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ABSTRACT

Background. To determine the utility of an intraoperative magnetic resonance imaging (iMRI) system, the Polestar N30, for
enhancing the resection control of non-enhancing intra-axial brain lesions.

Materials and methods. Seventy-three patients (60 males [83.3%], mean age 37 years) with intra-axial brain lesions underwent
resection at Sheba Medical Centre using the Polestar between February 2012 and the end of August 2018. Demographic and
imaging data were retrospectively analysed. Thirty-five patients had a non-enhancing lesion (48%).

Results. Complete resection was planned for 60/73 cases after preoperative imaging. Complete resection was achieved in 59/60
(98.3%) cases. After iMRI, additional resection was performed in 24/73 (32.8%) cases, and complete resection was performed
in 17/60 (28.8%) cases in which a complete resection was intended. In 6/13 (46%) patients for whom incomplete resection was
intended, further resection was performed. The extent of resection was extended mainly for non-enhancing lesions: 16/35 (46%)
as opposed to only 8/38 (21%) for enhancing lesions. Further resection was not significantly associated with sex, age, intended
resection, recurrence, or affected side. Univariate analysis revealed non-eloquent area, intended complete resection, and enhan-
cing lesions to be predictive factors for complete resection, and non-enhancing lesions and scan time to be predictive factors
for an extended resection. Non-enhancement was the only independent factor for extended resection.

Conclusions. The Polestar N30 is useful for evaluating residual non-enhancing intra-axial brain lesions and achieving maximal

resection.
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Introduction

The Polestar system (Medtronic, Louisville, CO, USA)
is a low-field (0.15 Tesla) intraoperative magnetic resonance
imaging (iMRI) system, introduced in 2001 by our group at the
Sheba Medical Centre in Tel-Aviv [1]. This system comprises
an MRI scanner integrated with an optical tracking system. The
system is installed in a conventional radiofrequency-shielded
operating room. When the scanner is placed under the oper-
ating room table, the magnetic field strength in the surgical
field is low, enabling the use of standard surgical equipment.

From 1999 to 2018, a total of 236 patients with intra-axial
brain lesions were operated on using three generations of the
Polestar iMRI (N10, N20, and N30).

In our previous experience including a cohort of 163 pa-
tients operated on between 1999 and 2012 [2], we concluded
that non-enhancing lesions were the only independent variable
that predicted further resection using the iMRI system. As
a result of that study, we changed our policy and almost half
of the patients operated on between February 2012 and August
2018 had non-enhancing brain lesions, compared to only one
third of the patients in the previous cohort.
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Table 1. Pathology characteristics

Non enhancing

Enhancing

Pathology Number of cases
n=73

AAWHO Il 8(11)
AOWHO Il 12(16.4)
Cavernoma 3(4.1)
Demyelinative 1(1.4)
Enhancing glial tumor WHO Il 1(1.4)
Ependymoma WHO Il 1(1.4)
Ependymoma WHO Il 1(1.4)
Ganglioglioma WHO | 1(1.4)
GBM WHO IV 5(6.8)
Glioneuronal WHO | 1(1.4)
Gray matter heterotopia 1(1.4)
HGGWHO Il 4(5.5)
JPAWHO | 6(8.2)
LGAWHO Il 10(13.7)
LGOWHOII 12(16.4)
MET 1(1.4)
Neurocytoma WHO | 1(1.4)
PNET WHO IV 1(1.4)
PXAWHO | 2(2.7)
Sub Ependymoma WHO | 1(1.4)
*Grouping pathology

HGG WHO lll-IV 30 (41)

Miscellaneous 21(29)

LGGWHO Il 22 (30)

*Grouping pathology: p < 0.001; HGG WHO IlI-IV: AA, AO, Ependymoma Ill, GBM, HGG;

6(17.1) 2(5.3)
4(11.4) 8(21.1)
0(0) 3(7.9
0(0) 1(2.6)
0(0) 1(2.6)
0(0.) 1(2.6)
0(0.) 1(2.6)
0(0) 1(2.6)
0(0) 5(13.2)
0(0.) 1(2.6)
1(29) 0(0)
2(57) 2(53)
0(0) 6(15.8)
10 (28.6) 0(0)
11(31.4) 1(2.6)
0(0) 1(2.6)
0(0) 1(2.6)
0(0) 1(2.6)
0(0) 2(53)
1(29) 0(0)
12(34) 18 (47)
2(6) 19 (50)
21 (60) 1(3) p<0.001

Miscellaneous: Cavernoma, Demyelinative, Enhncing, Ependymoma Il, Ganglioglioma, Glioneuronal |, Gray matter., JPA, MET, Neurocytoma Il, PNET, PXA, Subependymoma; LGG WHO II: LGO, LGA

In the current cohort of 73 patients using the third
generation Polestar N30, we operated on very few patients
with metastasis, and more often on patients with low-grade
glioma than on patients with high-grade glioma. In addition,
12/30 patients with a high-grade glioma had non-enhancing
lesions (Tab. 1).

For the purpose of the current analysis, our goal was to
compare the impact of iMRI for the surgical strategy and
course of brain tumour resection in different types of lesions
including non-enhancing and enhancing ones.

The survival benefits of extensive resection in patients
with high-grade glioma are well established [3-8], where-
as a limited number of studies have reported the survival
benefits of extensive resection in patients with low-grade
gliomas [9-11] A review of the current literature supporting
safe, maximal resection for gliomas was recently provided by
D’Amico et al. [12].

Based on our new policy and the efforts of the neurosurgi-
cal community to define the clinical benefits of safe, maximal
tumour resection with respect to symptomatic relief and

improved quality of life, progression-free survival and overall
survival in patients having low-grade and high-grade glioma
with molecular heterogeneity, we evaluated the feasibility of
low-field MRI using the Polestar N30 to achieve extended
resection with intraoperative neurophysiological monitoring
(IONM) when needed, especially for non-enhancing brain
lesions (both low-grade and high-grade gliomas), and we
discuss its future role in an era of other advanced intraoper-
ative technologies.

Materials and methods

Patients

Surgery was performed in 73 patients with intra-axial
lesions using an intraoperative ultra-low-field MRI (Polestar
N30, Medtronic) from February 2012 until the end of August
2018, in the Department of Neurosurgery, Sheba Medical Cen-
tre, Tel- Aviv, Israel. A total of 8/73 (11.1%) patients underwent
an awake craniotomy due to the proximity of the lesion to
eloquent speech areas, and 25/73 (34%) patients underwent
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resection under motor cortical and/or subcortical stimulation
using magnetic resonance-compatible needles (Technomed
Europe Medical Accessories, The Netherlands). Twenty-five
patients (34%) were operated on for recurrent tumours.

Imaging and surgical methods

Preoperative scans were performed in each patient us-
ing the Polestar N30 system in the operating room and
then uploaded onto an image-guided navigation system
(StealthStation, Medtronic). Resection was performed until
the neurosurgeon felt he had achieved maximal resection
or until the neurosurgeon felt that neurological stability was
at risk. At this time, further intraoperative resection control
scans were acquired. If a residual tumour was suspected on
the resection control images, the surgeon explored the lesion
so as to ascertain whether further resection was required. If
the neurosurgeon felt that it was, additional resection control
scans were obtained.

The intent of the resection was determined on the
basis of preoperative images and functional MRI, and
classified as either an intended complete or an incom-
plete lesion resection. Lesions located adjacent to or in
eloquent brain areas, for which we believed an aggressive
gross total resection might result in a substantial neuro-
logical deficit, were characterised as an intended incom-
plete resection. For the remaining lesions, the intent was
to perform a complete resection. During the resection
procedure, control images were obtained and compared
to the preoperative iMRI images and the diagnostic im-
ages. The success of the resection was categorised as
‘a complete resection’ if no residual tumour was detected on
one or more resection control images, or as an ‘incomplete
resection’ if a residual tumour was observed.

Residual tumour for enhancing lesions was defined as the
presence of nodular enhancement on the basis of T1-weighted
images with gadolinium. Linear enhancement or a fuzzy en-
hancing lesion outside the area of the preoperative enhancing
lesion was not considered a residual tumour but was instead
defined as a complete resection. Residual tumour for non-en-
hancing lesions was based on the presence of a nodular or
bulky lesion on FLAIR (fluid-attenuated inversion recovery)
or T2-weighted images. Areas of FLAIR or T2-weighted image
abnormality outside the area of the preoperative non-en-
hancing lesion were considered surgical procedure-induced
changes and defined as a complete resection. (Supplemental
Fig. 1-3) Diagnostic Flair and T1-weighted images with gado-
linium are presented as well (Supplemental Fig. 1E-F) to gain
understanding of the character, quality and resolution of the
intraoperative scans.

A retrospective analysis of demographic data, diagnostic
imaging, and pathology was performed. The data was retrieved
from the patient’s personal records and from our institute’s
imaging and pathology database. Additional data, such as
the positioning of the patient, number of scans, sessions,

and various time parameters, was obtained from the Polestar
system database.

Finally, comparisons were made between the two success
groups (i.e. complete and incomplete resection) and between
cases in which iMRI led to further resection and those in which
iMRI did not lead to further resection.

Statistical methods

Data was analysed with SPSS software version 25.0 (SPSS
Inc., Chicago, IL, USA). Pathology characteristics according
to enhancing/non-enhancing status were presented as fre-
quencies and percentages for categorical variables. Chi-square
tests and independent t-tests were performed to compare
the two groups: complete/incomplete resection, and 2+ ses-
sions for categorical and continuous variables, respectively.
A multivariate analysis (Wald test, logistic regression) was
performed, including factors such as age, sex, and enhance-
ment. Hosmer-Lemeshow goodness-of-fit test was performed
to assess the overall model. The significance level was set to
less than 0.05.

This study was approved by the institutional review board
of Sheba Medical Centre.

Results

Histological classification

The pathologies were classified into three groups (Tab. 1):
high-grade gliomas (World Health Organisation [WHO]
grade III-IV = 30 patients. These 30 comprised 12 anaplastic
oligondendrogliomas [WHO III], eight anaplastic astrocy-
tomas [WHO III], four high-grade glioma [WHO III], five
glioblastoma multiforme [WHO IV], and one anaplastic
ependymoma [WHO III]; low-grade gliomas (WHO II
=22 patients. These 22 comprised 10 low-grade astrocytomas
[WHO II] and 12 low-grade oligodendrogliomas [WHO II]),
plus various other lesions (21 patients; three cavernous angi-
omas, one primitive neuroectodermal tumour, six pilocytic
astrocytomas, one ependymoma, one demyelinative tumour,
one ganglioglioma, one glioneuronal tumour, two pleomor-
phic xanthoastrocytomas, one central neurocytoma, one grey
matter heterotopia, one subependymoma, one metastasis, and
one enhancing glial tumour).

Imaging characteristics

Thirty-seven (51%) of the lesions were right-sided, and
36 (49%) were left-sided. The lesions were further divided
according to their location: 45 (62%) lesions were frontal,
six (8%) were temporal, 10 (14%) were parietal, and the re-
maining 12 (16%) were located in other areas (insular cortex,
cerebellum, intraventricular occipital, or a combination of two
lobes). During surgery, 55 (75%) patients with mainly frontal
and parietal lesions were positioned with their face upward
(head-up position), six (8%) patients with mainly occipital and
cerebellar lesions were positioned in the head-down position,
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Table 2. Parameters in relation to the outcome

Parameter

Male gender 61(84)
Age 37+18
Intent to GTR 60 (82)
HGG (WHO IlI-IV) 30 (41)
Miscellaneous 21(29)
LGG (WHOII) 22 (30)
Recurrence (yes) 25 (34)
Head position:
right 7(10)
left 5(7)
down 6(8)
up 55 (75)
Location:
frontal 45 (62)
temporal 5(8)
parietal 10 (14)
other 12(16)
Eloquent lesion 29 (40)
Non-eloquent lesion 44 (60)
Enhancement 38(52)
Non-enhancement 35 (48)
IONM 25(34)
Lesion side:
right 37 (51)
left 36 (49)
Time of scanning (min) 49+ 21

Complete resection Incomplete
n =60 resection
n=13

50 (83) 11 (85) 0910
37£19 40£13 0.574
59 (98) 1(8) <0.001
22(37) 8(61)

20(33) 1(8)

18 (30) 4(31) 0.132
20(33) 5(38.5) 0.724

5(8) 2(15

3(5) 2(15

6(10) 0(0) 0.407
46 (77) 9(69)
35(58) 10(77)

6(10) 0(0)

9(15) 1(8) 0.130
10(17) 2(15)
20(33) 9(69)
40 (67) 4(31) 0.016
35 (58) 3(23)
25 (42) 10(77) 0.021
18 (30) 7 (54) 0.177
32(53) 5(38.5)
28 (47) 8(61.5) 0.524
47 £ 21 1.00 + 0.20 0.056

GTR — gross total resection, Eloquent lesion — adjacent to motor and speech centers, IONM — Intraoperative Neurophysiological Monitoring, HGG — High Grade Glioma, LGG — Low Grade Glioma

five (7%) patients were operated on in a left side-up position,
and seven (10%) patients were operated on in a right side-up
position. Twenty-nine (40%) of the lesions were located in
eloquent areas (adjacent to motor and speech centers) and
44 (60%) were located in non-eloquent brain areas.

The radiology parameters were documented for each
patient and included 38 contrast-enhancing lesions (52%).
The remaining 35 (48%) lesions were non-enhancing lesions.

Resection intent

Among the 73 patients, the surgical intent was to perform
complete tumour removal in 60 (82.2%). For the remaining
13 patients, the surgical intent was to perform incomplete
tumour removal. Of the 60 cases for which the surgical in-
tent was to perform a complete resection, 59 (98.3%) cases
achieved a complete resection. In this subgroup of 59 patients,
additional scans were performed in 17/59 (28.8%) to increase
the extent of the resection and to achieve complete resection.
The surgical intent of the resection significantly correlated
with the results (p < 0.001; Tab. 2).

Ofthe 13 patients for whom the surgical intent was incom-
plete resection, 12 had an incomplete resection and one (7.7%)
had a complete resection. No additional scan was performed

in this 13" patient, but additional scans were performed in
6/12 (50%) patients to increase the extent of the resection, even
though incomplete resection was achieved (Fig. 1).

Benefit of iMRI

73 resections were performed with intent to achieve ei-
ther complete or incomplete surgical resection. Among these
73 patients, iMRI led to further resection in 24 cases, indicating
that iMRI led to a maximal tumour resection in 32.8% of the
total cases without consideration of the outcome (complete/
/incomplete removal) (Fig. 1).

In 60 patients, the initial intent was to achieve complete
lesion resection. In the remaining 13 patients, the surgical intent
was to perform incomplete tumour removal. A complete resec-
tion was achieved in 60 patients (59 from the intent to perform
complete resection group and one from the intent to perform
incomplete resection group). The surgical intent of the resection
significantly correlated with the results (p < 0.001; Tab. 2).

In 49 (67.2%) of these patients, only two scan sessions
were performed: a preoperative image acquisition within the
operation room prior to surgery, and an intraoperative resec-
tion control image. These 49 patients account for the cases
in which the surgeon did not perform additional resection
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Total patients
n=73
[ |
Intent incomlet intent complete
n=13 n =60
[ | [ |
Incomplete Complete Incomplete Complete
n=12 n=1 n=1 n=59
2 sessions Sessions >2 2 sessions Sessions >2 2 sessions Sessions >2
n=6 n=6 n=1 n=1 n=42 n=17

Figure 1. Distribution of cases in relation to intent of resection and number of sessions performed for resection control

after iMRI; 43 patients due to the absence of residual tumour
observed on imaging, and six patients on the basis of the
surgeon’s decision not to proceed with the resection because
further resection might compromise neurological function.
More than two scan sessions were performed in 24 patients,
and additional resection was performed due to the presence
of residual tumour that was revealed by the resection control
imaging. Complete resection was achieved in 18 of these pa-
tients. Thus, iMRI was responsible for 30.5% of the complete
resections achieved in our study (in which the intent was
to perform complete removal). Of these 24 patients, three
imaging sessions were performed in 18 cases, indicating that
in the large majority (75%) of cases in which iMRI led to
additional resection, two resection control images (a total of
three scans, including the preoperative scan) were sufficient
to achieve complete resection. In two cases, four sessions
were performed, in one case, five sessions, and in one case,
six sessions (Tab. 3).

Among the 13 patients for whom the initial intent was to
perform an incomplete resection, incomplete tumour removal
was achieved in 12 cases. In six of these cases, more than two
scan sessions took place, indicating that iMRI led to further
surgery to maximise the resection in 46.1% of this group. In
one case, iMRI led to complete resection (following two scans),
although the original intent was for incomplete resection.

In summary, the Polestar N30 iMRI system maximised
the extent of the intra-axial lesion resection in 32.8% of all
operations performed in this cohort. Use of the iMRI led to
17 additional complete lesion resections, representing a 40.6%
increase in complete lesion resections.

Interestingly, iMRI largely influenced the extent of the
resection in cases in which the intent was incomplete resection,
and was thus responsible for additional resection in 46.1% of
patients in this group (Fig. 1).

Table 2 shows the relation between various parameters
examined and the surgical outcome (resection success rates).

Age, sex, and diagnosis had no significant effect on resec-
tion success rates. Data regarding radiological characteristics,

Table 3. Distribution of cases in relation to number of iMRI scan sessions.
More than 2 sessions indicates cases in which iMRI led to further resection

Number of scan
sessions per patient

Number of patients

2 49 (67%)
3 18 (25%)
4 4 (5.4%)
5 1(1.3%)
6 1(1.3%)

e.g. enhancing vs. non-enhancing lesions, had no effect on
the general success of the resection. Frontal lesions and left
hemispheric lesions were more frequent in cases resulting in
incomplete resection (related to the proximity to eloquent
areas), but this difference was not statistically significant. On
the other hand, non-eloquent area (p = 0.016) and enhancing
lesions (p = 0.02) were predictive factors for complete resection
in univariate analysis (Tab. 2).

Table 4 shows the relation between the various parameters
examined and extended resection.

The extent of the resection was expanded mainly for
non-enhancing lesions: 16/35 (46%) compared to only
8/38 (21%) of the enhancing lesions.

Univariate analysis performed to compare cases in which
additional resections were performed following resection
control imaging (24 cases) with patients in which no further
resection was performed (13 cases) identified scan time and
enhancement to be the only variables that differed significantly
between the two groups (Tab. 4).

Patients with non-enhancing lesions more frequently
comprised cases in which additional resection was performed
and univariate analysis revealed a significantly increased
scan time. On the other hand, sex, age, intent of resection,
recurrence, diagnosis, patient positioning, and location of
the lesion were not significantly different between these two
groups.
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A multivariate analysis (logistic regression) was per-
formed (Tab. 5), with factors such as age, sex, diagnosis, and
enhancement as covariates. Enhancement was the only inde-
pendent variable. The odds ratio for non-enhancing lesions
adjusted for age and sex was 3.1, indicating that there was
a three-fold greater probability that a non-enhancing lesion
would require more than two sessions to achieve the maximal
tumour resection.

Table 4. Parameters in relation to extent of resection

Parameter 2 Sessions > 2 Sessions
n=49 n=24

Male gender 42 (86) 19 (79) 0.478
Age (years) 36+20 39+13 0.425
Intent to GTR 41 (84) 19(79) 0.636
Recurrence (yes) 17 (35) 8(33) 0.908
Lesion side:

right 22 (45) 15 (62.5)

left 27 (55) 9(37.5) 0.099
Location:

frontal 25 (51) 20(83)

temporal 6(12) 0(0)

parietal 9(18) 1(4)

other 9(18) 3(12.5) 0.119
Eloquent lesion 18 (37) 11 (46)
Non-eloquent lesion 31(63) 13 (54) 0.455
Enhancement 30 (61) 8(33)
Non-Enhancement 19 (39) 16 (67) 0.025
IONM 15 (30) 10 (41) 0.157
Head position:

right 6(12) 1(4)

left 4(8) 1(4)

down 6(12) 0(0)

up 33(67) 22(92) 0.060
Complete resection 42 (86) 18 (75) 0.261
Time of scanning (min) 44 +21 60+ 19 0.003
HGG WHO lII-IV 19 (39) 11 (46)
Miscellaneous 17 (35) 4(17)
LGGWHO I 13(26) 9(37) 0.265

GTR — gross total resection, Eloquent lesion — adjacent to motor and speech centers, IONM —
Intraoperative Neurophysiological Monitoring, HGG — High Grade Glioma, LGG — Low Grade
Glioma

Scan data and time

Resection control was based on T1-weighted images in
38 (52%) patients and T2-weighted images in 35 (48%) pa-
tients. FLAIR sequences were used to assist in determining
the success of the resection. In 49 patients, two scan sessions
were performed: a preoperative session and a resection control
session that did not lead to further resection. The resection
control session was performed at the time that the surgeon
felt maximal resection had been achieved, or at the point at
which the surgeon felt further resection would jeopardise
the patient’s neurological stability. In 18 patients, three iMRI
sessions were performed: one preoperative, a second that
led to further resection, and a third followed by no further
resection. In four cases, four scan sessions were performed;
in one case, five scans were performed; and in one case, six
scans were performed. In all cases, no further resection was
performed after the last intraoperative scan.

Imaging duration was defined as the sum of all scan du-
rations from all sessions. Surgery overhead was defined as the
sum of all session durations, including time spent between
scans. This parameter does not include time spent before the
first scan for preparing and positioning the device, yet serves
as an important indicator of the surgical duration while using
the Polestar iMRI system. The mean surgery overhead for cases
with two sessions was 44 min. Cases in which further resection
was performed (more than two sessions) had a mean surgery
overhead of 60 min.

Thus, iMRI extended the surgery time by a mean of 16 min
in cases in which resection control images led to additional
resection as opposed to cases where the second iMRI session
led to the conclusion of the surgery. Scan time was significantly
different between these two groups of patients (i.e. two sessions
or more than two sessions) in univariate analysis, but was not
an independent factor in multivariate analysis.

In summary, univariate analysis revealed that non-eloquent
area (p = 0.016) and enhancing lesions (p = 0.02) were predic-
tive factors for complete resection (Tab. 2). Univariate analysis
revealed that non-enhancing lesions and scan time were
predictive factors for extended resection (Tab. 4), but the only
independent factor for extended resection, as demonstrated in
a Wald multivariate analysis, was non-enhancement (Tab. 5).

Table 5. Independent predictors of extended resection in a multivariate Wald test analysis. Variable(s) entered: age, gender, non-enhancement

Independent variables B S.E. Wald
Constant 1.616 0.685 5.57
Age (years) 0.005 0.015 0.107
Non-enhancement 1.157 0.537 4.636
Gender 0.597 0.681 0.77

www.journals.viamedica.pl/neurologia_neurochirurgia_polska
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Discussion

The benefits of using the Polestar low-field iMRI system
for achieving maximal resection of brain tumours have been
reported by several groups, including ours [1, 2, 12-14].

Sentt et al. [14] demonstrated particular benefits of the sys-
tem for patients with contrast-enhancing tumours. Stereotactic
biopsy using the Polestar is an accurate method for obtaining
specimens with a high diagnostic yield [15]. An earlier version
of the Polestar low-field iMRI system, the Polestar N20, was
reported to have high sensitivity and specificity for residual
tumour detection [16]. Other groups have also reported
a significant benefit of other low-field iMRI systems in the
removal of high-grade gliomas [17]. Claus et al. [9] reported
a possible association between the extent of the resection of
low-grade gliomas using low-field iMRI systems and a lower
risk of recurrence or death.

In our study, we present in this cohort the advantages of
the third generation low-field iMRI Polestar (N30), allowing
for the use of standard surgical equipment, fully controlled
and operated by the surgeon to increase the extent of the re-
section of non-enhancing lesions. The advantages of real-time
imaging to localise and define lesion margins in the presence
of dynamic changes in fluid and tissue compartments during
resection were reported 20 years ago [18-19]. Several other
centres have reported the usefulness of iMRI techniques for
guidance in neurosurgical procedures [2, 9, 20-25].

Emerging imaging technologies, as well as new intraoper-
ative techniques, have expanded our ability to resect maximal
amounts of tumour while preserving essential function. Stim-
ulation mapping of language and motor pathways is known to
contribute to the safe resection of intrinsic brain lesions [26, 27].
Additional techniques, including neuro-navigation, fluo-
rescence-guided microsurgery using 5-aminolevulinic acid,
iMRI, and ultrasonography, have all been applied to optimise
the extent of resection in glioma patients.

Low-field iMRI can be used with other neurosurgical
modalities: iMRI with 5-aminolevulinic acid-induced fluo-
rescence provides synergistic effects in glioma resections [28].
Senft et al. [29] reported that the use of iMRI with neuro-
physiological monitoring in patients with gliomas located
in eloquent brain areas increased the extent of the resection,
without increasing the rate of neurological deficit.

On the basis of our experience up to 2012 [2], we present
our more recent experience with the use of the third genera-
tion Polestar, an ultralow-field iMRI system, from February
2012 to the end of August 2018, in 73 craniotomies for in-
tra-axial lesion tumour resection, almost half of which were
non-enhancing lesions (35/73). The extent of the resection was
expanded mainly for non-enhancing lesions (16/35 [46%])
compared to enhancing lesions (only 8/38 [21%]).

Our experience indicates that iMRI led to an extended
resection in 24 of 73 patients with intra-axial brain lesions.
Furthermore, iMRI allowed for further resection leading to

complete lesion removal in 17 of 59 patients in whom complete
lesion removal was intended, leading to a significant increase
in complete resections achieved by our group. These findings
correlate well with the values reported in previous studies [30].
In addition, we present a cohort of 13 patients in which the
initial intent was to perform an incomplete resection and in
which iMRI guidance led to additional resection in 6/13 (46%)
of the cases.

These findings suggest the usefulness of iMRI guidance for
lesions located in eloquent brain regions for which the initial
surgical intent was not necessarily to achieve a complete re-
moval, but rather to maximise resection without endangering
neurological stability.

In our study, low-grade gliomas were more frequent in cas-
es where additional resection was performed (9/22 compared
to high-grade glioma [11/30] and miscellaneous pathologies
[4/21] in which extended resection was less frequent). This
raises questions about the benefit of iMRI in the resection
of various pathologies. Some studies have included mixed
pathology cohorts [9], whereas others have demonstrated
a benefit in the resection of high-grade gliomas.

Although dividing the patients into three groups is
a potential limitation of our study, the purpose of the study
was to evaluate the utility of the Polestar N30 to achieve
resection control of non-enhancing lesions, regardless of the
WHO grading, which means both low-grade and high-grade
non-enhancing gliomas.

In our study, multivariate analysis to compare the cases in
which iMRI did not lead to further resection to cases in which
it enabled maximal extent of resection (without considering
the amount of resection) revealed a significant difference in
regard to the lesion enhancement properties.

Non-enhancing lesions of all types were three times more
likely to require additional resection after iMRI resection
control. These findings support our previous experience
[2] and point to a possible advantage for all non-enhancing
lesions, including non-enhancing high-grade gliomas, which
were more common (12/30) in this cohort. No correlation
was detected between recurrent tumours in cases in which
additional resection was performed.

Imaging duration and extended surgery duration may be
a reason for surgeons not to use intraoperative imaging mo-
dalities. With the development of user-friendly ultralow-field
systems, the increase in surgery duration has become quite
reasonable, with a commonly cited mean of 1 h extended
overall surgery time [17, 31, 32]. This finding is in accord-
ance with a mean surgical time prolongation of 60 min for all
patients in whom more than two sessions were performed in
the current cohort.

In our opinion, this is an acceptable delay in surgery
completion. Furthermore, in 75% of cases in which iMRI
led to complete resection, three scan sessions sufficed, which
indicates how infrequently more than three scan sessions
were required.
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Carabenciov et al. [33] stated that in the context of the
new WHO classification system, all low-grade gliomas must
have an IDH mutation, with or without a 1p/19q co-deletion.
Upon discovery of the tumour, maximal safe surgical resection
is the most appropriate first step due to the current inability to
differentiate between IDH mutant and IDH wild-type tumours
by imaging alone.

Hervey-Jumper et al. [34] reported that low-grade gliomas
have 5- and 10-year survival rates of 97% and 91% respective-
ly, when the extent of resection is greater than 90%. Duffau
et al. [27] demonstrated the prolonged impact of supratotal
resection on malignant transformation of low-grade gliomas.
These findings emphasise the importance of maximising the
extent of resection of non-enhancing low-grade tumours. Up
to 50% of anaplastic gliomas (grade III) are non-enhancing or
slurred enhancing lesions, as demonstrated in our cohort as
well. Furthermore, Kawaguchi et al. [35] showed in a retrospec-
tive study of 124 consecutive patients with newly diagnosed
grade III gliomas that strict surgical removal is important
to improve the prognosis of patients with grade III gliomas,
especially for tumours with the IDH 1/2 mutation without
1p/19q co-deletions.

Leroy et al. [25] reported that iMRI was more useful for
non- or minimally-enhancing tumours, as shown in our previ-
ous cohort [2]. A retrospective multicentre series of 288 cases
of low-grade gliomas indicated an independent association
of high-field (1.5-T) iMRI guidance with the rate of gross
total resections after surgery, without an accumulated risk of
neurological deficits [36]. In a recent analysis, Swinney et al.
[37] reviewed 12 studies that included 804 primary operations
and 238 extended resections based on iMRI findings. Use
of iMRI led to extended tumour resection in 13.3-54.8% of
patients (mean 37.3%). Stratification by tumour type showed
that additional resection was performed on average in 39.1%
of glioma resections (range 13.3-70.0%), 23.5% of pituitary
tumour resections (range 13.3-33.7%), and 35.0% of nonspe-
cific tumour resections (range 17.5-40%). These findings are
similar to the extent of resections performed in our previous
cohort [2] and the current study.

There are very few recent reports on low-field iMRI. Some
previous studies demonstrated that low-field iMRI influenced
intraoperative decision-making and improved brain tumour
resection [9,14,17]. Other intraoperative modalities, such as
fluorescence-guided surgery and ultrasound-guided surgery,
may be easier to operate and less time-consuming, and may
improve the resection of low-grade gliomas [12]. Intraop-
erative tumour visualisation with 5-aminolevulinic acid
(5-ALA) induced protoporphyrin IX (PpIX) fluorescence is
widely applied for improved resection of high-grade gliomas:
Stummer et al. [6] demonstrated in a series of 139 patients
enrolled in a randomised controlled multicentre phase III trial
that complete resection of enhancing tumours was increased
from 36% (white light) to 65% (5-ALA) and progression-free
survival at six months increased from 21% (white light) to 41%

(5-ALA). Recently, visible fluorescence of low-grade gliomas
was reported as well [38, 39].

Jaber et al. [40] reported that only 15.9% of 82 WHO
grade II tumours revealed intraoperative PpIX fluores-
cence compared to 83.3% of enhancing grade III tumours.
Goryaynov et al. [38], however, showed a markedly higher
rate of up to 52% visible fluorescence in a series of low-grade
gliomas. In addition, they demonstrated that the use of
antiepileptic drugs reduces the presence of visible fluores-
cence in low-grade gliomas. Widhalm et al. [39] showed the
benefit of quantitative PpIX analysis in diffusely infiltrating
low-grade glioma.

Stepp and Stummer [41] in a recent review summarised
the valuable diagnostic options of 5-ALA in the management
of malignant gliomas and also explored biological boosters of
selective PpIX accumulation for the therapeutic use of 5-ALA.
In addition, they looked at surgical guidance tools other than
5-ALA fluorescence-guided surgery.

Sastry et al. [42] reviewed the utility of intraoperative ul-
trasound since 1982 for brain tumour resection: intraoperative
navigation, assessment of extent of resection, and brain shift
monitoring and compensation. Selbekk et al. [43] reported
techniques to identify and reduce image artefacts in ultrasound
images that may occur during brain tumour surgery.

Taking into consideration the advancement of these
other modalities raises the question of the need to sustain
the low-field iMRI modality. The Polestar N30 is no longer
manufactured! Is this the end of the era for low-field iMRI or
should we make an effort to preserve this modality, especially
for non-enhancing lesions?

The role of iMRI for enhancing and especially for non-en-
hancing gliomas in the era of fluorescence-guided surgery and
advanced ultrasound modalities needs to be better defined.

Our data supports the need to preserve iMRI for extended
resection, especially for non-enhancing brain lesions. We
believe that it would be wise to preserve this technology for
resection control. In contrast to low-field iMRI, however,
high-field iMRI has several other benefits, such as the abil-
ity to create diffuse tensor images [44], laser-guided surgery
[45], and focused ultrasound procedures, including research
benefits such as opening of the blood brain barrier [46, 47].
It may be advisable to use high-magnetic power field iMRI
for extended resection, taking into consideration its benefits
and our findings that support preservation of the modality.

Conclusions

Intraoperative MRI guidance markedly improved the
surgeons ability to maximise the extent of resection in our
series of 73 patients with intra-axial lesions.

The iMRI system allowed for additional resection in 32.8%
of all cases and for complete resection in 28% of the cases
when complete resections was intended. Additionally, iMRI
allowed for extended resection in 46.1% of patients for whom
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the intent was to perform an incomplete resection. The extent
of resection was extended mainly for non-enhancing lesions,
16/35 as opposed to only 8/38 for enhancing lesions.

Non-enhancing lesions were the only independent variable
predicting use of iMRI for extended resection. The procedure
can be performed under electrophysiological monitoring
using magnetic-resonance compatible electrodes, allowing
for preserved function with a reasonable mean surgery time
elongation of only 60 minutes.

Our results provide additional support for the benefits of
this technology for achieving a maximal resection, especially
in patients with non-enhancing intra-axial brain tumours.
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