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Introduction

Brain shifts due to dural opening, tumor resection evacuation of cystic components, osmotic 

shifts, drainage of cerebrospinal fluid (CSF), and other surgical effects lead to significant 

challenges to the use of conventional neuronavigational (nNav) systems1, which use 

preoperatively acquired images and frameless stereotaxy to depict the anatomical location 

and estimate the 3D extent of brain tumors1–3. Anatomical displacements of more than 10 

mm distance can occur within an hour of dural opening especially when the tumor is large, 

cystic, deep, or in continuity with a CSF space, in which case the accuracy of conventional 

nNAv methods is severely affected [4, 10, 18, 19, 21, 23].

Therefore, in order to overcome the effect of intra-operative brain shifting, intra-operative 

MRI (IoMRI) was developed to compensate for this phenomenon [4, 8, 19, 22]. Intra-

operative MRI appears to be an important tool that allows neurosurgeons to maximize the 

extent of surgical resection of gliomas, particularly for lower grade (non-enhancing) tumors 

[17]. Many studies have shown various advantages of IoMRI in surgical management of 

brain tumors, including its safety [11, 15, 24–28]. Yet the enthusiasm for applying IoMRI 

has been constrained by the lack of strong data to support clinically meaningful benefits to 

patients who have had surgery using IoMRI, and partly by the high cost of the OR suites that 

house IoMRI machines. Additional concerns include determining if IoMRI equally benefits 

all grades of gliomas.

In this study, we aim to objectively assess the impact of IoMRI on the outcomes of glioma 

resection in patients who were managed by the same surgeons and under the same setting, 

while adjusting for many prospective confounders.
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Patients and Methods

Study design

This is a retrospective study examining 164 patients with glioma who underwent craniotomy 

for tumor resection by two primary neurosurgeons at the Brigham and Women’s Hospital 

between January 1, 2005 and December 31, 2009. Since the world’s first IoMRI machine at 

BWH had an unexpected irrecoverable failure in December 2006 and it was not replaced 

until installation of the current Advanced Multimodal Image Guided Operating (AMIGO) 

suite which was commissioned in 2011. This provides a unique opportunity for comparing 

outcomes in a group of patients who were managed with and without this technology in a 

single center by the same surgeons within a period of five to eight consecutive years. In 

order into evaluate the effect of ioMRI, patients were divided into two groups according to 

whether their surgery took place in the ioMRI or the conventional operating room, IoMRI 

and no-IoMRI groups.

Patient’s populations and data gathering

This study included only patients with newly diagnosed intracranial gliomas (age = 16 – 85 

years). All 932 primary brain tumor surgical cases that were treated at BWH during the five 

year period were screened for this study. Since it can be difficult to differentiate recurrent 

tumor from radiation necrosis on imaging, patients with recurrent glioma were excluded 

from the study (431 cases). Similarly, all patients (27 cases) whose glioma had received 

prior treatment with radiotherapy were also excluded. Of the 474 surgery for primary glioma 

resection cases, 236 cases from 11 surgeons were further excluded for lack of case 

representation in the two surgical groups. These 11 surgeons only had eligible cases in one 

of the two surgical arms (IoMRI and non-IoMRI groups), but not in both arms. Since this is 

a potential source of bias into the analysis, as an individual surgeon decides when to stop 

glioma resection based on his or her perception in each case [43], we chose to limit this 

inter-operator variability by including only cases from surgeons who had cases in both 

IoMRI and non-IoMRI groups. Out of the remaining 238 cases we excluded 7 patients 

whose surgeries were planned using only CT images and 47 patients who had open or 

stereotatic biopsy. We included only those patients who had a pre-operative magnetic 

resonance imaging (MRI) within two weeks prior to surgery, and a post-operative MRI 

within 72 hours after surgery, excluding 7 patients who had post-operative MRI more than 4 

week after glioma resection. Records of eight patients were not available and 5 other cases 

were excluded because their MRI images were not available for review. These exclusions 

resulted in 164 cases which were included in this study [Table 1].

Based on the type of intra-operative image guidance employed for their glioma resection, 75 

patients were grouped into the IoMRI group, (glioma resection with intra-operative MRI 

guidance in addition to standard neuronavigation), and 89 patients into non-IoMRI 

group(resection with standard intra-operative neuronavigation (nNav) guidance without 

IoMRI). The study was approved by the Partner’s Institutional Review Board.

Patients’ records, including five to eight years follow-up data were retrospectively reviewed 

to assess outpatient visits, discharge summaries, operative notes, histopathology reports, and 

Ibukunolu Olubiyi et al. Page 2

World Neurosurg. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



imaging data. Parameters extracted from the patient records included the patients’ age, date 

of operation, tumor histology and W.H.O. grade, and eloquent area involvement. Death 

records were obtained from the social security death index (SSDI), a publicly accessible 

record of all registered deaths in the United States. General mortality was recorded as death 

from any cause that occurred between surgery and September 30, 2014.

Procedure

IoMRI Group

During surgery, patients’ heads were fixed using an MR-compatible carbon fiber Mayfield 

clamp (Ohio Medical Instruments, Cincinnati, Ohio) and imaged using the 0.5T MR 

imaging unit (Signa SP of GE Healthcare (then GE Medical Systems, Milwaukee, WI). 

Throughout the surgical procedure, images were taken at intervals determined by the 

surgeon. The initial and final image data sets were used to determine the initial (pre-op) and 

residual (post-op) tumor volumes, respectively [Fig.1]. Neuronavigation within the IoMRI 

was accomplished using an optical imaging system that was developed in-house and 

interfaced with 3D-slicer software (http://www.slicer.org/) [3, 20]. The software displayed 

updated images corresponding to position and angle of a pointing device.

No-IoMRI Group

Patients in the non-IoMRI group underwent craniotomy without IoMRI guidance in the 

conventional neurosurgical operating room using either the VTI InstaTrak system 

(Visualization Technologies, Inc, Wilmington, MA) or the BrainLAB VectorVision 

neuronavigation system (Brainlab Feldkirchen, Germany). The pre-operative and post-

operative MRI were used to assess the initial and the residual tumor volumes respectively 

(described below). All images were acquired using high field diagnostic MR scanners 

installed at BWH (various clinically approved scanners), and were transferred from the 

BWH imaging databank to a Windows console.

Tumor volume measurements

Tumor volumes were assessed from the patients’ pre-, intra-, and post- operative MRI 

images using the Brain Lab Iplannet surgical planning software (Brainlab Feldkirchen, 

Germany). All tumor volumes were measured in cubic centimeters. Depending on the 

characteristics of the tumor, T1 with and without contrast (gadolinium, several 

manufacturers), and/or T2 weighted images were reviewed for the assessment of tumor 

volumes. Pre-operative tumor volume was estimated by manual segmentation on axial, 

coronal and sagittal MRI slices [Figures 1 and 2] of the pre-operative MRI images. 

Similarly, residual tumor volume was measured on the corresponding post-operative MR 

images. Estimated extent of resection (EOR) was calculated by dividing the difference 

between the pre- and post- operative glioma volumes by the pre-operative glioma volume 

and multiplying by 100. Gross Total Resection (GTR) was defined as 100% EOR as seen on 

T2- weighted and FLAIR (fluid-attenuated inversion recovery) MRI sequences for non-

enhancing tumors, or as seen on T1 weighted contrast-enhanced studies for contrast-

enhancing tumors. The volumetric assessment was done by O.O and F.I, and reviewed by 2 
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experts; L.H (senior neuro-radiologist) and A.G (specialist/associate professor of 

neurosurgery and associate professor of radiology).

All the gliomas were categorized as either involving eloquent brain area (E+) or sparing 

eloquent brain areas (E−). Eloquent brain areas were defined as the sensorimotor cortex, 

visual cortex, language areas, the insula, basal ganglia, corpus callosum, and the optic 

radiations.

Pathologic Review

All pathology was initially reviewed by the clinical neuropathology section at BWH, and 

were further reviewed for consistency by S.S who is an expert neuropathologist. Lesions 

were classified based on the W.H.O grading system, histopathologic type and cytogenetics 

including 1p19q gene codeletion.

Complications

Complications of interest were defined as surgery associated neurologic deficits (SAND) 

including new or worsening motor, language, sensory, memory, visual or cognitive deficits. 

These were assessed from pre-operative and post-operative outpatient clinic visit records as 

documented by the managing teams, including neurosurgery, oncology, and medical 

rehabilitation records. Permanent neurological deficit was defined as SAND that lasted 

beyond 3 months after surgery or till death (if less than 3 months after surgery), and peri-

operative mortality was defined as death within 1 month of surgery.

Statistical Analysis

Standard summary statistics were used to summarize the demographic, baseline and 

observed outcome measures, with the Pearson chi-square p-values reported. The primary 

outcome variable was extent of tumor resection (EOR), and the secondary outcome variable 

was gross total resection (GTR). EOR was evaluated as a continuous variable of the pre-

operative glioma volume, while GTR was evaluated as a binary outcome variable. 

Multivariate analysis by logistic regression was used to compare GTR and permanent 

SAND between the two surgical groups in order to control for differences in baseline 

parameters. Distribution of EOR was confirmed to follow a skewed pattern by the Shapiro–

Wilk normality test (p<0.001); therefore the Wilcoxon Rank-Sum (Mann-Whitney) test was 

employed. Permanent SAND was evaluated as a binary outcome variable, using a multiple 

regression method. Overall survival was estimated by Kaplan-Meier based survival analysis 

including adjusted analysis in a multivariate cox-regression model. Significance level (α-

value) was preset at 0.05 in all analyses, and two-sided p-values were reported. All statistical 

analysis was performed using STATA version 11.2 (StataCorp LP College Station, Texas 

USA).

Results

Patients and pathology

One-hundred and seven patients (65.24%) had high grade (WHO III and IV) lesions. Tumor 

grade and eloquent area involvement were unevenly distributed between IoMRI and no-
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IoMRI groups. 56% of loMRI group and 73% of no-loMRI group harbored WHO high 

grade lesions. Similarly, 67% of loMRI group and 49% of no-loMRI group involved 

eloquent brain area. Both comparisons were significantly different with p<0.05 [Table. 1]. 

Therefore these factors were included in our fitted models for adjusted analysis.

For 43% of the cases 1p19q chromosome codeletion status was available, and the 

distributions of this was not significantly different between the two surgical groups (p = 

0.14). Use of non-surgical adjuvant therapies was confirmed in 59% of cases and non-use 

was confirmed in 23%.

Combined chemo/radiation therapy was the most commonly used adjuvant modality, 

employed in 33% of patients; while radiation only was the least used, found in 8% of 

patients; and chemotherapy only was included in management of 17% of the patients. 

Frequency of use of these adjuvant therapies was not different between the two surgical 

groups (p = 0.55) [Table 1].

Resection rate

Median pre-operative tumor volume was 28.35cm3, range 0.48 – 286cm3. These were 

grouped into (i) small sized lesions with volume <50 cm3, (ii) medium-sized lesions, 

50cm3<volume>100cm3, and (iii) large lesions with volume >100cm3. Lesion size 

distribution between IoMRI and no-IoMRI groups was not significantly different, (p = 

0.179) [Table 1]. GTR was achieved in 56 cases, including 49% of patients in the IoMRI 

group and 21% of patients in the non-IoMRI group (p < 0.01). This remained significant 

after adjusting for the confounders of WHO grade and eloquent brain area involvement (p< 

0.01) [Table.3]. Other significant predictors of GTR include WHO grade and involvement of 

eloquent brain area (p < 0.05) [Table 4]. Skewness of EOR distribution was confirmed by 

Shapiro-Wilk test for normality, (p < 0.01) [Figure 3]. Therefore EOR was compared 

between the two surgical groups by Wilcoxon rank-sum (Mann-Whiitney) test. Median EOR 

was 92% for IoMRI group and 89% for non-IoMRI group (p< 0.01). This remained 

significant within E− stratum (p = < 0.01), but was non-significant within E+ stratum (p = 

0.29) [Table. 2]

Post-operative complications and survival

Incidence of post-operative complication in this study was generally low, with one mortality 

(0.6%) recorded within one month post-surgery and three (1.8%) within three months post-

surgery. All cases with permanent SAND had pre-operative neurologic deficits, but these 

worsened and remained so beyond three months post-surgery. There were 7% and 14% 

cases with permanent SAND in the IoMRI and no-IoMRI groups, respectively. This was not 

statistically significant even after adjusting for the confounders (p = 0.3) [Table.2].

Median overall survival was 60 months, and was significantly higher in the IoMRI group 

than non-IoMRI group; Hazard Ratio = 0.50 (95% CI: 0.30 – 0.83, p < 0.01) [Table 5]. 

Other significant determinant of survival include WHO tumor grade (high vs. low WHO 

grade) (p < 0.01). A total of 12 international patients (7.02%) were lost to follow-up and 

thus were excluded from the survival estimates [Table 3].
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Discussion

Our study showed an association of IoMRI with EOR in both the crude (unadjusted) 

analysis and among lesions located in non-eloquent brain areas. It also showed a significant 

difference in GTR between IoMRI and no-IoMRI groups in favor of IoMRI use for 

achieving GTR, even after adjusting for all identified confounders [Table 4]. This effect 

appeared to be higher among the E− gliomas (OR= 7), compared to the E+ gliomas (OR=3) 

[Table 3], although the difference was significant within both strata. Similarly, eloquent 

brain area involvement was also associated with lower GTR rate in the multivariate analysis, 

suggesting that this may be a negative predictor of GTR achievement [Table 4].. Similarly, 

this study demonstrated an association between IoMRI use and better overall survival, which 

was retained after adjusting for suspected confounders including the use of other nonsurgical 

adjuvant treatments. As expected, we found an association between overall death and WHO 

High Grade Gliomas, HGG (WHO grades III and IV) which implies an association with 

decreased survival [Table 5].

Relevance to previous studies

Our findings of association between EOR/GTR and overall patient survival support previous 

finding by Claus et al. [7], which suggests an association between extent of surgical 

resection and survival for neurosurgical patients who underwent surgery for low-grade 

glioma under intra-operative MRI guidance. GTR has also been shown to improve survival. 

In a randomized controlled study of 5-aminolevulinic acid in 243 patients with glioblastoma 

multiforme Stummer, Walter et al. [29], provided Level 2b evidence that survival depends 

on complete resection of enhancing tumor. Patients with complete and incomplete 

resections, as revealed by early MRI scans, were compared, and patients without residual 

tumor had increased survival (16.7 versus 11.8 mo, P < .001) [29].

Earlier studies supported resection as a major factor in survival after surgery for malignant 

gliomas [7, 14]. However some older studies presented conflicting data both for and against 

the use of aggressive surgical resection. Lacroix et al. [13] conducted a multivariate analysis 

of patients with GBM which demonstrated that >98% tumor resection was associated with 

4.2 months extended survival (from 8.8 to 13 months) [1], suggesting that the presence of 

enhancing residual tumor was the single most important post-operative prognostic 

determinant of decreased survival in GBM. On the other hand, a study by Kowalczuk et al. 

examined 75 patients with high grade astrocytomas, and suggested that aggressive surgical 

management did not correlate with increased patient survival [12]. However, in a more 

recent study, Liang et al. demonstrated a positive correlation between extent of resection 

(EOR) and overall survival (OS), although the data was clearer in patients with low-grade 

gliomas (LGG) and still somewhat controversial in those with higher-grade tumors [5, 16].

Our findings also lend further support to existing level 1 and 2 data supporting the use of 

ioMRI improves surgical outcome. Wu et al. [31], in an interim analysis of a prospective, 

randomized, triple-blind, parallel-controlled trial with 142 patients, provided the first level 1 

evidence for the application of 3.0T IoMRI in glioma surgery, both in low-grade and high-

grade glioma. In this study, the median final tumor resection was 100% (range, 70.87%–

100%; IQR, 100%-100%) in the IoMRI group, significantly different (p =0.001) from 100% 
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resection (range, 51.81%– 100%; IQR, 87.77%–100%) in the control group. Median 

resection after the first intra-operative MRI scan did not differ between the IoMRI and the 

control groups (P = 0.93). In a similar study among eloquently located tumors, Senft et al. 

found that the combination of IoMRI guidance with multimodal neurophysiological 

monitoring allowed for extended resections in glioma surgery without inducing higher rates 

of neurological deficits, even in patients with tumors in eloquent areas [26]. Similarly, the 

post-operative complication rate in our study was low: 10.49% permanent SAND and one 

surgery-related mortality. Rate of permanent SAND was not significantly different between 

the two groups. Although we did not investigate for correlation between SAND and any 

structural feature such as post-operative diffusion weighted imaging (DWI) which may be 

an interesting area to investigate. This low SAND rate agrees with the established fact that 

most patients are neurologically stable or improved after either their first or second 

craniotomy [6]. It also means that the increased EOR achieved with IoMRI use was not at 

the cost of higher SAND. Although there was no comprehensive data on objective 

functional status of the patients (Karnofsky performance score) before and after the surgery 

in our study, overall, available data support the safe use of IoMRI and as an effective 

adjunct in glioma surgery [6, 8, 15, 16, 26, 31].

Challenges, Limitations and Strength

Although there were younger patients and lower grade tumors in the IoMRI group compared 

to the no iMRI group, we attempted to minimize the impact of these factors on our estimates 

via adjusted multivariate analysis. Also, our stringent inclusion criteria which aimed at 

minimizing possible selection bias resulted in a relatively small study sample size.

One major limitation of this study is the data quality. As a retrospective study, it was limited 

by the confines of available data that could be included for analysis, which reduced the 

sample size, limited available data and prevented some further analyses of interest 

(evaluation of the relationship between IoMRI use and GTR/EOR within the sub-strata of 

tumor class and age groups). Therefore, these same factors significantly challenge the 

internal and external validities of our estimates due to absence of data on many important 

aspects of the analysis including 1p19q codeletion (available only in 43% of cases), IDH 

mutation status and other oncopanel parameters [5], as well as pre- and post-operative 

Karnofsky performance score, which might provide better insight on the factors that inform 

the clinical outcome of patients with primary intracranial gliomas. 1p/19q tumor status is a 

known powerful predictor of patient survival[9] and a clinically useful marker of 

prognosis[2]. Similarly, IDH mutation, a known driver of oncogenes, is a promising subject 

of targeted therapies in these patients[30]. Another limitation is that tumor volumes of the 

patients of the IoMRI group were segmented on MR images obtained from a 0.5T midfield 

strength scanner, while the tumor volumes of the patients of the no-IoMRI group were 

segmented from MR images obtained from a high field 1.5T scanner. This could introduce 

some potential bias to the study. However Orrison et al., examined blindly interpreted 

normal and abnormal findings at 0.064T and 1.5T magnetic field strength MR scanners, and 

found that the sensitivity of brain tumor detection on the ultra-low field scanner was 

statistically indistinguishable from the sensitivity of tumor detection on the high field 

scanner [22].
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This study has important strengths despite its limitations. One advantage is the spatial 

arrangement in time, which naturally separated the study population into two distinct cohorts 

while eliminating the surgeon bias to be more (or less) aggressive with either group. 

Unspecified, but confounding effects of improvements in clinical care over time would be 

expected to decrease the significance of our findings since the ioMRI was in use in the 

earlier time period of this study. Furthermore, this study was performed by various experts 

who handled the corresponding aspects of the study under a blinded set up (by blinding 

performers of tumor volumetry to both the patients’ records and the study design), thereby 

eliminating potential biases while maximizing expertise. Moreover, this study evaluated 

impact of IoMRI on overall survival of glioma patients over a relatively long follow up 

period of at least five years. This provided us the opportunity to assess survival over a 

relatively long time period, and assess its association with IoMRI use in glioma resection.

Conclusion

This study demonstrated a strong association between application of intra-operative MRI 

and increased rate of Gross Total Resection (GTR) of lesions located in both non-eloquent 

and eloquent brain areas. Using Intra-operative MRI is associated with improved extent of 

tumor resection and overall survival, without associated increased risk of permanent 

surgery-associated neurologic deficit over at least 5-year follow-up. Moreover, it also 

showed that glioma location within eloquent brain areas and WHO grade may be predictors 

of achieving GTR. However, more studies are required to further evaluate other factors that 

affect glioma’s resection rate and these patients’ survival.
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Highlights

- This study has a long follow-up period of at least five years

- Demonstrated strong association of intra-operative MRI (IoMRI) use with 

better optimization of gloima resection and better overall patient survival

- Showed no association of IoMRI use with increased neurologic deficit

- These associations appeared to be true after adjusting for both WHO-high 

grade and eloquent brain area located gliomas
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Figure 1. 
Axial slices from T1-weighted post contrast Magnetic Resonance Image of a contrast-

enhancing brain lesion and its single-slice volume estimate, form 71 year old woman with 

Glioblastoma multiforme (WHO IV)

A. pre-operative tumor segmentation

B. post-operative residual tumor volume segmentation

C. pre-operative tumor before segmentation

D. post-operative residual tumor before segmentation
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Figure 2. 
Axial slices from T2-weighted Magnetic Resonance Image of a contrast-non-enhancing 

brain lesion and its single-slice volume estimate

1. pre-operative tumor before segmentation pre-operative tumor segmentation

2. pre-operative tumor segmentation

3. post-operative residual tumor volume segmentation

Ibukunolu Olubiyi et al. Page 13

World Neurosurg. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Histogram of Extent of Tumor Resection (EOR) showing a skewed pattern of distribution in 

IoMRI and no-IoMRI groups, sktest p< 0.01
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Table 2

Extent of resection, EOR and Overall survival

All No-IoMRI IoMRI p-value

EOR (%)

Overall (Median) 92 90 97 <0.01

  Eloquent area

    Median 89 89 92 0.29

  Non-eloquent area

    Median 100 92 100 <0.01

Overall survival (months) Median 60 39 90 <0.01

  Eloquent area

    Median 62 34 86 <0.01

  Non-eloquent area

    Median 60 46 92 0.02

EOR: extent of resection
IoMRI: used intra-operative magnetic resonance imaging
No-IoMRI: intra-operative magnetic resonance imaging was not used
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