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Rationale and Objectives. Gross-total surgery under intraoperative magnetic resonance imaging (MRI) is a promising
method of glioma removal. The purpose of this article is intraoperative measurement of resected tumor volume in MRI-
guided glioma surgery using semijautomatic image segmentation to unbiased resection rate control.

Materials and Methods. A newly developed software program based on a fuzzy connectedness (FC) segmentation algo-
rithm was used to achieve fast and semiautomatic tumor segmentation and tumor volume measurement. The program was
validated by retrospective study of eight glioma cases and then applied to seven glioma cases. All clinical cases under-

went actual MRI-guided surgery using 0.3-T open magnets.

Results. The volume of the tumor before resection ranged from 10.1 to 206.7 mL. A comparison of the results of
manual segmentation with those of the semiautomatic FC-based segmentation gave an average dice similarity coeffi-
cient of 0.80 and an average match of 76%. Volume measurement combined with a developed software program en-
abled quantitative monitoring of tumor removal, which was critical in the near-total resection of glioma in MRI-

guided surgery.

Conclusion. The FC-based tumor segmentation method can be used for intraoperative tumor segmentation and volume
measurement in MRI-guided glioma surgery using 0.3-T open magnets. This method is useful for objective resection rate
monitoring, which may ultimately minimize the amount of residual tumor in glioma surgery.
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The recurrence of glioma can be minimized by total or
near-total surgical resection (1,2). Recognizing the im-
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portance of total resection of glioma, researchers have
been trying to use intraoperative imaging to monitor
the extent of tumor resection and ultimately increase
the tumor resection rate in neurosurgery. The use of
intraoperative imaging enables clear definition of the
tumor boundary and observation of the extent of tumor
removal during surgery. This real-time intraoperative
information is critical to decision-making in tumor re-
section, which otherwise has to rely on preoperative
x-ray computed tomography or magnetic resonance im-
aging (MRI) scans that do not reflect the current state
of the cured lesions. : _
Intraoperative ulirasound is a widely spread and useful
imaging modality. for tumor craniotomy. Several studies
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have investigated the effectiveness of intraoperative ultra-
sound in neurosurgical guidance (3.4). Hammoud and col-
leagues reported that intraoperative ultrasound facilitated the
localization of metastases; however, in their study, the tumor

was difficult to define with presurgical radiation therapy in

13 of 34 glioma cases (3). Chacko and colleagues obtained
stmilar results (4) and found that the tumor was poorty de-
fined in low-grade glioma cases. It should also be noted that
although the use of three-dimensional (3D) ultrasound has
become virtually mandatory in the volumetric observation of
tumor removal, its clinical application is still in development
(5-7). Mobile computed tomography with its intraoperative
imaging capability is another option for guided tumor re-
moval; however, it has not enjoyed widespread application
becanse of the problem of patient and physician exposure to
radiation (8).

Gross-total surgery under intraoperative MR is a
promising method- of glioma removal. Following the sem-
inal work of Black and colleagues to use open-configura-
tion MRI for guiding craniotomy (9), Schneider and co-
workers investigated the effectiveness of MRI-guidance
for gross-total resection of glioma and reported an suc-
cessful average tumor removal rate of 95.7% (10). In
their study, total resection of the tumor was possible in 6
of the 12 cases. However, they also wamed that the
amount of residual tumor could be higher (5.5-15.5%)
when the tumor is located close to eloguent areas. In all
cases they investigated, the measurement of the tumor
volume was an important tool for quantifying the amount
of tumor resection, yet no description was given to clarify
whether their measurement tool was feasible for intraop-
erative use (10).

The aim of this study was to develop a system of
image processing tools for segmenting intraoperative
volumetric images and measure the tumor volume dur-
ing MRI-guided glioma surgery. Such tools can poten-
tially enhance the location of residual tumor in MRI,
facilitate tumor resection, and provide objective estima-
tion of the extent of resection for more precise surgical
control. The proposed method is based on a combina-
tion of algorithms that enable unbiased, accurate, and
reliable measurement of tumor volume in intraoperative
MRI. This mecthod also satisfies the time requirements
for intraoperative use. The accuracy of the proposed
method of image segmentation was evaluated and com-
pared with that of manual segmentation performed by
an expert surgeon. The clinical usability of the method
was assessed in five intraoperative applications.

TUMOR VOLUME IN MRI-GUIDED NEUROSURGERY

" Table 1

Patient Data
Casenc. Age Sex Grade Lesion Eloguent

1 66 F 1 RtF Vp
2 33 F 3 LtF Broca
3 34 F 2 RtF  CorpusCal
4 32 F 2 RtT Vp
5 32 F 3 RtP  C8Tp
6 48 F 2 AT F —_
7 37 M 3 LtP  Sensory area
8 34 M 3 RtF —_
9 58 F 3 RtT —

10 16 M 2 LtT  Memory

11 34 F 3 LtF  Speech (Broca) |

12 39 F 2 Lt Insufa Speech (Broca)

Total/Average 38 F9 M3

F, female; M, male; Rt, right; Lt, left; F, frontal; T, temporal
lobe; P, parietal iobe; V, visual; p, pathway; CorpusCal, corpus
callosum; CST, cortico-spinal tract.

-MATERIALS AND METHODS - ‘ :

Patient Selection

Table | summarizes the list of cases discussed in this
study, Twelve patients (nine women, three men; mean age
38 years) were diagnosed with glioma by using preopera-
tive 1.5-T MRI. The following histologic diagnoses were
obtained using the World Health Organization classifica-
tion: one Grade 1, five Grade 2, and six Grade 3.

The internal review board of the hospital approved the
intrapperative MRI-guided surgery and subsequent analy-
sis by image processing, as well as the procedure for ob-
taining patient consent, The nature of the procedure was
discussed with the patients, and informed consent was
obtained following the internal review board guidelines.

Imaging Sequence

-All patients underwent MRI-guided craniotomy in 2
0.3-T open MRI scanner (AIRIS IT TM, Hitachi Medical
Co., Tokyo, Japan). The scanner provides intraoperative
MRIs in the bore and makes it possible to slide the opera-
tive bed into an off-five Gauss-line area where the sur-
gery is performed. Images were taken three times during
the surgery: before the resection of the tumor (after crani-
otomy and dura opening); in the middle of the surgery
when the majority of the tumor was thought to have been
remaved; and before dura closure after the resection of
the tumor. Stereotactic navigation based on most recent
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Table 2
Accuracy Validation Study

Academic Radiology, Vol 12, No 1, January 2005

Tumor volume

True positive (mL) False positive

Case no. (percent match (%)) {mL) Dice similarity Marual {mL} Automatic (mL)
1 54.6 {83 17.2 - 079 ) 66.2 71.8
2 6.4 (83) . 0.8 Q.74 10.1 1.2
3 147.4 (71) 32.1 0.76 206.7 179.5
4 g7.4 (80) a7 0.88 122.3 100.1
5 84.7 (73} 16.2 0.78 . 11584 100.9
) 14.4 (84) 1.1 0.B8 173 15.5
7 28.0(76) 6.1 078 3g.2 35.1
8 425 (81) 38 0.86 52.4 46.3

Average - (78) 0.80 2 =089

intraoperative MR images was used continuously through-
out the surgery.

The intraoperative MRI was T2 axial imaging (two-
dimensional fast spin-echo; repetition time (TR):

1000 millisecond; echo time {TE): 140 milliseconds,
number of excitations (NEX): 1; matrix: 256 X 256; field
of view: 230 mm X 230 mm; slice thickness: 1.5 mmg
slice gap: 3 mm) standard in routine clinical practice at
the institution. No contrast ageat-was administered in any
of the cases.

The first eight cases were examined with a goal of
postoperative validation to assess the accuracy of auto-
matic segmentation compared with that of manual seg-
mentation. The last seven cases (ie, cases 6-12) in-
volved actual intraoperative image segmentation in the
operative theater.

intraoperative Segmentation and Volume
Measurement '

We used the fuzzy connectedness (FC) methiod to
perform intraoperative brain tumor ségme.ntation. The
FC method (11) was first proposed for application to
medical image segmentation (12), followed by reports
on tumor segmentation in MRI (13~13). We chose the
FC method for the segmentation of brain tumor in in-
traoperative MRIs for the following reasons. First, the
method has proven to be accurate and reliable in brain
tumor segmentation using MRI (13). Second, the role
of the operator with the FC method is limited to the
selection of representative points in the tumor, which
means that the method is suitable for intraoperative
settings. Starting from the selected seed point in the
tissue of interest {ie, tumor), the method calculates the
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affinity of the neighboring voxels by using two criteria:
how close the voxels are spatially and how similar they
are in image intensity. The algorithm autoratically
computes a fuzzy scene (a map of fuzzy connectivity)
in 3D from gray-scale images.- 7

The FC algorithm without competition paradigm re-
quires two parameters: a seed point and a threshold for
the fuzzy scene. An operator sets the seed point in the
region of the tumor by clicking one pixel on the monitor.
The operator also limits the region to be analyzed by en-
closing the whole tumor in a rectangle and inputting the
numbers of the first and last slices. This procedure short-
eng the processing time. A threshold is then set in the
precomputed fuzzy scene.

FC-based software was developed and implemented
on a Linux PC (CPU: Pentium 4, 2.53 GHz; RAM:
1024 MB) using the 3D Slicer software program
(Brigham and Women's Hospital and Massachusetts
Institute of Technology; Boston, MA). The 3D Slicer is
a surgical simnlation and navigation software program
that displays multimodality images three- and two-di--
mensionally (16,17). The 3D Slicer was used in this
study to transfer intraoperative images from the scan-
ner and perform tumor segmentation followed by vol-
ume measurement. The Linux PC was set up next to
the scanner console in our interventional MRI suite and
was used for segmentation, volume measurement, and
surgical guidance, .

After the segmentation, the total number of the voxels
classified to tmor tissue is counted. Multiplying pixel
area and slice gap size to this total number of voxels
yields the volume of the tumor.
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Figure 1. Results of intraoperative tumor segmentation in case 7 performed using TZ-weighted magnetic resonance imaging (MR} {rep~
etition time (TR): 1000 milliseconds; eche time [TE): 140 milliseconds; number of excitations {NEX): 1; matrix: 256 X 256; field of view:
280 mm X 230 mm; slice thickness: 1.5 mm; slice gap 3 mm). Images were obtained after dura opening (top row), initial tumor resection
(middle row), and total resection of glioma (bottom row), Residual tumaor of 1.9 mL, or 5.4% of the total tumor volurme {35.1 mlL) re-
mainad unresected. it was removed in the second half of the operation as is shown in T2-weighted MR} in the bottom row.

Validation

Two sets of analysis were performed to validate the
effectiveness and accuracy of the FC-based segmenta-
tion in intraoperative MRI-guided surgery.

The first set of analysis was an unbiased comparison
of the results of an actual tumor segmentation per-
formed by the expert neurosurgeons who actoaily per-
formed the cases and those obtained by the automatic
FC-based segmentation. The segmentation results by
the expert neurosurgeon were set as gold standard. The
zoodness of the fit between a gold standard and the
results of the automatic segmentation was determined
by using an established measure of segmentation accu-
racy, the dice similarity coefficient (18) and percent
match. - .

The second set of analysis was a detailed examination
of intensity profiles obtained around the tumor lesion to
determine whether the FC method could be used to en-
hance the tumor tissue and deemphasize the non—tumor
tissue in the fuzzy scene.

RESULTS

Postoperative Image Analysis

In these patients, & hyperintense lesion was observed in
T2 MR images and a hypointense signal was observed in
T1 MR images. Edema was observed in T2 MR images
in four cases (#3, #9, #10, and #11). The volume of the
tumnor in the first set of images ranged from [O.1 fto
206.7 mL. A comparison of the results of manual seg-
mentation with those of the automatic FC-based segmen-
tatjon gave an average dice similarity coefficient of 0.30
(Table 2}. The average match was 76%, ranging from
63% (#2) to 84% (#6). In seven of eight studies, the man-
ual segmentation gave a larger volome than the automatic
segmentation.

Clinical Feasibility Study

In all seven patients who underwent intraoperative
segmentation and volume measurement, the FC-based
segmentation enhanced the residual tumor, which is
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Figure 2. Intraoperative tumor segmentation in T2-weighted magnetic resonance im-
aging after dura opening (top row), initial tumor resection {middle row), and total resec-
tion of giioma (bottorn row) in case 8. The images in each row are shown in the inferior-
to-superior order. Note that the fuzzy connectedness—based segmentation clearly de-
lineates the tumor and cyst boundary In the first scan {top row). In the second scan
{middle row), 2.6 mL, or 6.2%, of the tumor (42.1 mL befare the resection) was delin-
sated by segmentation. No tumor was observed in the Images obtained before dura

closure (bottom row).

difficult 1o observe directly in MRI or hard 10 correctly
identify by simple thresholding. The tumor volume
measurement also facilitated decision-making during
tumor resection. _

In case 7, segmentation and augmented visualization
of residual tumor was particularly important after the
first step of tumor resection when the physician was
engaged in surgical control, and careful study of im-
ages was difficuit. After removing most of the tumor
(33.2 mL, or 94.6%), 2 residual tamor of 1.9 mL was
delineated by using the proposed segmentation method.
In a second step of tumor resection, the tumor was
completely removed (Fig. 1),

In case 8, as illustrated in Fig. 2, a frontal tumer of
437 mL was removed in the first step of the surgery.
However, after T2-weighted MRI scanning, 2.6 mL, or
5.7%, of residual tumor was delinedted by segmenta-
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tion. We then continued the tumor removal toward the
nonresected tissue arez and achieved total resection,

An illustrative fuzzy scene from case 8§ strongly en-
hanced the site of the tumor over the ventricles; the
tumor tissue is classified to tumor by simple threshold-
ing in original T2 images (Fig 3). However, in the
fuzzy scene, the intensity of the tumor site was mare
pronounced than in the neighboring ventricles. The
border between the tumor site and the surrounding non-
tamor tissue in the fuzzy scene also changed more
steeply than in the original gray-scale images.

In all the cases, the scanning time was approxi-
mately 5 minutes for 100 slices, which was followed
by image transfer to the computing workstation. The
image processing took appfoximately 30 seconds. The
computing time was short enough not to disturb the
operation. :
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Figure 3. Intensity profiles obtained from original gray-scale T2-weighted magnetic
resonance imaging (MRY) (top) and fuzzy science (bottom) after fuzzy connectivity-
based segmentation. Compared with the intensity profiles obtained along the right-left
line {top middle) and the anterior-posterior line {top right} in gray-scale MR}, the profiles
along the right-left line (bottom middig) and the anteroposterior line {bottom right) in
fuzzy scene have more distinct tumor defineation.

DISCUSSION .

The preliminary results of the clinical feasibility and
validation studies have lead us to believe that FC-based
segmentation using intraoperative MRI can be used to
accurately measure residual tumor and facilitates gross-
total resection of glioma. We believe that this method
provides a useful clinical addition to glioma surgery and
treatment options aimed at minimizing the recurrence of
glioma. :

An average dice similarity coefficient of 0.80 agrees
with the results obtained in other studies (18) of brain
segmentation in MRL. We found that FC-based seg-
mentation is not as effective as manual segmentation
when the tumor is close to a surrounding nontumor
object/tissue or when the border around the tumor is
blurred because of intervention. This poor image quai-
ity may have negatively affected the FC-based segmen-
tation in clinical settings. This might also be the cause
why average match of 76% obtained in our study was
slightly less than that reported previously (19), in

which brain tumor was segmented by k-nearest neigh-
bor rule and a semisupervised fuzzy c-means method.
A possible solution to overcome these image quality
issue is to perform MRI intensity standardization and
inhomogeneity correction as preprocessing steps. The
former particularly can help improving consistency of
performance from one study to another.

We employed the FC method without competition
paradigm as opposed to competition paradigm. The FC
method without cormpetition can detect only one object
at a time and requires thresholding of the connected-
ness map. The FC method with competition, or relative
FC, may be suitable for intraoperative MRI segmenta-
tion because it does not require thresholding. Relative
FC may also help resolving the issues of incorrect seg-
mentation on fuzzy boundary and incorrect inclusion of
nearby nontumor objects into tumor tissue class.

A paucity of material is available on segmentation
of a tumor in intraoperative MR images (20). To the
authors’ best knowledge, this is the first attempt to seg-
ment a tumor in series of intraoperative MRI studies.
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Therefore, the engineering significance of our study
lies in the applicability of the developed tool in real
surgical setting in which limited user-software interac-
tion and both speed and robustness of tumor segmenta-
tion in poor MRI quality are crucial. This study was
also clinically significant because it provided evidence
that such tool enables quantitative measurement of the
volume of tumor resection and facilitates the resection
of tumors.

In conclusion, the FC tumer segmentation method can
be used for intraoperative tumor segmentation and volume
measurement in MRI-gnided glioma surgery using 0.3-T
open magnets. The results lead us to conjecture that the
method can provide unbiased resection rate of tumor for
strategic surgical decision-making, and vltimately mini-
mize the amount of residual mmor.
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Abstract. We have developed an operating system that provides several kinds of objective
information for neurosurgery (intelligent operating theater, IOT). This system mainly detects
anatomical, functional, and histological information obtained by intraoperative magnetic resonance
(MR) images/navigation, the mapping/monitoring, and frozen section/5-aminolevrin acid (5-ALA),
respectively. The intraoperative information contributed 91% of the resection rate and 13% of the
complication rate in infiltrative glioma cases. To improve the surgical results, we need not only to
improve the quality of each information, but also to integrate the different kinds of information. We
here report the data integration system via the navigation to help the decision making process in the
surgical procedures. © 2004 CARS and Elsevier B.V. All rights reserved.

Keywords: Brain tumor; Glioma; Navigation; Resection; Brain mapping; Biopsy

1. Introduction

Among primary brain tumors glioma is the most frequently occurring disease and its
treatment is difficult. However, recent studies demonstrated correlations between resection
rate and prognosis, showing that surgical resection should be the most effective treatment
for malignant gliomas [1,2]. In order to increase the resection rate, it is of need to
distinguish the glioma boundary and diverse eloquent areas at superior spatial accuracy
based on objective evidences. In this sense intraoperative information-guided aging
(iMRI) has been of great help to remove exclusively the glioma tissue since 1997 [3-5].

We also have developed a system of an operating theatre (intelligent operating theatre;
I0T) to maximize resection rate and minimize neurological deficit in patients with brain
tumors [6]. In our system, information necessary for the decision making during surgery is

* Corresponding author. Tel.: +81-3335-38111; fax: +81-3526-97438,
E-mail address: ymuragaki@nij.twmu.acjp (Y. Muragaki).
URL: hitp/iwww.twmnu.ac.jp// ABMES/FATS,

0531-5131/ © 2004 CARS and Elsevier B.V. All rights reserved.
doi:10.1016/.1c5.2004.03.370

—339—



694 Y. Muragaki et al. / International Congress Series 1268 (2004) 693-696

obtained by intraoperative magnetic resonance (MR} images and updated navigation
(anatomical information), functional mapping and electrophysiological monitoring (func-
tional information) [7], and intraoperative histological examination {histological informa-
tion). The surgical results of the first 46 patients with glioma were 91% of resection rate and
13% of complication rate.

To improve the surgical result, we need not only to improve the quality of information
but also to integrate each data from different modalities. We here report a new systern for
the integration of different data using the navigation system that was very useful for the
decision making of the surgeons during resection.

2. Materials and methods

A total of 36 patients who underwent glioma resection in the IOT were identified for the
study of the integration of the anatomical and functional data.

The anatomical data were obtained intraoperatively using an MR scanner (AIRIS-II™,
0.3 T, Hitachi Medical Tokyo, Japan, Fig. 1A) and updated navigation was performed
using the intraoperative MR image (photon radiosurgery navigator™, optical tracking,
Toshiba, Tokyo, Japan, Fig. 1B): The average errors of the update navigation were 1.4 mm
(data not shown). '

The functional data were obtained by means of the functional mapping by the electrical
stimulation (0.5-10 mA, 50 Hz, Ojemann’s stimulator, Medtronic, Minneapolis, MN)
under awake craniotomy (Fig. 2A) and/or by the intraoperative monitoring of somatosen-
sory-evoked potential and/or motor-evoked potential (Neuropack™ , Nihon Kohden,
Tokyo, Japan; epochXP ™, Miyuki Giken, Tokyo, Japan). If functional tissues such as
motor, speech, or other cognitive function were detected intraoperatively, the updated
navigation system checked whether or not the functional tissue located in the tumor
showing abnormal intensity.

A total of six patients who underwent intraoperative histological study and navigation
during glioblastoma resection in the IOT were identified for the study of the integration of
anatomical and histological data. Histological data were collected by the pathological
diagnosis of the frozen sections and/or tumor-specific chemical illumination by the 5-
aminolevrin acid (5-ALA) [8]. We checked the consistency among the enhanced area of

Fig. 1. Open MRI (A, 0.3 T, AIRISII, Hitachi Medical) and navigator (B, PRS navigator, Toshiba).
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Fig. 2. (A) functional mapping under awake craniotomy. Electrical stimulation by the Ojemann’s stimulator on the
motor cortex (arrow head; fiducial markers of navigation system). (B) Functional tissue in the tumor. Electrical
stimulation caused patient's speech arrest (speech area; red circle, lower column) and update navigation
demonstrated that the location of speech arrest (upper column) was in the tumors (T2-high area).

intraoperétive MRI, the 5-ALA positive region,. and the area revealed as tumor by
pathological diagnosis.

3. Results

3.1. Integration of anatomical and functional data

The functional tissue detected by the mapping was difficult to be identified in or out of
the tumor area macroscopically, however, the updated navigation demonstrated whether or
not the functional tissue located in the tumor. Eleven of thirty-six patients (32%) showed

that functional tissues located in the tumor (Fig. 2B) or the manipulation in the tumor.
" caused the peak decrease in the evoked potentials. No functional tissue was detected in the
tumor in 23 patents (68%).

3.2. Integration of anatomical and histological data

In all six patients, the updated navigation showed that the histological findings
corresponded to the MRJ findings. Thus, a lot of tumor cells were detected within the

Fig. 3. (A) Glioblastoma in left temporal lobe (left). Histology in the tumor showed high cell density and
endovascular proliferation. (B) Integration of navigation (anatomical information) and hisitology (histological
information). At the last stage of resection, we stopped resection because navigator based on intrapperative MRI
showed resection area was non-enhanced area (Jeft) and the frozen section (right) showed no obviouns tumor tissue.
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enhanced area and few fumor cells out of the enhanced area (Fig. 2). The illumination of
the 5-ALA was very helpful for surgeons to detect the residual tumor, however, the false
positive finding of 5-ALA was obtained in two cases (5-ALA-positive, histology-no tumor
cell) (Fig. 3).

4, Discussions

Tn 1990s, an image-guided surgery such as CT-guided or MRI-gnided surgery had been
introduced in the neurosurgical field. However, the image guidance is not sufficient to
achieve precise resection in glioma cases. We proposed the information guidance by
integrating various intraoperative examinations to help the critical surgeon’s decision of
tumor resection at each steps (information-guided surgery [6]). '

We here present the usefulness of the integration of various intraoperative datd by the
updated navigation. It is very difficuit to determine whether or not the detected functional
tissue is within the tumor especially in the white matter, which collected tissue for
histology is from an MRI-enhanced area, non-enhanced area, or iso-intensity. Only
updated navigation can show us accurate answers to these critical questions because
classical navigation based on the preoperative MRI has the errors by the brain shift.

5. Conclusion

This system that integrates various intraoperative information could help us to resolve a
dilemma between the maximal resection of tumor and the minimal complication of
surgery.
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