
2
1
0
(10)

18
3
12
13
6
1
53

RTV = 7.25 cm3 on 1st IoMRI and 1.03 cm3 on last MRI, while EOR
increased from 77.3 to 97.4% between 1st and last MRI (P < 0.001).
Functionally, KPS was lower at discharge for 13 patients (25%),
while median postoperative KPS at 3 and 6 months was 90.

3.2. Population data
Fifty-three patients were included: 34 men, 19 women; M/F
sex ratio = 1.8. Median age at diagnosis was 45 years (range, 24–72
years). Forty-four patients (83%) were right-handed, 6 left-handed
and 3 ambidextrous. Forty-nine patients (92%) had KPS ≥ 80 at diagnosis. The most common diagnostic presentations were: seizures
in 33 patients (62%), headache in 10 (19%), radiological progression
of previous tumor in 10 (19%), motor or sensory deﬁcits in 8 (15%),
and phasic disorder in 5 (9%). Median hospital stay was 8 days (IQR,
7–9 days).
Thirty-three patients (62%) presented with de novo tumor, and
20 (38%) with recurrent tumor: 7 (35%) WHO grade II oligodendrogliomas, 6 (30%) grade II oligoastrocytomas, 6 (30%) grade IV
glioblastomas and 1 (5%) grade III malignant glioneuronal tumor.
Anatomical distribution is reported in Table 1: frontal in 18
patients (34%), temporal in 13 (24%) and fronto-temporo-insular in
12 (23%). Thirty-four patients (64%) underwent preoperative functional MRI and/or DTI. Twenty-seven patients (51%) had a lesion
close to an eloquent area (e.g., language or primary motor areas)
on functional MRI and/or DTI.
On preoperative MRI, 34 tumors (64%) were contoured on
T2/FLAIR and 19 (36%) on T1G+ sequences.
Two patients with very large lesions, for which the surgical
objective was debulking, were not included for statistical analysis.

3.3. Operative data
All patients had at least one IoMRI. No technical incidents were
reported. However, accuracy was not immediately satisfactory
after automatic neuronavigation updating in the light of IoMRI, and
was optimized in most cases by changing the location of the operating ﬁelds, as accuracy was impaired if there were too many ﬁelds
between star tracking and mounting base, or by renewing the computer registration procedure. Median duration of 1st IoMRI control
(including patient transfer) was 38 minutes (IQR, 30–46 min). Nineteen patients (36%) underwent a 2nd IoMRI, with a median duration
of 26 minutes (IQR, 18–30 min). None had more than 2 IoMRIs.
Median total operative time was 4 hours 25 min (IQR, 4 h 02 min
to 5 h 37 min).
There was no signiﬁcant difference between the T2/FLAIR and
T1G+ groups in median duration of each IoMRI (1st control: P = 0.06;
2nd: P = 0.76), number of IoMRIs (P = 0.74), or median duration of
surgery (P = 0.42).
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Table 2
Final EOR per group: T2/FLAIR and T1G+.

EOR > 90%
EOR > 98%
EOR = 100%

T1G+ (%)

T2/FLAIR (%)

P value

Total (%)

18 (95)
14 (74)
12 (58)

25 (74)
17 (50)
16 (47)

0.07
0.09
0.26

43 (81)
31 (58)
28 (53)

3.4. Outcome data: volumetrics
IoMRI helped to reduce median RTV from 3.1 cm3 at 1st IoMRI
to 0 cm3 on the ﬁnal control (P < 0.001). Number of IoMRIs was
not signiﬁcantly associated with RTV, for all tumors taken together
(P = 0.5), or for the T2/FLAIR (P = 0.68) or T1G+ groups (P = 0.24).
Median EOR improved from 82% at 1st IoMRI to 100% at last
control (P < 0.001). Mean ﬁnal EOR was 94% (SD = 10).
Taking all patients together, resection was complete in 28 cases
(53%), > 98% in 31 (58%) and > 90% in 43 (81%) (Table 2). Twentysix of the 33 patients with contrast-enhancing tumors (78.8%) had
complete resection of the contrast enhancement. A tumor remnant
in the corpus callosum was found in 100% of fronto-callosal tumors.
In fronto-temporo-insular tumors, a remnant was found in nearly
90% of cases, often in the posterior insula or medial temporal lobe.
There was no signiﬁcant difference in EOR between de novo and
recurrent gliomas (P = 0.45).

3.5. Additional resection after IoMRI controls
The procedural ﬂow-chart is shown in Fig. 1. After the ﬁrst
IoMRI, no additional resection was performed in 15 patients (28%)
(7 T2/FLAIR and 8 T1G + ), due to initial complete tumor removal.
On the other hand, 38 patients (72%) (27 T2/FLAIR and 11 T1G + )
underwent at least one additional resection. At the time of the
ﬁrst IoMRI, these patients had signiﬁcantly higher median RTV
(7.3 cm3 (IQR, 2.9–19.4 cm3 ); P < 0.001) and lower EOR (74.6% (IQR,
66.6–86.2%); P < 0.001) than the 15 patients without additional
resection.
For the 30 patients who had only 1 IoMRI with 1 additional
resection, median improvement in EOR was 13.9% (IQR, 7.7–26.9%).
Nineteen patients (36%) had a second IoMRI control. Eight (42%)
underwent additional resection (7 T2/FLAIR and 1 T1G+). For the 11
other patients, the surgeon decided not to perform a 2nd resection,
considering primary resection to be maximal (e.g., contact with
eloquent areas).
For T2/FLAIR tumors, 2nd IoMRI led to 7 additional resections
out of 13 patients (54%). For T1G+ tumors, 2nd IoMRI led to 1 additional resection out of 6 patients (16%). Second IoMRI improved
median EOR by 4.8% (IQR, 2.7–8%) for all these tumors.
EOR in the T2/FLAIR group increased from 77.3% at 1st control
to 97.4% at last MRI (P < 0.001). For T1G+ tumors, gain was less than
3%.

3.6. Postoperative outcome
3.6.1. Functional evaluation
Median KPS was 90 (range, 50–100) preoperatively, 80 (range,
30–100) at the early postoperative stage, 90 (range, 20–100) at
3 months and 90 (range, 0–100) at 6 months. Early postoperative,
3 month and 6 month KPS were signiﬁcantly lower than preoperatively (respectively, P < 0.0001, P = 0.0184 and P = 0.0475). The
percentage of patients with KPS < 80 was 7.6% (4/53) preoperatively, 32.1% (17/53) at the early postoperative stage, 15.1% (8/53)
at 3 months and 13.2% (7/53) at 6 months.
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Fig. 1. Procedural ﬂowchart. Numbers between brackets correspond to the number of patients at each step of the intervention. EOR: extent of resection, IQR: interquartile
range.

3.6.2. Morbidity/mortality
Thirteen patients (25%) showed decreased KPS (< 80) during the
early postoperative course, indicating a need for assistance, however minimal, in daily life. The main complication was onset or
increase of motor deﬁcit in 12 patients (23%), followed by phasic disorder in 8 (15%) and visual ﬁeld impairment in 8 (15%). Six
patients (11%) had supplementary motor area syndrome, with full
motor and phasic recovery at discharge.
At 3 months, phasic disorder and motor deﬁcit had completely
resolved, except for 1 case of moderate persistent central facial
paralysis. Three patients (6%) showed behavioral change, with
apragmatism or disinhibition related to surgery of the frontal or
temporal lobe. Campimetric impairments persisted for 6 patients
(11%). Overall, permanent morbidity at 3 months was 17%. One
patient had late infection requiring removal of the craniotomy ﬂap.
There were no cases of compressive hematoma in the operative
cavity. One patient with recurrent glioblastoma died during the
6 months after IoMRI-guided surgery, due to disease progression.
4. Discussion
4.1. Surgical procedure workﬂow
Median surgery time from skin incision to closure was 4 hours
25 min, consistent with the time reported by Senft (4 hours 10 min)
[7] and shorter than for Mohammadi (6 hours 40 min, including
anesthesia induction time and initial recovery) [9]. There was
no difference in surgery time between the T2/FLAIR and T1G+
groups. IoMRI lengthened surgery by at least 1 hour in comparison with classic neuronavigation [12]. In the present study, 1st
IoMRI was longer than 2nd, due to acquisition of contrast-enhanced
sequences during 1st IoMRI. First and second imaging time varied
over 15 min between interventions. Standardization of the MRI protocol according to type of tumor (low or high grade) could improve
the relevance of the data obtained [13]. There was no difference in
number of IoMRIs between the T2/FLAIR and T1G+ groups.
Additional resections were performed in 72% of cases, in most
cases for non-enhancing (FLAIR) lesions. Our practice is in line
with other experienced centers using IoMRI [14]. In most cases,

additional resection was planned from the outset, in a strategy we
called “strategic residual tumor”, to avoid functional impairment,
as mentioned in the Morbidity section below.
In the present series, 9 senior neurosurgeons with various levels of neuro-oncological experience performed the 53 procedures.
Some aimed for maximal tumor resection and then performed the
ﬁrst IoMRI, whereas others performed IoMRI much earlier in resection. Khan et al. reported a difference in survival and hospital stay
according to the neuro-oncological experience of the main operator [15]. EOR is also inﬂuenced by the surgeon’s experience. Even in
experienced neuro-oncological surgeons, surgical aggressiveness
varies, as recently reported by Sonabend et al. [16]. In the present
study, despite the varying operator experience, IoMRI enabled very
high and reproducible EOR values.
4.2. Volumetrics
In the present series, the median preoperative tumor volume
of 26.3 cm3 was similar to previous reports (Mohammadi et al.:
20.1 cm3 , Kuhnt et al.: 27.82 cm3 ) [9,17]. IoMRI controls reduced
the median RTV from 3.1 cm3 to 0 cm3 (P < 0.001). Median EOR
increased from 82 to 100% (P < 0.001) between 1st and last MRI.
These results highlight the role of IoMRI in glioma surgery to optimize EOR, as previously reported (Ius: 87.5% [18], Mohammadi:
99.4% [9], Senft: 100% [7]).
Taking all tumors together, 58% of patients had > 98% and
81% > 90% resection, in line with previous reports with IoMRI
[17,19]. For strongly enhancing tumors contoured in T1G+
(glioblastomas in a vast majority), 74% of patients had > 98% resection, and 100% had > 78% resection, the threshold reported by Sanai
et al. as increasing overall survival in patients with glioblastoma
[3].
Non- or minimally enhancing tumors (mainly LGG) beneﬁted
more from IoMRI [20]. On 1st IoMRI, their median RTV was
7.25 cm3 , dropping to 1.03 cm3 on ﬁnal control: i.e., 86% tumor volume reduction. Using IoMRI, intraoperative EOR was greater for
non- or minimally enhancing gliomas than for enhancing tumors
(mostly HGGs), although the difference was non-signiﬁcant at end
of surgery (P = 0.095) (Table 3). Only one previous study with
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Table 3
Median RTV in cm3 , and median EOR in percentage per IoMRI and T1G+ and T2FLAIR
group. Total: median value for each parameter for the whole cohort (53 patients).

Preop. Volume
1st IoMRI
RTV
EOR
2nd IoMRI
RTV
EOR
Postop. MRI
RTV
EOR

T1G+

T2/FLAIR

P value

14.9
Range, 3.2–251

37.46
Range, 1.4–199

0.07

Total
26.3

0.74
97.6

7.25
77.3

0.008
0.017

3.1
82

0.33
99.35

6.97
84.9

0.047
0.07

4.44
89.6

0
Range, 0–15.9
100

1.03
Range, 0–124
97.35

0.086

0

0.095

100

volumetric data reported such results [9]. High-deﬁnition intraoperative imaging has changed preoperative planning completely.
In the present study, we did not aim at maximal resection in one
step before the ﬁrst IoMRI, but rather performed staged surgery,
with iterative IoMRI when neuronavigation became less accurate
or when the surgeon was approaching an eloquent area or still had
a doubt concerning a possible tumor remnant. We described above
the concept of strategic residual tumor to ensure safe and accurate
resection by means of navigation updates.
Two tumor locations were associated with high risk of residual tumor: fronto-callosal and fronto-temporo-insular gliomas. In
fronto-callosal glioma, the probability of residual tumor was 100%.
Dissection of the corpus callosum remains controversial. A patient
with partial inﬁltration of the rostrum of the corpus callosum may
beneﬁt from complete resection when the ipsilateral frontal pole is
also resected; however, when inﬁltration clearly crosses the midline, complete resection is not indicated.
Regarding the number of surgical revisions after IoMRI checks,
it was paradoxically found that tumors with 2 IoMRIs and 2 additional resections showed the lowest ﬁnal EORs, at 92.4%. These
tumors were exclusively in the T2/FLAIR group and all located
in fronto-temporo-insular area, which explained the lower EOR
rate, although this was still better than for fronto-temporo-insular
gliomas without IoMRI as previously reported [21,22].
Surgery of recurrent tumor, which previously consisted in
surgical resection with radiotherapy or chemotherapy, remains
challenging due to the difﬁculty of determining lesion boundaries.
Using IoMRI, EOR did not signiﬁcantly differ between de novo and
recurrent glioma.
4.3. Morbidity
During the early postoperative course, 13 patients (25%) experienced clinical deterioration, with KPS < 80, mainly implicating
motor deﬁcits (hemiparesis), phasic disorders (loss of verbal
expression: aphemia) and visual ﬁeld impairment (homonymous
hemianopia). Half of the motor deﬁcits and phasic disorders
were involved in a supplementary motor area (SMA) syndrome,
which promptly resolved during hospital stay. At 3 months, overall
morbidity was 17%. In previous reports, the rate of new or worsened deﬁcits (mainly motor and phasic) in IoMRI-guided surgery
ranged from 10% [7,9] to 28% [23] during the early postoperative period. Concerning these early deﬁcits, many techniques (e.g.,
ﬂuorescence-guided surgery, awake surgery) aiming at enhancing
EOR have been reported to increase the rate of deﬁcits, most of
which were transient [24–27]. In the present study, the high rate of
deﬁcits can be explained by the large number of frontal lesions,
including recurrences, close to the SMA [28]. The infection rate
was lower than previously reported and similar that for procedures
without IoMRI [12]. There were no hemorrhagic complications.
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At 3 months postoperatively, there was clear improvement in
KPS was reported compared to the early postoperative course.
There were no persistent motor deﬁcits except for 1 case of moderate central facial paralysis. At 6 months, median KPS remained
stable, taking account of disease progression and adjuvant therapies, especially in HGG patients: the lower quartile reached 0; 1
patient died at 6 months from a 2nd recurrence of glioblastoma
multiforme.
In the present study, IoMRI-guided surgery did not increase the
number of permanent neurological deﬁcits, even including patients
harboring tumors close to eloquent areas. In our experience, using
the concept of staged volume surgery with strategic residual tumor
helped improve patients’ outcomes. Median KPS was still 90 at 3
and 6 months after surgery.
4.4. Limits
The present series included different tumor grades (WHO grades
I to IV) and various anatomical locations. Among our 53 patients,
there were 2 cases of very large preoperative tumor volume (250
and 199 cm3 , compared to a study median of 26.3 cm3 ), in which
the surgical objective was tumor debulking, given the mass effect
on the brainstem. These 2 patients (1 grade II oligoastrocytoma,
and 1 glioblastoma) showed signiﬁcantly higher RTV than the other
patients (30 and 124 cm3 ), and were excluded from the statistical
analyses. These ﬁndings raise the question of the interest of IoMRI
in large tumors for which complete resection is not the objective. In
our experience, IoMRI may still have an interest in these surgeries,
to maximize EOR and especially to enhance safety operative for the
surgeon. Brainshift was maximal in these cases of large tumor volume dissection. Neuronavigation updating in this context ensures
better surgical safety, especially when eloquent areas are near [10].
We did not analyze the impact of IoMRI on overall (OS) or
progression-free survival (PFS). Follow-up was too short and samples too small for appropriate statistical analysis. However, beneﬁt
for OS and PFS of gross total resection for gliomas was reported
elsewhere [2,18,20,29–31].
In the present series, ﬂuorescence-guided resection (FGR) for
HGGs was not associated to IoMRI. We did not want to add an
additional bias between LGGs and HGGs. Thanks to IoMRI, EOR was
equivalent to or better than FGR alone for HGGs [32,33].
A further study will implement intraoperative direct electrical stimulation mapping in awake patients associated to IoMRI to
combine image-guided and functional-guided surgery to optimize
patient outcome [34].
5. Conclusion
IoMRI-guided surgery signiﬁcantly enhanced the EOR of
gliomas, especially for non- or minimally enhancing tumors
(mainly LGG). IoMRI led to additional resection in 72% of cases,
increasing EOR by almost 20%. Median EOR was 100% (mean 94%).
Such high EOR values were achieved regardless of tumor type (de
novo or recurrent), location (including tumors close to eloquent
areas, and fronto-temporo-insular gliomas) or even the surgeon (9
different senior surgeons). Thus, IoMRI ensures a high standard of
care for patients harboring gliomas. This use of IoMRI introduced
the concept of “staged volume” surgery with “strategic residual
tumor”. This strategy was safe and effective, with acceptable morbidity.
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[4] Brzozowska A, Toruń A, Mazurkiewicz M. The impact of surgery on the efﬁcacy of adjuvant therapy in glioblastoma multiforme. Adv Clin Exp Med
2015;24(2):279–87.
[5] Brown PD, Maurer MJ, Rummans TA, Pollock BE, Ballman KV, Sloan JA, et al. A
prospective study of quality of life in adults with newly diagnosed high-grade
gliomas: the impact of the extent of resection on quality of life and survival.
Neurosurgery 2005;57(3):495.
[6] Ottenhausen M, Krieg SM, Meyer B, Ringel F. Functional preoperative and intraoperative mapping and monitoring: increasing safety and efﬁcacy in glioma
surgery. Neurosurg Focus 2015;38(1):E3.
[7] Senft C, Bink A, Franz K, Vatter H, Gasser T, Seifert V. Intraoperative MRI guidance and extent of resection in glioma surgery: a randomised, controlled trial.
Lancet Oncol 2011;12(11):997–1003.
[8] Kuhnt D, Ganslandt O, Schlaffer SM, Buchfelder M, Nimsky C. Quantiﬁcation of
glioma removal by intraoperative high-ﬁeld magnetic resonance imaging: an
update. Neurosurgery 2011;69(4):852–62 [discussion 62-3].
[9] Mohammadi AM, Sullivan TB, Barnett GH, Recinos V, Angelov L, Kamian K,
et al. Use of high-ﬁeld intraoperative magnetic resonance imaging to enhance
the extent of resection of enhancing and nonenhancing gliomas. Neurosurgery
2014;74(4):339.
[10] Reyns N, Leroy HA, Delmaire C, Derre B, Le-Rhun E, Lejeune JP. Intraoperative MRI for the management of brain lesions adjacent to eloquent areas.
Neurochirurgie 2017;63(3):181–8.
[11] Vogelbaum MA, Jost S, Aghi MK, Heimberger AB, Sampson JH, Wen PY, et al.
Application of novel response/progression measures for surgically delivered
therapies for gliomas: response Assessment in Neuro-Oncology (RANO) Working Group. Neurosurgery 2012;70(1):234–43 [discussion 43-4].
[12] Kubben PL, terMeulen KJ, Schijns OE, ter Laak-Poort MP, van Overbeeke JJ, van
Santbrink H. Intraoperative MRI-guided resection of glioblastoma multiforme:
a systematic review. The Lancet Oncol 2011;12(11):1062–70.
[13] Mert A, Kiesel B, Wohrer A, Martinez-Moreno M, Minchev G, Furtner J,
et al. Introduction of a standardized multimodality image protocol for
navigation-guided surgery of suspected low-grade gliomas. Neurosurg Focus
2015;38(1):E4.
[14] Scherer M, Jungk C, Younsi A, Kickingereder P, Muller S, Unterberg A. Factors triggering an additional resection and determining residual tumor volume
on intraoperative MRI: analysis from a prospective single-center registry of
supratentorial gliomas. Neurosurg Focus 2016;40(3):E4.
[15] Khan UA, Bhavsar A, Asif H, Karabatsou K, Leggate JR, Sofat A, et al. Treatment by
specialist surgical neurooncologists improves survival times for patients with
malignant glioma. J Neurosurg 2015;122(2):297–302.

[16] Sonabend AM, Zacharia BE, Cloney MB, Sonabend A, Showers C, Ebiana V, et al.
Deﬁning glioblastoma resectability through the wisdom of the crowd: a proofof-principle study. Neurosurgery 2017;80(4):590–601.
[17] Kuhnt D, Becker A, Ganslandt O, Bauer M, Buchfelder M, Nimsky C. Correlation of the extent of tumor volume resection and patient survival in surgery of
glioblastoma multiforme with high-ﬁeld intraoperative MRI guidance. J NeuroOncol 2011;13(12):1339–48.
[18] Ius T, Isola M, Budai R, Pauletto G, Tomasino B, Fadiga L, et al. Low-grade glioma
surgery in eloquent areas: volumetric analysis of extent of resection and its
impact on overall survival. A single-institution experience in 190 patients:
clinical article. J Neurosurg 2012;117(6):1039–52.
[19] Napolitano M, Vaz G, Lawson TM, Docquier MA, van Maanen A, Duprez T,
et al. Glioblastoma surgery with and without intraoperative MRI at 3.0 T. Neurochirurgie 2014;60(4):143–50.
[20] Aghi MK, Nahed BV, Sloan AE, Ryken TC, Kalkanis SN, Olson JJ. The role of
surgery in the management of patients with diffuse low grade glioma: A systematic review and evidence-based clinical practice guideline. J Neurooncol
2015;125(3):503–30.
[21] Duffau H. A personal consecutive series of surgically treated 51 cases
of insular WHO Grade II glioma: advances and limitations. J Neurosurg
2009;110(4):696–708.
[22] Hervey-Jumper SL, Li J, Osorio JA, Lau D, Molinaro AM, Benet A, et al. Surgical assessment of the insula. Part 2: validation of the Berger-Sanai zone
classiﬁcation system for predicting extent of glioma resection. J Neurosurg
2016;124(2):482–8.
[23] Coburger J, Merkel A, Scherer M, Schwartz F, Gessler F, Roder C, et al. Lowgrade glioma surgery in intraoperative magnetic resonance imaging: results of
a multicenter retrospective assessment of the German Study Group for intraoperative magnetic resonance imaging. Neurosurgery 2016;78(6):775–86.
[24] Leroy HA, Vermandel M, Lejeune JP, Mordon S, Reyns N. Fluorescence
guided resection and glioblastoma in 2015: a review. Laser Surg Med
2015;47(5):441–51.
[25] Stummer W, Tonn JC, Mehdorn HM, Nestler U, Franz K, Goetz C, et al. Counterbalancing risks and gains from extended resections in malignant glioma
surgery: a supplemental analysis from the randomized 5-aminolevulinic acid
glioma resection study. Clinical article. J Neurosurg 2011;114(3):613–23.
[26] Diez Valle R, Slof J, Galvan J, Arza C, Romariz C, Vidal C, et al. Observational,
retrospective study of the effectiveness of 5-aminolevulinic acid in malignant
glioma surgery in Spain (The VISIONA study). Neurologia 2014;29(3):131–8.
[27] Maldaun MV, Khawja SN, Levine NB, Rao G, Lang FF, Weinberg JS, et al. Awake
craniotomy for gliomas in a high-ﬁeld intraoperative magnetic resonance imaging suite: analysis of 42 cases. J Neurosurg 2014;121(4):810–7.
[28] Abel TJ, Buckley RT, Morton RP, Gabikian P, Silbergeld DL. Recurrent
Supplementary motor area syndrome following repeat brain tumor resection involving supplementary motor cortex. Neurosurgery 2015;11(Suppl.
3):447–55 [discussion 56].
[29] Claus EB, Horlacher A, Hsu L, Schwartz RB, Dello-Iacono D, Talos F, et al. Survival rates in patients with low-grade glioma after intraoperative magnetic
resonance image guidance. Cancer 2005;103(6):1227–33.
[30] Oppenlander ME, Wolf AB, Snyder LA, Bina R, Wilson JR, Coons SW, et al. An
extent of resection threshold for recurrent glioblastoma and its risk for neurological morbidity. J Neurosurg 2014;120(4):846–53.
[31] Snyder LA, Wolf AB, Oppenlander ME, Bina R, Wilson JR, Ashby L, et al. The
impact of extent of resection on malignant transformation of pure oligodendrogliomas. J Neurosurg 2014;120(2):309–14.
[32] Stummer W, Pichlmeier U, Meinel T, Wiestler OD, Zanella F, Reulen HJ, et al.
Fluorescence-guided surgery with 5-aminolevulinic acid for resection of malignant glioma: a randomised controlled multicentre phase III trial. Lancet Oncol
2006;7(5):392–401.
[33] Diez Valle R, Tejada Solis S, Idoate Gastearena MA, Garcia de Eulate R,
Dominguez Echavarri P, Aristu Mendiroz J. Surgery guided by 5-aminolevulinic
ﬂuorescence in glioblastoma: volumetric analysis of extent of resection in
single-center experience. J Neuro-Oncol 2011;102(1):105–13.
[34] Yordanova YN, Duffau H. Supratotal resection of diffuse gliomas - an overview
of its multifaceted implications. Neurochirurgie 2017;63(3):243–9.

