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Abstract

Background We sought to analyze, in well-defined clinical setting, the first 100 patients treated at the intraoperative
MRI (iMRI) hybrid surgical theatre at our facility in a population-based setting to evaluate which pathologies are best
approached with iMRI assisted surgeries, as this is not yet clearly defined.

Methods Patients undergoing surgery in the 3T iIMRI hybrid surgical theatre at our neurosurgical department
between December 2017 to May 2021 were included after informed consent. Demographic, clinical, surgical,
histological, radiological and outcome parameters, as well as variables related to iMRI, were retrospectively collected
and analyzed. Patients were subdivided into adult and pediatric cohorts.

Results Various neurosurgical procedures were performed; resection of tumors and epileptic foci, endoscopic skull
base procedures including pituitary lesions, deep brain stimulation (DBS) and laser interstitial thermal therapy (LITT).
In total, 41 patients were pediatric. An iMRI scan was carried out in 96% of cases and led to continuation of surgery in
50% of cases, mainly due to visualized remaining pathological tissue (95.2%). Median time to iMRI from intubation was
280 min and median total duration of surgery was 445 min. The majority of patients experienced no postoperative
complications (70%), 13 patients suffered permanent postoperative deficits, predominantly visual.

Conclusion Herein, we demonstrate the first 100 patients undergoing neurosurgery aided by iMRI at our facility
since introduction. Indications for surgery differed between pediatric and adult patients. The iMRI was utilized for
tumor surgeries, particularly adult low-grade gliomas and pediatric tumors, as well as for epilepsy surgery and DBS. In
this heterogenous population, iMRI led to continuation of surgery in 50%. To establish the benefit in maximizing the
extent of resection in these brain pathologies future studies are recommended.
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Introduction

The innovation and development of imaging modalities
over the last decades have been an essential component
in the neurosurgical arsenal, facilitating both diagnostics
and treatment of lesions within the intracranial vault [1—
6]. Since the introduction of magnetic resonance imaging
(MRI) [7], technical advancement regarding configura-
tion, imaging quality and magnetic field strength have
enabled subsequent evolvement of the intraoperative
MRI (iMRI) [5, 8, 9].

At present, applications for iMRI are numerous [10].
Utilization is notably advantageous for neurosurgical
oncology and tumor resection [5, 6, 11], where maxi-
mum extent of resection (EOR) is an established primary
endpoint [12-20]. When detecting residual tumor on
intraoperative images, iMRI facilitates immediate con-
tinuation of surgery to maximize EOR [11, 21], and a
possibility to adjust for navigation inaccuracies rendered
intraoperatively by brain shift [5, 10, 11, 22, 23]. In addi-
tion to treatment of primary intra-axial tumors, recur-
rences, and metastases, iMRI is utilized in treatments of
epileptic foci, stereotactic procedures, and neurosurgical
conditions within the pediatric population [3, 4, 24]. The
latter is additionally favored by iMRI as preceding anes-
thetics in connection with postoperative MRI is often
required in this patient group. Recent evidence suggests
that iMRI may indeed mitigate this need [25-27]. More-
over, iMRI permits interventional treatments such as
laser interstitial thermal therapy (LITT) [28] and moni-
toring during perioperative motor mapping or awake
mapping of complex cognitive functions [29].

iMRI is sought to reduce inefficiency, provide greater
accuracy and maximize resection while minimizing
morbidity [7, 11, 21, 25]. An iMRI-customized operat-
ing theatre, however, presents with many challenges as
three significant forces are present when employing an
iMRI; the static magnetic field, the time-varying gradient
magnetic field, and the radio-frequency fields [30]. Thus,
screening for contraindications and MR safety related
patient risks are essential prior to iMRI aided interven-
tions. Further, an iMRI operating theatre requires MRI
safe or conditional equipment, sufficient space for sur-
gical and anesthesiologic equipment correctly distanced
from the scanner and its stray field, highly specialized
visual aid and patient monitoring systems and a thorough
safety checklist and regular training of personnel [8, 31].
Additionally, the iMRI procedure itself prolongs opera-
tive time, affecting the quantity of surgeries performed
in the operating theatre [5, 32, 33]. All aforementioned
aspects are costly and high-maintenance features to be
considered.

Utilization of iMRI has previously been established in
selected patient cohorts, such as gliomas and pituitary
tumors [34, 35]. However, few studies have displayed the
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wide range and versatility of iMRI. Previous investiga-
tions emphasize the need for additional studies in well-
defined clinical settings to elucidate which pathologies
are best approached with iMRI assisted surgeries, as this
is not yet clearly defined [5, 36]. In this study, we there-
fore sought to analyze the first 100 patients treated at the
iMRI hybrid surgical theatre at our facility in a popula-
tion-based setting, as a basis for defining future studies.
Associated clinical variables related to the procedures
and outcomes were studied, as well as the clinical indica-
tions set by the neurosurgeons to utilize iMRI, aiming to
identify which conditions are best favored by this state-
of-the-art technology.

Method

Study population

The iMRI surgical theatre at Region Vistra Gétaland,
Sahlgrenska University Hospital, Gothenburg, Sweden,
opened for surgery December 4th in 2017. The neuro-
surgical department at Sahlgrenska University Hospital
favors a catchment area of 1.8 million inhabitants. The
first 100 patients who underwent neurosurgery at the
iMRI hybrid facility and consented to participation in the
study were included. In total, 16 patients refrained from
inclusion due to declined participation or lack of con-
sent owing to other circumstances. The inclusion period
stretched between December 2017 and May 2021.

Clinical variables

Clinical patient data and demographics were obtained
through retrospective analysis of electronic health
records (EHR). Variables studied included patient out-
come, peri- and postoperative complications, as well as
neurological performance in the follow-up period of a
minimum of 3 months, to assess deficits to be transient
or severe. Postoperative outcome was registered within
30 days according to the Landriel-Ibanez classification
system, ranging from grade 1 to 4 with a subdivision of
surgical or medical complications [37]. Preoperative neu-
rological deficits were acquired from EHR. Neurological
deficits after surgery were divided into new or worsened
deficits, subdivided into minor or severe. Severe neuro-
logical deficits were classified as those severely impacting
life (aphasia/severe aphasia, motor function grade<4 on
Medical Research Council (MRC)) based on EHR or cog-
nitive deficit affecting daily life [38, 39]. Severe cognitive
deficits affected daily life and ability to work. Neurologi-
cal deficits persisting more than 3 months were consid-
ered permanent.

Clinical decision making to utilize iMRI
The clinical indications by the neurosurgeons for choos-
ing iMRI were defined as:
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1) Rationalizing pre-operative MRI work up (including
anesthesia) in the pediatric, respective adult,
population.

2) Obtaining peri-operative stereotactic coordinates for
DBS patients without peri-operative transportation
of patient under anesthesia.

3) Safely maximizing EOR in pediatric and adult
populations.

4) Obtaining postoperative images to assess end result
without additional anesthesia for the pediatric
population.

Intraoperative MRI

The iMR suite (IMRIS Visius Surgical Theatre, IMRIS
Inc., Winnipeg, Canada) at our hybrid surgical facility
employs a modified ceiling-mounted 3T movable MR
scanner (MAGNETOM Skyra; Siemens Healthineers,
Erlangen, Germany; software release VE11C). When
not utilized in surgery, the scanner is positioned in an
adjoining garage, separated from the surgical theater by a
radiofrequency-shielded and semi sound shielded sliding
door. This allows operation of the MR scanner for diag-
nostic and research purposes while surgery is proceeding
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in the surgical theatre. The 0.5 mT line of the stray field
reaches 2 m into the surgical theatre. Due to the size of
the surgical theater, the 0.5 mT line does not affect the
area where the patient is positioned during surgeries.
However, safety routines for the least active device needs
to be rigorously followed at all times and by any person
entering the surgical theatre, even when the IMRIS scan-
ner is parked in the garage with doors closed. See Fig. 1
for set-up of the iMRI suite.

Imaging was performed using the transmit body coil
and two 4-channel receiver flex coils (HC300, IMRIS,
Deerfield Imaging Inc), placed under and above the head.
Prior to surgery, patients were in the surgery theater
position on a dedicated operation table with the head
(cervical spine in one case) resting on the lower flex coil.
Adequate patient positioning considering the coil, the
Mayfield charcoal fiber scull clamp (HFD100, IMRIS,
Deerfield Imaging Inc), the neuronavigational arm, and
the surgical area was established by threading a circular
model of the scanner bore opening (VISIUSeye, IMRIS)
over the patients’ head. For children under one year, a gel
or vacuum cushion was utilized instead of the Mayfield
skull clamp. The sterile dressing was then placed and sur-
gery initiated. Intraoperative imaging required temporary

Fig. 1 iMRI suite set up. Left: Patient model with affixed Mayfield charcoal skull clamp and one 4-channel receiver flex coil (blue) below the head. Right:
Intraoperative positioning of sterile dressed patient on the fixed operating table with the second receiver flex coil in blue (black arrow) placed over the
patients head after temporary closure of surgical wound. The patient head is positioned in the center of the bore during iMRI scanning
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closure of the wound and enclosing the head with a ster-
ile plastic cocoon. The upper flex coil was placed over the
patients head outside of the cocoon. Before the MR scan-
ner was brought into the operating theatre, it was made
sure that all devices were according to their MR labeling
(MR safe, conditional or unsafe) positioned in marked
zones within the theater. The procedure was in accor-
dance with the safety protocol and finalized with a hard
stop declared by the MR safety nurse.

Pre-, peri- and post-operative MR protocols for brain
imaging included, depending on lesion type to be visu-
alized, the following imaging sequences: T1-weighted
(Tlw) 3D MPRAGE (Magnetization Prepared Rapid
Gradient Echo) acquired with and/or without gadolin-
ium (Gd) contrast medium (Clariscan® 0.2 ml/kg body
weight); T2w 3D FLAIR (fluid attenuation inversion
recovery); T2w 2D SE (spin echo) in axial and/or coro-
nal plane which was rarely substituted by a T2w 3D SE
sequence; DWI (diffusion weighted imaging). Direct
assessment of residual pathological tissue was conducted
by a consulting neuroradiologists in cooperation with
neurosurgeons in the operating theatre, imperative to
minimize excess time in the OR as well as time of anes-
thesia. When the scanner was repositioned in the garage,
surgery was continued if deemed necessary.

Radiological variables

Radiological variables were retrieved from EHR and com-
prised location of lesion, size, and intraoperative find-
ings. Intraoperative residuals of lesions were evaluated
primarily on FLAIR or T2w images for non-enhancing

Table 1 Surgical characteristics for the complete cohort
(n=100) and age-dependent subgroups (pediatrics, n=41;
adults n=59)

Variables Patients, Pedi- Adults, P-

n=100 atrics, n=59 value
n=41

Surgical aim, n patients (%)

Gross total resection 68 (68.0) 32(68.0) 36(61.0 007

Subtotal resection 15(15.0) 5(12.2) 10(16.9) 0.51

Surgical procedures, n patients (%)

Intracranial tumor 60 (60.0) 31(756) 29(49.2) 0.08

craniotomy

Endoscopic skull base 18 (18.0) 1(2.4) 17 (28.8) <0.01

including sella

Deep brain stimulation 9(9.0) 0(0) 9(153)  0.009

Resection epileptic focus 7 (7.0) 6 (14.6) 1(1.7) 0.013

Laser ablation 3(3.0) 0(0) 3(5.1) 0.14

Biopsy 2(2.0) 2(4.9) 0(0) 0.09

Extirpation tumor in spinal 1 (1.0) 1(24) 0(0) 0.23

canal

Surgical duration, (minutes) median (SD)

Time to MRI 280(130)  275(105) 295 (147) 0.69

Total time of surgery 445 (150)  420(127) 471 (163) 0.29
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tumors, contrast enhanced T1w images for enhancing
tumors, and the sequence with best lesion visualization
in epilepsy surgery.

Surgical variables

Information about surgical procedure, tissue sampling,
histopathological diagnosis and surgical outcome were
obtained through EHR. Planned surgical aim, that is,
EOR (gross total resection [GTR] or subtotal resection
[STR]) was extracted from the surgeon’s assessment of
individual patients EHR. GTR was defined as no visible
tumor left on the iMRI sequence on which the lesion
was best identified preoperatively. Surgical adjuncts
such as navigation, microscope, ultrasonic aspirator and
ultrasound were logged. Time of surgical procedure was
measured from start of anesthesia to extubation. The
surgical rationale for utilization of iMRI aided surgeries
were retrieved through interviews with neurosurgeons.
Surgical data are demonstrated in Table 1.

Statistical analysis

IBM SPSS Statistics software program version 24.0 was
used to perform statistical analyses. Data were presented
as count values, proportions in percentage, means, and
medians. Spread was presented with SD, apart from age
which was presented as range, with a significance level of
p<0.05. Normal distribution was investigated with his-
togram and Kolmogorov-Smirnov test. For comparison
of postoperative deficits in subgroups, a chi-square test
was utilized. Comparison of continuous variables were
conducted using independent sample t-test for normally
distributed data, and Mann-Whitney U-test for skewed
data.

Results

Cohort characteristics

We enrolled 100 patients where 42 (42%) were female.
The mean age was 32 years (range 0—81 years). Patients
were divided into two cohorts depending on age; adults
(n=59) and pediatric patients (n=41), where mean age
was 48 years (range 18—81 years) and 9 years (range 0—17
years) respectively. Lesions were predominantly located
in the frontal lobe (24.5%) in adult patients and in the
skull base, including sella and sinonasal (30.5%) in pedi-
atric patients. They were right sided in 33% and located
in the midline in 29% of patients. Mean size of lesion was
31.0 mm (SD 16.3) in all patients. For more details on
clinical characteristics, see Table 2.

Surgical strategy

The most prevalent surgical aim was GTR (68%) in both
adult and pediatric patients. The majority of patients
underwent surgery in the supine position (91%), the
remainder underwent surgery in prone positioning (9%).
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Table 2 Clinical characteristics for the complete cohort (n=100)
and age-dependent subgroups (pediatrics, n=41; adults n=59)

Demographics Patients  Pediatrics Adults
(n=100) (n=41) (n=59)
Age at surgery (years), mean (SD)* 32(23.3) 9(5.2) 48 (16.3)
Female, n (%) 42 (42.0) 19 (46.3) 23(39.0)
Main lesion location, n patients (%)
Frontal 21(21.0) 10 (24.5) 11(186)
Temporal 15(15.0) 3(7.3) 12(20.3)
Parietal 5(5.0) 2 (4.9) 3(5.1)
Occipital 4(4.0) 3(7.3) 1(1.7)
Insular 2(2.0) 1(24) 1(1.7)
Cerebellar 7 (7.0) 6 (14.6) 101.7)
Skull base, sellar and sinonasal 20 (20.0) 2 (4.9) 18 (30.5)
Deep brain structures 6 (6.0) 4(9.8) 2(34)
Ventricular 6 (6.0) 6 (14.6) 0(0.0)
Other** 5(5.0) 4(9.8) 1(1.7)
Not applicable, DBS electrode 9(9.0) 0(0.0) 9(15.3)
placement
Size
Largest diameter (mm), mean (SD)  31.0(16.3) 256(13.6) 354
17.1)

*Rounded down or up to full year. **Including opticus (n=2), cervical spinal
medulla (n=1), chiasma (n=1) and brainstem (n=1)

Intracranial tumors constituted indications for surgery
in 75.6% of children and 49.2% of adults (p=0.08). In
the adult cohort, 17 (28.8%) patients underwent transs-
phenoidal skull base surgery compared to 1 (2.4%) in the
pediatric cohort (p<0.01). Significantly more patients in
the pediatric cohort underwent resection of an epileptic
focus (14.6%) compared to adults (1.7%) (p=0.013). DBS
was exclusively performed in adult patients (9%). Median
time to iMRI from start of anesthesia and median time of
surgery for the whole cohort was 280 min (SD 130) and
445 min (SD 150) respectively. For details, see Table 1.

Intraoperative variables

An iMRI scan was performed in 96% of cases. IMRI
was initially planned, but refrained from, in 4 out of 20
patients with skull base pathologies during the first time
period after implementation. Continuation of surgery
after iMRI was performed in 54 patients (56.3%). How-
ever, continuation of surgery after iMRI was not always
part of the expected procedure, as DBS and LITT con-
stitute special surgical circumstances. In the 9 patients
undergoing DBS (9%), an iMRI scan was exclusively uti-
lized for surgical planning, as additional intraoperative
scanning after placement of electrodes was unfeasible
due to, at the time, unapproved systems for the 3T MRI
scanner. Three patients underwent treatment with LITT
(3%), where the near real time surveillance of the iMRI is
an essential part of intervention, rather than a postopera-
tive evaluation of surgical results. For details regarding
surgical procedures and duration of surgery, see Table 1.
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Out of the remaining 84 patients, 42 surgeries (50%)
recommenced surgery after the iMRI, predominantly
due to visualized remaining pathological tissue (95.2%),
where the vast majority consisted of remaining neoplas-
tic tissue (90.5%). See Fig. 2 for visualization of intraop-
erative imaging before and after continued resection.
Two surgeries were resumed due to remaining epilep-
togenic tissue (4.6%) and one surgery was continued for
inspection. One surgery was resumed to manage an acute
hematoma discovered on intraoperative images, in addi-
tion to which there were two other intraoperative events
recorded; one intraoperative seizure during awake sur-
gery, and one surgery was paused temporarily due to an
increase of lactate in blood. Out of the 42 patients where
surgery was terminated after the iMRI, 38 cases (45%)
were discontinued as surgical aim was already achieved
(GTR, STR or biopsy). In four cases (9.5%), surgery was
discontinued despite GTR not being reached. For depic-
tion of course of actions, see Fig. 3 below.

Surgical adjuncts such as ultrasound were applied in
28.8% of adults and 12.2% of pediatric patients. Neuro-
navigation was utilized in 76.3% of adults and 70.7% of
pediatric patients. Motor mapping was exercised in
13.6% of adults and 9.8% of pediatric patients. Awake
mapping and 5-aminolevulinic acid (5-ALA) were uti-
lized in only 1 (1.7%) adult respectively. Tissue samples
were obtained in 91% of patients (all but 9 patients whom
received DBS). A variety of histopathological diagnoses
were identified, see Table 3 below.

Postoperative outcome

Postoperative complications were recorded within
30 days after surgery and classified according to the
Landriel-Ibaiiez classification [37] (Table 4). The majority
of patients suffered no postoperative complications (70%)
and there were no fatalities within 30 days. Postopera-
tive motor deficits were observed in 11%, visual impair-
ment in 10%, language deficit in 8%, cognitive deficit in
5% and cranial nerve palsy in 4% of all patients. In adults,
all motor and language deficits were transient, whereas
cranial nerve deficits were permanent in all adults and in
50% of pediatric patients. In total, 14 postoperative defi-
cits were permanent in 13 different patients. There was
no significant difference in frequencies of post-operative
deficits between cases, irrespective if surgery was con-
tinued after iMRI or not (p=0.67). Visual deficits were
permanent in 83.3% of adults and in 50% of pediatric
patients with postoperative visual deficits. Children did
not experience any cognitive deficits. For details regard-
ing severity and if permanent or transient, see Table 4.
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Fig. 2 Intraoperative T2-weighted MRI images of a dysembryoplastic neuroepithelial tumor (DNET) in the right frontal lobe before (2 A-B) and after
(2 C-D) continued resection following iMRI. Remaining tumorous tissue detected on iMRI before extended resection is demonstrated with white arrows
(2 A-B). After resection, achieved GTR is demonstrated with green arrows (2 C-D)

Discussion

Herein, we present our experiences and findings from the
first 100 patients undergoing neurosurgical procedures
aided by the iMRI at our facility. The aim of our study
was to characterize the variables of this patient popula-
tion, as a basis for determine the role of iMRI in specific
brain pathologies in future studies. In all patients, intra-
cranial tumors constituted main reason for surgery, indi-
cating a beneficial role of this state-of-the art treatment
in cases of tumor surgery. In our experience, this is espe-
cially true for suspected low-grade tumors, an experience

supported by Levy et al. for the pediatric population [40].
Furthermore, utilization of iMRI appears to be beneficial
in cases of epilepsy surgery and DBS.

As previously stated, gliomas constituted main indi-
cation for surgery in the iMRI theatre at our facility, for
which the surgical endpoint is to maximize EOR with-
out inflicting permanent neurological deficits, in accor-
dance with the clinical rationale for choosing iMRI-aided
surgeries [5, 12-20, 41, 42]. The clinical implication to
maximize EOR is not limited to the diminished need of
a postoperative MRI, or reoperation due to remaining
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Intracranial tumor, n = 61

Resection epileptic focus, n=7

Endoscopic skull base, n=13

Biopsy, n=2
Tumour spinal canal, n =1
LITT, n=3

DBS,n=9
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e Operation continued, n = 42
iMRI EP

iMRI skull base Operation terminated, n = 42
iMRI biopsy

iMRI spinal canal

iMRILITT Ablation, n=3
iMRI DBS Electrode placement, n=9

Fig. 3 Sankey plot over performed surgeries and whether surgery was continued or not (n=96). Patients undergoing endoscopic skull base surgeries
with pituitary/skull base lesions who did not perform an intraoperative MRI (4) are excluded in Fig. 3

Table 3 Histopathological diagnosis of total patient cohort

(n=90) * and age-dependent subgroups (pediatrics, n=41;
adults n=49)
Histopathological diagnosis, Patients, Pediatrics, Adults,
n patients (%) n=90 n=41 n=49
Astrocytoma grade 1-4 32 (35.6) 15 (36.6) 17
(34.7)
Pituitary adenoma 11(12.2) 1(2.4) 10
(20.4)
Oligodendroglioma 6(6.7) 0(0.0) 6(12.2)
Focal cortical dysplasia 5(5.6) 4(9.8) 1(2.0)
DNET** 4(44) 3(73) 1(2.0)
Ependymoma 4(44) 4(9.8) 0 (0.0)
Chordoma 3(3.3) 0(0.0) 3(6.1)
Craniopharyngioma 3(3.3) 2(4.9) 1(2.0)
Gliosis 3(3.3) 3(7.3) 0(0.0)
Ganglioglioma 2(22) 0(0.0) 2(4.0)
Medulloblastoma 2(2.2) 2(4.9) 0(0.0)
Papilloma 2(2.2) 2 (4.9) 0(0.0)
Meningioma 2(2.2) 1(2.4) 1.0
Other*** 1(12.1) 4(9.8) 7(143)

*In one adult, lack of representative material led to inconclusive tissue
diagnosis. **Dysembryoplastic neuroepithelial tumor. ***One case of each of
the following were detected in pediatric patients (2.4%): Tuberous sclerosis,
teratoma, cavernoma and subependymal giant cell astrocytoma (SEGA). In
adults, one undifferentiated sinonasal lesion, limbic encephalitis, Langerhans
cell histiocytosis, fibrous dysplasia, pineal parenchymal tumor of intermediate
differentiation (PPTID), neuroblastoma and hamartoma was detected (2.0%)

tumor or epileptic foci, but further extends to the gain for
the individual patient [43]. However, due to the limited
accessibility of the hybrid operating theatre, our neuro-
surgeons found it to be most valuable in resection and

extirpation of suspected lower-grade tumors, as these
neoplasms exhibits a slower growth rate and hence sur-
geries planned far in advance are feasible. Although we
cannot draw any conclusions from these data, a subanal-
ysis of nine patients included in the cohort with glioma
WHO grade 2 demonstrated that a median of 97,55%
extent of resection (EOR) was reached (data not shown).
For GBM and HGG patients, previous studies demon-
strate that usage of iMRI resulted in longer progression
free survival (PFS), a valuable time for patients with this
devastating diagnosis [42, 44]. Due to the rapid growth
rate demonstrated by GBMs, patients with suspected
GBM shall be operated within two weeks of radiological
diagnosis, in accordance with the Swedish standardized
care pathways; A time frame that is not logistically pos-
sible to adhere to within the iMRI hybrid theatre at out
clinic. Unfortunately, this results in inequalities in the
patient care between different patient groups.

From a resource- and patient perspective, utilization of
iMRI seems to be further beneficial in pediatric patients.
One major advantage of iMRI is that it minimizes the
need for an additional postoperative iMRI, which in most
pediatric patients requires general anesthesia or seda-
tion. A meta-analysis performed by Wach et al. regard-
ing the impact of iMRI in pediatric brain tumor surgery
concludes that iMRI-guided surgery appears to improve
EOR in pediatric glioma surgery, while maintaining simi-
lar frequencies of new neurological deficits comparable
to other procedures [45]. These observations are further
supported by Wu et al. who, somewhat more tentatively,
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Table 4 Postoperative variables including complications
according to Ibanez classification and postoperative deficits
(n=100)

Patients Pediatrics Adults
Complications according to Landriel-lbafiez,npatients (%)
n=100 n=41 n=59
No complication 70 (70.0) 27 (65.8) 43
(72.9)
la (no drugs) 9(9.0) 5(12.2) 4(6.8)
Ib (drugs) 13(13.0) 6 (14.6 7
(11.9)
lla (intervention without general 2(2.0) 0(0.0) 2(34)
anesthesia)
Ilb (intervention with general 3(3.0) 2 (4.9) 1(1.7)
anesthesia)
llla (single organ failure requiring 3 (3.0) 1(24) 2(34)
ICU)
lllb (multiorgan failure requiring 0(0.0) 0(0.0) 0(0.0)
ICU)
IV (death) 0(0.0) 0(0.0) 0(0.0)
Type of complication, n patients (%)
n=30 n=14 n=16
Medical 19(63.3) 8(57.1) 11
(68.8)
Surgical 11 (36.7) 6(42.9) 5
(31.3)
Postoperative deficits*, n patients (%)
n=29 n=11 n=18
Motor 11 5 6
« Severe 2 1 1
+ Permanent 1 1 0
Language 8 2 6
« Severe 1 0 1
+ Permanent 0 0 0
Cognitive 5 0 5
« Severe 2 0 2
+ Permanent 3 0 3
Visual 10 4 6
- Severe 3 1 2
+ Permanent 7 2 5
Cranial nerves 4 2 2
- Severe 2 1 1
+ Permanent 3 1 2

*More than one deficit could occur per patient. lla complications included
leakage of cerebrospinal fluid (n=2), llb included surgery for infected bone flap
(n=1), cerebrospinal fluid fistula (n=1) and subgaleal accumulation (n=1), all of
which assed as surgical complications. llla complications included syndrome
of inappropriate antidiuretic hormone (SIADH) and cortisol deficiency (n=1,
medical), hygroma (n=1, surgical) and focal and tonic-clonic generalized
seizures (n=1, surgical)

states that iMRI potentially may aid surgeons in achiev-
ing maximum EOR in pediatric brain tumor patients [46].
A recent study by Avula et al. demonstrates that with the
improved image quality of the 3T-scanner, there is no dif-
ference between iMRI and early- postoperative images
(24-72 h) regarding residual tumor margin amogst the
pediatric population [27], a finding which potentially
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negates the need for an additional postoperative scan.
Furthermore, in our experience, the neurosurgical
threshold for continuing the resection is lower when the
patient is still in the operating theatre compared to when
patients have awoken from anesthesia in the depart-
ment. Consequently, patients would to a lesser extent
hence have to undergo reoperations owing to remaining
pathological tissue. This theoretical advantage is sup-
ported by Choudhri et al. who demonstrated a significant
decrease in early reoperation rates after the introduction
of iMRI in their clinic, reducing reoperations from 8 to
1% amongst their patients [47].

However, other indications beyond tumor surgery, such
as DBS and LITT, should not be overlooked. An iMRI
with ceiling mounted design ensures higher security for
the surgical procedures as it allows the patient to remain
in the operative position throughout the surgery, includ-
ing when the iMRI is performed, thus minimizing the risk
of complications associated with perioperative transpor-
tation. This is particularly beneficial for patients under-
going surgery for DBS electrode placement, as patients
otherwise are put under anesthesia before the stereo-
tactic frame is fixed onto the patients’ head. Patients
are then transported to the MRI scan where images are
obtained, before being transported back to the operating
suite for commencement of surgery. For DBS-patients,
employment of the iMRI reduces the risk of complica-
tions associated transportation under anesthesia, as well
as reduces time of surgery. Regarding LITT-treatment,
the near real-time surveillance of the iMRI is a funda-
mental part of treatment, making employment of the
hybrid theatre essential for patients undergoing LITT-
treatment. Additionally, perioperative movement could
result in devastating injuries, should the laser catheter be
displaced during surgery. Furthermore, the iMRI offers a
unique opportunity to detect intraoperative events such
as acute hematomas, as demonstrated in our study.

Total median time of surgery was 445 min in the entire
study population, comparable to results by Moham-
madi et al. and Senft et al. [11, 48]. In our experience,
this resulted in only one surgery a day being performed
in the hybrid theatre, in comparison to an average of two
surgeries a day in the conventional neurosurgical operat-
ing suites. Furthermore, as the hybrid operating theatre
requires one additional staff member, the safety nurse,
compared to conventional surgeries, a higher demand
on staff scheduling is anticipated. The fact that the iMRI
requires increased personnel resources cannot be over-
looked and should be considered when introducing this
type of technique in clinical practice. In addition, the
IMRIS suite at our facility, due to logistical purposes dur-
ing implementation, is located at an independent site
distant from the conventional operating theatres, com-
promising the flexibility of circulating nurses and staff.
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Therefore, the hybrid suite consumes more staff, both
in an explicit and in a practical manner, which was a
perceived as the main limitation for accessibility at our
facility. An iMRI suite located in closer proximity to the
neurosurgical operation ward would possibly enable fur-
ther utilization and a more flexible work flow, resulting in
improved care for the individual patient.

Out of the 30% of patients who suffered from postop-
erative complications in our study, the majority sustained
grade Ia (no drugs) or Ib (drugs) complications. No sur-
geries resulted in death during the early postoperative
period of 30 days. We observed permanent postoperative
neurological deficits in 13% of patients, in accordance
with previous publications by Hatiboglu et al. describ-
ing a permanent neurological deficit rate of 9% with
iMRI guidance for GBM surgery [18]. A review article
by Fugate et al. proclaims that the general complication
rate of neurosurgical procedures is roughly 14% [15],
indicating that our numbers are aligned with common
complication rates for these high-risk surgeries. The fre-
quency of postoperative permanent neurological deficits
was irrespective of whether resection was continued or
not, (p=0.67), in agreement with findings by Kuhnt et
al. [23]. As permanent postoperative neurological defi-
cits were scarce across the entire study population, any
final conclusions should be interpreted with a degree of
caution. Preliminary implications, however, support the
notion that the benefit of extended resection after iMRI
in case of remaining pathological tissue outweighs this
risk, as the risk of severe complications were comparable.
The most prevalent permanent postoperative neurologi-
cal impairments demonstrated in our study were visual
deficits and cranial nerve deficits, where 7 out of 10 (70%)
and 3 out of 4 (75%) of deficits were permanent, respec-
tively. Thus, surgeries involving these structures warrant
special cautiousness, and may be considered of particu-
lar importance to safely perform with the aid of iMRI,
as correlating complications to a great extent tend to be
permanent.

Strengths and limitations

Considering that this is a single center study focusing on
the surgical aspects and utilization of the iMRI, the sam-
ple size is somewhat small. Furthermore, the heterogene-
ity of the lesions does not allow multivariable subgroup
analyses. Since patients were assessed by anesthesiolo-
gists and neurosurgeons to evaluate fitness for surgery,
a pre-operational selection was inevitable. Addition-
ally, 16 patients, mainly pediatric patients with caregiv-
ers, declined participation or could not be included due
to other circumstances. Age should therefore be slightly
skewed towards older ages in the whole cohort. However,
it encompasses 100 out of the 116 first patients undergo-
ing surgery, adequately depicting a startup period of such
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a facility. An inherent limitation of this study is the ret-
rospective design and its unmatched investigation group.
Nevertheless, the large catchment area of our institution
ensures a representative sample of neurosurgical patients
during a four-year period, as there is no referral bias in
the region.

+ The iMRI was utilized for tumor surgeries,
particularly adult low-grade gliomas and pediatric
tumors, as well as for epilepsy surgery and DBS.

+ In this heterogenous population, iMRI facilitated
continuation of surgery in 50%, primarily due to the
presence of residual tumor tissue (90.5%).

+ To establish the benefit in maximizing the extent of
resection in these brain pathologies future studies are
recommended

Conclusion

Herein, we demonstrate clinical, surgical and radiologi-
cal variables from the first 100 patients undergoing iMRI
utilized neurosurgeries at our facility since introduction
in 2017. Indications for surgery differed between pedi-
atric and adult patients. Utilization of iMRI appears to
be most frequently applied in tumor surgeries, particu-
larly in pediatric patients, as well as in epilepsy surgery
and DBS. Future studies of patients with these particu-
lar pathologies are recommended to establish conclusive
clinical significance and identify the “essential need” for
iMRL

Acknowledgements

The authors would like to thank our patients for approving participation, and
to the staff at the operation ward for their great efforts in structuring protocols
for using the iMRI operating theater to achieve maximum patient and staff
safety. We would also like express gratitude towards Anders Ringqyvist,

Stefanie Eriksson and Birgitta Leiram for their valuable work with the setup of
the intraoperative MRI. Finally, the authors would like to extend our sincere
gratitude towards professor Asgeir Jakola for the immense support and
guidance throughout.

Author contributions

Conception and design — AC, HB. Development of methodology — AC, HB,
IBB, TS. Acquisition of data — AC, ChristofferP, HB, IBB. Writing, review and
revision of manuscript — HB, ChristofferP, IBB, ChristinaP, DN, DF, JE, TS, AC,
AS. Administrative, technical and material support — ChristinaP, IBB, JE. Study
supervision — AC, AS.

Funding

AC received financial support from The Gothenburg Society of Medicine.
The work has in part been financially supported by the Adlerbert Research
Foundation. IBB holds funding from the Swedish state under the agreement
between the Swedish government and the county councils, the ALF-
agreement (ALFGTB 966177).

Open access funding provided by University of Gothenburg.

Data availability

Data and materials related to this study are available from the corresponding
author upon reasonable request. Restrictions apply to the availability of these
data, which were used under license for the current study, and so are not
publicly available. However, access may be granted by the authors on a case-
by-case basis.



Barchéus et al. BMC Surgery (2024) 24:268

Declarations

Ethics approval and consent to participate

All procedures performed in studies involving human participants were in
accordance with the ethical standards of The Regional Ethical Review Board
in Gothenburg (DNR 140—18), and with the 1964 Helsinki declaration and

its later amendments or comparable ethical standards. All patients provided
written informed consent for the analysis of clinical data by the Swedish
Ethical Review Authority (DNR 2022-00160-01). In minors under the age of 16,
written informed consent was obtained from parents or legal guardians.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 23 May 2024 / Accepted: 11 September 2024
Published online: 19 September 2024

References

1. Coburger J, Scheuerle A, Thal DR, Engelke J, Hlavac M, Wirtz CR, et al. Linear
array ultrasound in low-grade glioma surgery: histology-based assessment
of accuracy in comparison to conventional intraoperative ultrasound and
intraoperative MRI. Acta Neurochir (Wien). 2015;157(2):195-206.

2. Scatliff JH, Morris PJ. From Roentgen to magnetic resonance imaging: the
history of medical imaging. N C Med J. 2014;75(2):111-3.

3. DwivediR, Ramanujam B, Chandra PS, Sapra S, Gulati S, Kalaivani M,
et al. Surgery for drug-resistant Epilepsy in Children. N Engl J Med.
2017;377(17):1639-47.

4. Choi SA, Kim SY, Kim H, Kim WJ, Kim H, Hwang H, et al. Surgical outcome
and predictive factors of epilepsy surgery in pediatric isolated focal cortical
dysplasia. Epilepsy Res. 2018;139:54-9.

5. Rogers CM, Jones PS, Weinberg JS. Intraoperative MRI for brain tumors. J
Neurooncol. 2021;151(3):479-90.

6. Coburger J, Konig R, Seitz K, Bézner U, Wirtz CR, Hlavac M. Determining the
utility of intraoperative magnetic resonance imaging for transsphenoidal
surgery: a retrospective study. J Neurosurg. 2014;120(2):346-56.

7. Black PM, Moriarty T, Alexander E 3rd, Stieg P, Woodard EJ, Gleason PL, et al.
Development and implementation of intraoperative magnetic resonance
imaging and its neurosurgical applications. Neurosurgery. 1997;41(4):831-42.
discussion 42-5.

8. Mislow JMK, Golby AJ, Black PM. Origins of intraoperative MRI. Magn Reson
Imaging Clin N Am. 2010;18(1):1-10.

9. Nimsky C, Ganslandt O, Fahlbusch R. Functional neuronavigation and intra-
operative MRI. Adv Tech Stand Neurosurg. 2004;29:229-63.

10.  Gering DT, Nabavi A, Kikinis R, Hata N, O'Donnell LJ, Grimson WE, et al. An
integrated visualization system for surgical planning and guidance using
image fusion and an open MR. J Magn Reson Imaging. 2001;13(6):967-75.

11, Senft C, Bink A, Franz K, Vatter H, Gasser T, Seifert V. Intraoperative MRI guid-
ance and extent of resection in glioma surgery: a randomised, controlled
trial. Lancet Oncol. 2011;12(11):997-1003.

12. Jakola AS, Skjulsvik AJ, Myrmel KS, Sjavik K, Unsgérd G, Torp SH, et al. Surgi-
cal resection versus watchful waiting in low-grade gliomas. Ann Oncol.
2017,28(8):1942-8.

13. BrownTJ, Brennan MC, Li M, Church EW, Brandmeir NJ, Rakszawski KL, et
al. Association of the extent of Resection with Survival in Glioblastoma: a
systematic review and Meta-analysis. JAMA Oncol. 2016;2(11):1460-9.

14, Smith JS, Chang EF, Lamborn KR, Chang SM, Prados MD, Cha S, et al. Role of
extent of Resection in the long-term outcome of low-Grade Hemispheric
Gliomas. J Clin Oncol. 2008;26(8):1338-45.

15. Jakola AS, Myrmel KS, Kloster R, Torp SH, Lindal S, Unsgard G, et al. Com-
parison of a strategy favoring early surgical resection vs a strategy favoring
watchful waiting in low-grade gliomas. JAMA. 2012;308(18):1881-8.

16. Sanai N, Berger MS. Surgical oncology for gliomas: the state of the art. Nat
Rev Clin Oncol. 2018;15(2):112-25.

17. Sanai N, Polley MY, McDermott MW, Parsa AT, Berger MS. An extent of
resection threshold for newly diagnosed glioblastomas. J Neurosurg.
2011;115(1):3-8.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Page 10 of 11

Sanai N, Berger MS. Glioma extent of resection and its impact on patient
outcome. Neurosurgery. 2008;62(4):753-64. discussion 264-6.

Lacroix M, Abi-Said D, Fourney DR, Gokaslan ZL, Shi W, DeMonte F, et al. A
multivariate analysis of 416 patients with glioblastoma multiforme: prognosis,
extent of resection, and survival. J Neurosurg. 2001;95(2):190-8.

McGirt MJ, Chaichana KL, Gathinji M, Attenello FJ, Than K, Olivi A, et al.
Independent association of extent of resection with survival in patients

with malignant brain astrocytoma: clinical article. J Neurosurg JNS.
2009;110(1):156-62.

Hatiboglu MA, Weinberg JS, Suki D, Rao G, Prabhu SS, Shah K, et al. Impact of
intraoperative high-field magnetic resonance imaging guidance on glioma
surgery: a prospective volumetric analysis. Neurosurgery. 2009;64(6):1073-81.
discussion 81.

Gerard 1J, Kersten-Oertel M, Petrecca K, Sirhan D, Hall JA, Collins DL. Brain
shift in neuronavigation of brain tumors: a review. Med Image Anal.
2017;35:403-20.

Nabavi A, Black PM, Gering DT, Westin CF, Mehta V, Pergolizzi RS Jr, et al. Serial
intraoperative magnetic resonance imaging of brain shift. Neurosurgery.
2001;48(4):787-97. discussion 97 -8.

Begley SL, McBriar JD, Pelcher I, Schulder M, Intraoperative MRI. A Review of
Applications Across Neurosurgical Specialties. Neurosurgery. 2024.

Roder C, Bisdas S, Ebner FH, Honegger J, Naegele T, Ernemann U, et al.
Maximizing the extent of resection and survival benefit of patients in
glioblastoma surgery: high-field iMRI versus conventional and 5-ALA-assisted
surgery. Eur J Surg Oncol. 2014;40(3):297-304.

Roder C, Breitkopf M, Ms, Bisdas S, Freitas Rda S, Dimostheni A, et al. Beneficial
impact of high-field intraoperative magnetic resonance imaging on the effi-
cacy of pediatric low-grade glioma surgery. Neurosurg Focus. 2016;40(3):E13.
Avula S, Jaspan T, Pizer B, Pettorini B, Garlick D, Hennigan D, et al. Comparison
of intraoperative and post-operative 3-T MRI performed at 24-72 h following
brain tumour resection in children. Neuroradiology. 2021;63(8):1367-76.
Salem U, Kumar VA, Madewell JE, Schomer DF, de Almeida Bastos DC, Zinn
PO, et al. Neurosurgical applications of MRI guided laser interstitial thermal
therapy (LITT). Cancer Imaging. 2019;19(1):65.

Chan-Seng E, Moritz-Gasser S, Duffau H. Awake mapping for low-grade
gliomas involving the left sagittal stratum: anatomofunctional and surgical
considerations. J Neurosurg. 2014;120(5):1069-77.

Johnston T, Moser R, Moeller K, Moriarty TM. Intraoperative MRI: safety. Neuro-
surg Clin N Am. 2009;20(2):147-53.

Berkow LC. Anesthetic management and human factors in the intraoperative
MRI environment. Curr Opin Anaesthesiol. 2016;29(5):563-7.

Nilsson D, Jakola A, Hubrich M, Jénsson L, Leiram B, Skoglund T. [New Pos-
sibilitys in surgery for brain tumors with intraoperative MRI]. Lakartidningen.
2019;116.

Barua E, Johnston J, Fuijii J, Dzwonczyk R, Chiocca E, Bergese S. Anesthesia

for brain tumor resection using intraoperative magnetic resonance imaging
(iIMRI) with the Polestar N-20 system: experience and challenges. J Clin
Anesth. 2009,21(5):371-6.

Sharma M, Wang D, Scott V, Ugiliweneza B, Potts K, Savage J, et al. Intraopera-
tive MRI use in transsphenoidal surgery for pituitary tumors: Trends and
healthcare utilization. J Clin Neurosci. 2023;111:36-90.

Coburger J, Merkel A, Scherer M, Schwartz F, Gessler F, Roder C, et al.
Low-grade 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.

Jolesz FA. Future perspectives for intraoperative MRI. Neurosurg Clin N Am.
2005;16(1):201-13.

Landriel Ibanez FA, Hem S, Ajler P, Vecchi E, Ciraolo C, Baccanelli M et al.

A new classification of complications in neurosurgery. World Neurosurg.
2011;75(5-6):709-15; discussion 604—11.

De Witt Hamer PC, Robles SG, Zwinderman AH, Duffau H, Berger MS.

Impact of intraoperative stimulation brain mapping on glioma surgery
outcome: a meta-analysis. J Clin Oncology: Official J Am Soc Clin Oncol.
2012;30(20):2559-65.

Compston A. Aids to the investigation of peripheral nerve injuries. Medical
Research Council: Nerve Injuries Research Committee. His Majesty’s Statio-
nery Office: 1942; p. 48 (iii) and 74 figures and 7 diagrams; with aids to the
examination of the peripheral nervous system. By Michael O'Brien for the
Guarantors of Brain. Saunders Elsevier: 2010; p. [8] 64 and 94 Figures. Brain.
2010;133(10):2838-44.



Barchéus et al. BMC Surgery

40.

41.

42.

43.

44,

45.

(2024) 24:268

Levy R, Cox RG, Hader WJ, Myles T, Sutherland GR, Hamilton MG. Application
of intraoperative high-field magnetic resonance imaging in pediatric neuro-
surgery. J Neurosurg Pediatr. 2009;4(5):467-74.

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. Neuro-
chirurgie. 2017;63(3):181-8.

Li Z, Song Y, Farrukh Hameed NU, Yuan S, Wu S, Gong X, et al. Effect of high-
field iMRI guided resection in cerebral glioma surgery: a randomized clinical
trial. Eur J Cancer. 2024;199:113528.

Abraham P, Sarkar R, Brandel MG, Wali AR, Rennert RC, Lopez Ramos C, et al.
Cost-effectiveness of Intraoperative MRI for treatment of high-Grade Gliomas.
Radiology. 2019,291(3):689-97.

Li P Qian R, Niu C, Fu X. Impact of intraoperative MRI-guided resection on
resection and survival in patient with gliomas: a meta-analysis. Curr Med Res
Opin. 2017;33(4):621-30.

Wach J, Banat M, Borger V, Vatter H, Haberl H, Sarikaya-Seiwert S. Intraopera-
tive MRI-guided resection in Pediatric Brain Tumor surgery: a Meta-analysis of

46.

47.

48.

Page 11 of 11

extent of Resection and Safety outcomes. J Neurol Surg Cent Eur Neurosurg.
2021,82(1):64-74.

Wu O, Clift GW, Hilliard S, Ip M. Evaluating the use of intraoperative magnetic
resonance imaging in paediatric brain tumour resection surgeries: a literature
review. J Med Radiat Sci. 2023;70(4):479-90.

Choudhri AF, Klimo P, Auschwitz TS, Whitehead MT, Boop FA. 3T intraopera-
tive MRI for management of Pediatric CNS neoplasms. Am J Neuroradiol.
2014;35(12):2382.

Mohammadi AM, Hawasli AH, Rodriguez A, Schroeder JL, Laxton AW, Elson P,
et al. The role of laser interstitial thermal therapy in enhancing progression-
free survival of difficult-to-access high-grade gliomas: a multicenter study.
Cancer Med. 2014;3(4):971-9.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Observations from the first 100 cases of intraoperative MRI – experiences, trends and short-term outcomes
	﻿Abstract
	﻿Introduction
	﻿Method
	﻿Study population
	﻿Clinical variables
	﻿Clinical decision making to utilize iMRI
	﻿Intraoperative MRI
	﻿Radiological variables
	﻿Surgical variables
	﻿Statistical analysis

	﻿Results
	﻿Cohort characteristics
	﻿Surgical strategy
	﻿Intraoperative variables
	﻿Postoperative outcome

	﻿Discussion
	﻿Strengths and limitations

	﻿Conclusion
	﻿References


