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Intraoperative High-Field Magnetic Resonance
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BACKGROUND: Intraoperative magnetic resonance imaging (iMRI) combined with optic
radiation neuronavigation may be safer for resection of cerebral lesions involving the
optic radiation.

OBJECTIVE: To investigate whether iMRI combined with optic radiation neuronavigation
can help maximize tumor resection while protecting the patient’s visual field.

METHODS: Forty-four patients with cerebral tumors adjacent to the optic radiation were
enrolled in the study. The reconstructed optic radiations were observed so that a rea-
sonable surgical plan could be developed. During the surgery, microscope-based fiber
tract neuronavigation was routinely implemented. The lesion location (lateral or not to
the optic radiation) and course of the optic radiation (stretched or not) were categorized,

and their relationships to the visual field defect were determined.
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RESULTS: Analysis of the visible relationship between the optic radiation and the lesion
led to a change in surgical approach in 6 patients (14%). The mean tumor residual rate

for glioma patients was 5.3% (n = 36) and 0% for patients with nonglioma lesions (n = 8).
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Intraoperative MRI and fiber tract neuronavigation increased the average size of
resection (first and last iMRI scanning, 88.3% vs 95.7%; P < .01). Visual fields after surgery
improved in 5 cases (11.4%), exhibited no change in 36 cases (81.8%), and were ag-
gravated in 3 cases (6.8%).

CONCLUSION: Diffusion tensor imaging information was helpful in surgical planning.
When iMRI was combined with fiber tract neuronavigation, the resection rate of brain
lesions involving the optic radiation was increased in most patients without harming the

patients’ visual fields.
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he optic radiation is a group of axons from
Trelay neurons in the lateral geniculate

nucleus of the thalamus that carry visual
information to the visual cortex. It was first
described and identified in 1856 by Louis Pierre
Gratiolet." The ability to accurately describe the
course and extent of the optic radiation in vivo
is important for studies relating its structure to
its function. Relying on the Klingler method of

ABBREVIATIONS: DTI, diffusion tensor imaging;
iMRI, intraoperative magnetic resonance imaging;
VOI, volume of interest
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white matter fiber dissection, several research-
ers'” performed studies to improve the un-
derstanding of the morphological characteristics
of the optic radiation and to give a better in-
terpretation of the complex relationships of these
myelinated fascicles.

Optic radiation infiltration or destruction can
be induced by lesions or by neurosurgeons who
try to resect lesions adjacent to the tract and
thereby inadvertently damage the fiber tract.
Although some anatomical landmarks have
been ascertained that are helpful in predicting
the localization of the optic radiation, the risk
of optic radiation damage seems unavoidable
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because the og)tic radiation is not visible under the naked eye or
microscope.l’ .
radiation, the normal anatomic location and shape of the optic
radiation change; thus, it is sometimes not possible to distinguish
the traditional anatomic landmarks. In addition, normal ana-
tomic variations in the optic radiation lead to poor reliability in
the use of anatomic landmarks.

Diffusion tensor imaging (DTI) enables visualization and char-
acterization of white matter fiber tracts.'®" Since the introduction
of this methodology in 1994," it has been used to study white
matter architecture and the integrity of normal and diseased brains.
This magnetic resonance technique is based on the general principle
that the diffusion of water is directed by the anatomic micro-
structure. White matter fiber orientation can be determined by
using DTT because water diffuses faster paralle] to the longitudinal
axis of axons than perpendicular to it.'” The directional information
may be simply visualized with the color-coded maps representing
the major direction. These color-coded maps are very useful for
investigating the organization and course of white matter in the
brain and for identifying major white matter tracts in 2-dimensional
sections.'®?" However, the 2-dimensional pattern cannot be
visualized during surgery and cannot be used for functional neu-
ronavigation. Another approach for appreciating the white matter
connection patterns in 3 dimensions (3D) is the use of fiber
tracking, also known as tractography, which follows coherent spatial
patterns in the major direction of the diffusion tensor field.”*

So far, fiber tracking is the only noninvasive method for
visualizing the course, displacement, or interruption of major
white matter tracts based on the DTI technique.”’" Multiple
studies have demonstrated that fiber tracking can reconstruct the
major white matter fiber structures in the brain. In our previous
study,”® we used DTI-based fiber tracking for the detection and
localization of the optic radiation for temporal lobectomy, and we
verified the validity and the repeatability of the technique. A few
studies with very small cohorts of patients have demonstrated the
effects of surgery on lesions adjacent to the optic radiation.”” Tt
has not yet been established whether intraoperative magnetic
resonance imaging (iMRI) combined with neuronavigation-
guided resection of cerebral lesions involving the optic radiation
could help protect the patient’s visual field.

In the present prospective study, we sought to evaluate the
possibility of identifying the trajectories of the optic radiation
when a lesion is located adjacent to it, to examine the usefulness
of a neuronavigation system for presurgical planning, and to
investigate whether iMRI combined with integrated neuro-
navigation can help maximize tumor resection while protecting
the patient’s visual field.

? However, in lesions close to or near the optic

MATERIALS AND METHODS

Patient Population

Forty-four patients with cerebral lesions adjacent to the optic radiation
(the patient who had a lesion involving the primary optic cortex was
excluded from the study) were consecutively and prospectively enrolled

NEUROSURGERY

NEURONAVIGATED RESECTION OF LESIONS INVOLVING OPTIC RADIATION

in our study. All patients were operated on with iMRI and neuro-
navigation between March 2009 and January 2010. Of the 44 patients,
29 were male and 15 were female. The average age of the patients in the
study cohort was 40.9 years (SD = 14.4 years; range, 14-68 years). All
patients underwent tailored craniotomy to resect the lesion. Patient data
are listed in Table 1.

Conventional anatomical MRI (T'1, T2, and T2 flair and postcontrast
images [sometimes magnetic resonance angiography, magnetic resonance
venogram, and magnetic resonance spectroscopy]) and DTI data were
prospectively collected. All patients had preoperative, intraoperative, and
postoperative MRI and preoperative and postoperative visual field ex-
amination (3 months after surgery). We excluded those patients who
presented with other ophthalmic or neurological causes of visual field
defects. The local ethics committee of the hospital approved intra-
operative MRI, and signed informed consent was provided by all patients
or family members.

Image Acquisition (Preoperative and
Intraoperative Imaging)

Both conventional MRI and DTT were performed on a 1.5-T scanner
(Siemens Espree, Erlangen, Germany) following the same protocol. A
T1-weighted 3D magnetization-prepared rapid-acquisition gradient
echo sequence was measured with an echo time of 3.02 milliseconds,
a repetition time of 1650 milliseconds, a matrix size of 256 X 256, a field
of view of 250 X 250 mm, a slice thickness of 1 mm, and a slab of 16 cm.
In addition, T2-weighted images (echo time, 93 milliseconds; repetition
time, 5500 milliseconds; matrix size, 512 X 512; field of view, 230 X
230 mm; slice thickness, 3 mm), T2 fluid-attenuated inversion recovery
images (echo time, 84 milliseconds; repetition time, 9000 milliseconds;
matrix size, 256 X 256; field of view, 230 X 230 mmy; slice thickness,
3 mm), and postcontrast 3D T1-weighted images were scanned. In-
traoperative scans were performed immediately when the operator be-
lieved that the lesion has been totally removed or when intraoperative
scanning was necessary for brain shift correction.

For DTI, we applied a single-shot spin-echo diffusion-weighted echo-
planar imaging sequence (echo time, 147 milliseconds; repetition time,
9400 milliseconds; matrix size, 128 X 128; field of view, 251 X 251
mm; slice thickness, 3 mm; bandwidth, 1502 Hz per pixel; diffusion-
encoding gradients in 12 directions using b values of 0 and 1000 s/ mm?;
and voxel size, 1.9 X 1.9 X 3 mm). We used 40 slices, no intersection
gap, 40 continuous free interval collection slices, and 5 time repetitions.
The total scan time was 10 minutes 22 seconds).

Image Processing (Tractography)

Before fiber tracking can be started, format conversion of the data and
infusion of the different sets of images are needed. For fiber tracking, we
implemented a tracking algorithm based on a tensor deflection algo-
rithm. Generally, the course of a fiber is defined by following the
direction of maximum diffusion. We used the fiber tracking module of
the neuronavigation planning software iPlan 2.6 (BrainLab, Feldkirchen,
Germany) to reconstruct the optic radiation. Fiber tracking was pet-
formed by the first author while blinded to the results of the patient’s
visual field. Details of the method have previously been published.”
Before tracking was initiated, the fractional anisotrophy threshold was
adjusted to 0.15, the angle threshold to 20. and the minimum fiber
length to 50 mm (stop criteria). Tract seeding was performed by defining
a rectangular volume of interest (VOI) in the coregistered standard T1
anatomic data sets. We used a multi-VOI algorithm for fiber tracking of
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the optic radiation. For the ventral bundle of the optic radiation (the
Meyer loop), the first VOI was placed on the lateral geniculate body. The
second VOI was placed to cover the lower lip of the visual occipital cortex
(calcarine cortex). We identified the lateral geniculate body by selecting
the axial slice at the level of the transition from the posterior limb of the
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TABLE 1. Patient Characteristics, Lesion Location/Volumes, Lesion-to-Optic-Radiation Distance, Visual Field, and Relationship Between the
Lesion and Optic Radiation?
Lesion Intention of Estimation of Extent Actuality of Extent

Volume, Extent of of Resection Before of Resection After
Patient Age, y Sex PD Location Side cm? Resection the First iMRI the First iMRI
1 64 F IV Temporal-occipital R 41.7 100 90 83
2 57 M \% Temporal R 56.6 100 100 100
3 55 M 1] Temporal-parietal R 58.8 100 95 100
4 31 F Il Parietal-occipital L 31.1 60 920 56.9
5 46 M AVM Temporal L 63.3 100 100 100
6 31 M Il Parietal-occipital L 48.7 90 95 97.9
7 55 M IV Temporal-insular L 23 100 100 100
8 36 F Il Temporal R 16.1 100 100 100
9 64 F I\ Temporal L 38.7 90 90 100
10 24 M Il Temporal L 36.1 100 100 100
11 27 M \% Temporal L 29.6 100 98 70.6
12 62 M \% Temporal R 55 100 100 100
13 35 F 1] Parietal L 22.8 60 40 45.2
14 38 M Il Temporal-occipital R 84.6 100 100 100
15 25 M Il Temporal-insular R 85.2 100 80 754
16 17 M Il Frontal-temporal L 58.2 100 100 100
17 57 M Il Temporal-parietal R 45.1 100 100 90
18 40 F CH Temporal R 2.1 100 100 100
19 45 M \% Temporal R 74.7 70 70 90
20 54 F Il Temporal R 40 60 60 60
21 34 F Il Temporal-insular R 44.6 90 90 95.1
22 57 M \% Temporal L 64.5 90 90 89.3
23 35 M \% Temporal R 110.2 90 80 62.7
24 55 M Il Frontal-temporal R 29.9 60 50 55.9
25 24 F Il Temporal R 15.6 100 99 85.9
26 39 M Il Temporal L 16.5 100 100 100
27 58 B MT Parietal R 13.7 100 100 100
28 29 M 11] Frontal-temporal- R 110.5 90 80 70

insular
29 20 M Il Temporal-insular L 35.2 90 60 69.9
30 14 F | Temporal-insular R 60.3 100 100 94.4
31 44 F \% Frontal-temporal L 35.6 100 100 100
32 38 M Il Parietal L 53.4 90 80 77.3
33 68 M n Temporal R 76.4 60 60 55.5
34 40 M \% Parietal-occipital R 53.9 920 95 89.2
35 21 M | Temporal R 4.6 100 100 100
36 42 F CH Temporal R 35 100 100 100
37 36 M CH Temporal R 23 100 100 100
38 45 M CH Temporal R 34 100 100 100
39 23 F CH Temporal-parietal R 9.4 100 100 100
40 55 M Il Temporal L 529 90 95 93.8
41 20 M Il Parietal-occipital L 46.5 90 95 814
42 46 M Il Temporal R 53 100 100 96.2
43 51 F MT Temporal L 12.7 100 100 100
44 43 M Il Temporal R 34.1 100 100 100
(Continues)

internal capsule to the cerebral peduncle. At this level, the lateral ge-
niculate body is visible posterolateral to the peduncle. For reconstructing
the dorsal bundle of the optic radiation (central and posterior bundle),
the first VOI was also placed on the lateral geniculate body, and the
second VOI was placed to cover the middle and upper lip of the visual
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TABLE 1. Continued
Lateral OR Was
Residual Lesion Residual Lesion Lesion to Change Location of Stretched by
Volume After Volume After Times ORDistance, Preoperative Postoperative in Visual the Lesionto the Lesion

Patient the First iMRI the Final iMRI  of iMRI mm Visual Field Visual Field Field OR or Not or Not
1 7.1 0 2 0.0 1 1 2 1 0
2 0 0 1 0.0 2 0 1 0 0
3 0 0 1 0.0 1 2 3 1 1
4 124 6.2 2 1.9 1 1 2 1 0
5 0 0 1 15 0 0 2 0 0
6 1 0 2 0.0 1 1 2 0 1
7 0 0 1 5.6 0 0 2 0 0
8 0 0 1 2.4 0 0 2 0 0
9 0 0 1 2.7 1 1 2 1 1
10 0 0 1 5.5 0 0 2 0 0
11 8.7 3.2 2 3.6 1 1 2 0 0
12 0 0 1 1.2 1 1 2 1 0
13 12.5 3 3 0.9 1 0 1 0 0
14 0 0 1 0.0 2 1 1 0 0
15 21 0 3 7.5 0 0 2 0 0
16 0 0 1 7.1 0 0 2 0 0
17 45 0 2 3.5 1 0 1 0 0
18 0 0 1 1.9 1 1 2 1 0
19 7.5 7.5 1 14.0 0 0 2 0 0
20 15.6 8.7 2 0.9 0 0 2 1 0
21 2.2 2.2 1 33 0 0 2 1 1
22 6.9 6.9 1 0.0 0 0 2 1 0
23 441 11 2 0.0 0 0 2 1 1
24 13.2 0 2 0.0 0 2 3 1 1
25 2.2 0 2 1.0 0 0 2 0 0
26 0 0 1 11.8 0 0 2 1 0
27 0 0 1 6.1 0 0 2 0 0
28 33.2 22.1 2 1.8 0 0 2 0 0
29 10.6 2.8 2 2.3 0 0 2 0 1
30 3.6 0 3 3.4 0 0 2 0 0
31 0 0 1 6.3 0 0 2 1 0
32 9.1 5.3 2 3.7 0 0 2 0 0
33 30.6 30.6 1 0.0 1 1 2 1 0
34 5.4 0 2 0.0 1 2 3 1 1
35 0 0 1 6.7 0 0 2 0 0
36 0 0 1 6.5 0 0 2 0 0
37 0 0 1 2.6 0 0 2 0 0
38 0 0 1 3.1 0 0 2 0 0
39 0 0 1 0.0 1 0 1 0 0
40 2.6 2.6 1 6.3 0 0 2 0 0
41 8.6 0 2 0.0 1 1 2 1 1
42 0.2 0.2 1 0.0 1 1 2 1 0
43 0 0 1 49 0 0 2 1 0
44 0 0 1 4.8 0 0 2 0 0

9CH, cavernous hemangioma; iMRI, intraoperative magnetic resonance imaging; | to IV glioma, World Health Organization grade | to IV; MT, metastatic tumor; OR, optic
radiation; PD, pathological diagnosis. For visual field examination, the scores were as follows: 0 = no deficit; 1 = quadrantanopia; 2 = hemianopia. The change in the visual field
is given as follows: 1 = improved; 2 = not change; 3 = aggravated. The location of the optic radiation to the lesion was scored as 0 = anterior, rostral or caudal or 1 = medial or
lateral. The optic radiation was stretched (1) or not (0).

occipital cortex. The fiber tract that passed through both VOIs was the in the 3D object. The time required to process the DTI data and to

final tract of interest. After selection of the appropriate fiber bundle, a 3D acquire the 3D object was approximately 10 minutes (sometimes the
object was “created” automatically by wrapping neighboring fibers with pyramidal tracts and arcuate fasciculus were also “created” when needed
a hull. The closing lines around all fibers from all slices together result when the relevant data were under collection).
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For segmentation of image data for 3D reconstruction of tumor, we
used the object creation module of the iPlan 2.6. Tumor segmentation was
performed on the basis of the high-resolution postcontrast 3D anatomic
data set. The outermost rim of contrast enhancement in the lesion, eg,
glioblastoma and metastatic tumors, and the rim of the mixed hyper-
intensity or hypointensity in the lesion such as cavernoma represented the
segmentation borderline. In the case of nonenhanced lesions such as low-
grade glioma, the T2-weighted image was used to determine the tumor
border. This reason was that the majority of the tumor, which was not
contrast enhanced, has optimal visibility in this sequence. The existence of
a substantial edema, which could not be distinguished clearly from low-
grade glioma, was ruled out on the basis of the findings from T2 fluid-
attenuated inversion recovery images. Segmentation of the tumor was
performed on a slice-by-slice basis in a mode of 3D anatomic data. After
all the slices containing the lesion were outlined, the lesion was formed
into a 3D object, and the volume was automatically calculated by com-
puter. The minimum distance between the optic radiation and the lesion
was measured with the object manipulation function of the iPlan 2.6.
Relative to the lesion, the location of the optic radiation was categorized
as lateral, medial, anterior, rostral, or caudal. When the optic radiation was
pushed 10 mm by the lesion, we recognized that the tract was stretched.

Preoperatively, the conventional MRI was evaluated by the neuro-
surgery group and then was integrated with the 3D fiber tract, and the
lesion was revealed. Neurosurgeons were asked whether the tractography
images had modified the access or approach to the tumor.

Microscope-Based Neuronavigation

For anatomic neuronavigation, the 3D postcontrast T1-weighted
sequence was used for intraoperative imaging. Functional data from DTI
or functional MRI used to identify eloquent brain areas such as optic
radiation and visual cortex were integrated in selected cases into the
3D image data. Details of these techniques have been published else-
where.># After the patient was registered accurately, the neuro-
navigation microscope (Pentero, Carl Zeiss, Oberkochen, Germany) was
connected. The contour of the lesion and the functional data were
overlaid in the neurosurgeon’s microscope viewing field.

Updating Neuronavigation With Intraoperative
Image Data

Intraoperative brain shift can be caused by tumor resection, brain
swelling, use of brain retractors, and cerebrospinal fluid runoff. Thus,
a neuronavigation system that is based on preoperative imaging data will
have decreasing accuracy during the operation. Intraoperative imaging
offers the possibility of compensating for brain shift and evaluating how
much tumor is removed. The location of the optic radiation can also be

updated by fiber tracking.

Visual Field Examination

The patients underwent visual field examination both preoperatively
and postoperatively. Visual field analysis was performed with a Humphrey
Field Analyser II (Carl Zeiss, Meditec, Japan) by an experienced oph-
thalmologist who was blinded to the results of the neuroimaging findings.
All postoperative visual field examinations were carried out 3 months after
the surgery.

Statistics

Statistical analyses were performed with the Statistical Package for
the Social Sciences software (version 14.0; SPSS, Inc, Chicago, Illinois).
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The Student 7 test was used to evaluate the average rate of extent of
resection between the first and last iMRI scannings. Spearman rank
correlation analysis was used to assess correlations between the de-
terioration of visual field and the lateral location or not of the optic
radiation and whether it was stretched. A value of P = .05 was considered
statistically significant.

RESULTS

Impact of DTI on Surgical Planning

Fiber bundles representing the optic radiation could be gen-
erated both preoperatively and intraoperatively in all patients.
The preoperative DTT information on the optic radiation was
adopted to assess the practical impact on surgical planning.
In 6 cases, the surgical approach was changed when the DTI
information was shown to surgeon groups after conventional
MRI. The original approach provides the shortest trajectory
to the lesion while avoiding disruption of the imaginary visual
fiber location. However, the reconstructed optic radiation was in
the way of access to the lesion if the original approach would have
been adopted, which would most likely cause injury to optic
radiation. The final selected approach was chosen on the basis of
information on the relationship between the segmented lesion
and the reconstructed optic radiation. Finally, none of these
6 patients had postoperative visual field deterioration (Table 2).

Discrepancy Between the Surgeon’s Estimation of the
Extent of the Resection and Actual Results

There was a discrepancy between the surgeon’s estimation
regarding the extent of the resection before iMRI scanning and
the actual results of surgery assessed after the first iMRI. Of the
9 discrepant (a gap = 10%) patients, all were glioma patients: 8
patients (4 with low-grade glioma and 4 with high-grade glioma)
were overestimated and 1 patient with high-grade glioma was
underestimated. The surgeon tended to overestimate the extent of
the resection.

Impact of the iMRI on the Extent of Resection

There were 36 patients with gliomas: 22 with low-grade gliomas
and 14 with high-grade gliomas. The preoperative median tumor
volume was 45.2 cm’ (range, 2.3-110.5 cm’); the mean lesion to
optic radiation distance was 3.0 * 3.5 mm (median, 2.1 mm;
range, 0-14 mm), with a final mean tumor residue of 5.3% (range,
0%-40%) after surgery. In all patients, iMRI was performed at least
once. The first intraoperative imaging demonstrated incomplete
tumor resections in 23 patients (63.9%) and gross total tumor
resections in 13 patients (36.1%). In 19 patients in whom surgery
was terminated after the first iMRI, in 6 of the 19 patients with
incomplete tumor removal, further resection was abandoned owing
to postoperative visual field deterioration expected if resection was
continued. This included 3 patients with World Health Organi-
zation grade II tumor, 1 with grade III tumor, and 2 with grade IV
tumor. In 17 patients with at least partially resectable residual
tumors revealed by the first intraoperative scan, further tumor
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TABLE 2. Patients Whose Original Approach Was Changed After the Reconstructed Optic Radiation Was Shown to the Surgeon Groups”

Pathological Diagnosis,

Patient WHO Grade Glioma Location of the Lesion Side Original Approach Final Elected Approach
6 Il Parietal-occipital lobe Left Triangle transcortical High occipital transcortical
41 I Parietal-occipital lobe Left Superior temporal gyrus Occipital interhemispheric
23 IV Temporal lobe Right Triangle transcortical High occipital transcortical
20 I Temporal lobe Right Triangle transcortical Occipital interhemispheric
8 Il Temporal lobe Right Middle temporal gyrus Transsylvian fissure

10 I Temporal lobe Left Middle temporal gyrus Inferior temporal gyrus

“WHO, World Health Organization.

resections were continued after updating the neuronavigation. In
these 17 patients (12 low-grade gliomas and 5 high-grade gliomas)
of the 36 patients who underwent continued resection, iMRI was
repeated once in 14 patients and twice in 3 patients. As a result,
total tumor removal was achieved in 9 of the 17 patients (52.9%).
However, to avoid damage to the optic radiation, only partial
tumor removal was carried out in the remaining 8 patients
(47.1%). Auributed to further tumor resection, the average re-
section rate increased from 74.5% to 93.3% (P < .01). There was
a significant correlation between tumor to optic radiation distance
and tumor residue after the first iMRI (» = 0.380, P < .05).
However, there was no significant correlation between tumor to
optic radiation distance and the final extent of resection after
further resection (r = 0.232, P> .05). Finally, 22 patients (61.1%)
had total tumor removal. The iMRI and functional neuro-
navigation also contributed to an increase in the average rate of
resection in glioma patients (first and last iMRI scannings, 85.7%
vs 94.7%; P < .01, Student  test).

In the 8 patients with nongliomas (1 arteriovenous malfor-
mation, 5 cavernous hemangiomas, and 2 metastatic tumors),
the preoperative mean lesion volume was 13.8 cm® (range, 2.1-
63.3 cm”) and the mean lesion to optic radiation distance was
3.3 £ 2.3 mm (median, 2.9 mm; range, 0-6.5 mm), with no
lesion residual after the first iMRI (Table 1 and Figure 1).

The Visual Field Examination Outcome

In the total population of 44 patients, compared with pre-
operative levels, visual field defects were improved after surgery in
5 patients (11.4%), visual fields were unchanged in 36 patients
(81.8%), and visual fields were aggravated in 3 patients (6.8%).

In the 36 glioma patients, there were 27 patients in whom
the distance from the lesion to the optic radiation was < 5 mm,
12 patients had normal visual field, and 15 patients had various
degrees of preoperative visual field defects (13 patients had
quadrantanopia and 2 patients had hemianopia). Postoperatively,
the visual fields were normal in 14 patients, 10 patients had
quadrantanopia, and 3 patients had hemianopia. The visual fields
improved in 4 patients, were unchanged in 20 patients, and
deteriorated in 3 patients; all 9 patients in whom the distance
from the lesion to the optic radiation was > 5 mm had

NEUROSURGERY

preoperative and postoperative normal visual field. As for the 3
patients with deteriorated visual field, 2 had preoperative visual
field defects and 1 had a normal preoperative visual field in which
the distance between the lesion and the optic radiation was < 5
mm; 1 patient was in the group who were terminated after the
first iMRI, and 2 patients were in the further resection group.

In the 8 nonglioma patients, there were no patients with
postoperative visual field defect deterioration. One patient had
preoperative quadrantanopia caused by hemorrhage of the cav-
ernous hemangioma; postoperatively, the visual field recovered to
normal. Another patient with a lesion (cavernous hemangioma) to
optic radiation distance of 0 mm had preoperative quad-
rantanopia; postoperatively, the visual field showed no change
from the preoperative examination. The other 6 patients in this
group had both preoperative and postoperative normal visual field.

Decreasing lesion to optic radiation distance was a negative
factor for visual field preservation (P < .05). Spearman rank
correlation analysis showed that the deterioration of visual field
was also related to tract stretching (r = 0.446, P < .01) and lateral
localization (r = 0.415, P < .01).

ILLUSTRATIVE CASE

Case 1

A 24-year-old female patient (patient 25) suffered from
a headache for 2 weeks. Preoperative MRI showed a non-
enhanced lesion in the right temporal lobe (Figures 2A-2E). The
diagnosis, based on conventional MRI and MR spectroscopy, was
low-grade glioma. Preoperative DTI-based fiber tracking showed
that the Meyer loop was rostral to the lesion and was pushed
slightly upward. The minimum distance between the lesion and
the optic radiation was approximately 1.0 mm (Figure 2C-2G).
Preoperative visual field examination showed it to be normal. A
right middle temporal approach was planned on the basis of the
3D relationship between the lesion and the optic radiation
(Figure 2H). According to neuronavigation, a suitable cortex
incision was designed (Figure 3A). To better protect the Meyer
loop, we created a 5-mm hull (the outer blue line in Figure 3A
and 3B). During the operation, when the dotted line delineating
the hull turned into a solid line, the surgeon was reminded that
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FIGURE 1. Lesion to optic radiation distance plotted vs the extent of resection and change of visual field for patients with low-
grade gliomas (LGGs) and high-grade gliomas (HGGs) and nonglioma patients. One patient with an LGG and 2 patients with
HGGs had an aggravated postoperative visual field; all of them were in the total removal group and with a lesion ro optic
radiation distance of 0 mm. All the nonglioma patients had total tumor removal without deterioration of visual fields.

the manipulation was close to the optic radiation (microscope
video in Figure 3B). Subsequently iMRI was performed and
revealed that a partial lesion remained after surgery. Intraoperative
DTI-based fiber tracking revealed that the Meyer loop can be
accurately traced (Figure 3D-3F). After we infused the intra-
operative optic radiation tractography on the intraoperative image
and outlined the residual tumor, the neuronavigation was up-
dated, microscope-based navigation helped locate the residual
lesion accurately, and further resection of the lesion continued
(Figure 3C). Final intraoperative scanning revealed that the tu-
mor had been totally removed (Figures 2F and 3G-3I). The
pathological diagnosis was World Health Organization grade II
astrocytoma. According to the imaging findings at 3 months after
surgery, the Meyer loop was completely preserved and the lesion
was totally removed (Figure 4A-4D). Perimetry examination at
3 months after the operation revealed no visual field defects.
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DISCUSSION

Diffusion tensor imaging has become one of the most popular
MRI techniques for studying the brain and associated clinical
applications.®*'** Diffusion tensor imaging enables visualiza-
tion and characterization of white matter tracts in 3D.**
Recently, fiber tracking has been used for preoperative visuali-
zation of white matter tracts in patients with space-occupying
lesions.*®*>*> The concept of integrating functional data from
functional MRI into anatomic 3D data sets has been widely used
for preoperative neurosurgical planning and for intraoperative
identification of eloquent structures and is known as functional
neuronavigation.%’55 In our previous study, we were the first
group to present a study that evaluated the feasibility, accuracy,
and validity of DTI-based fiber tracking of the optic radiation.
The bundles of the optic radiation that were depicted agreed well
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FIGURE 2. A 24-year-old female patient (patient 25) presented with headache. Conventional MRI showed a glioma located in the right temporal lobe; the lesion revealed
a long T1 (A) and a long T2 (E) signal. The preoperative and final intraoperative 12 fluid-attenuated inversion recovery images are shown in B and F. The reconstructed
Meyer loop was rostral to the lesion, and the minimum distance between the lesion and the optic radiation was approximately 1.0 mm (C, D, and G; yellow, dorsal bundle;
brown, the Meyer loop). The 3D relationship between the lesion and the optic radiation is shown in H.

with the classic theory of anatomic topography of the visual
pathway. Our findings were also consistent with the findings of
modern dissection and MRI studies. In the present study, the
optic radiation in all patients could be successfully reconstructed.
As for the surgical planning, the surgical approach changed in
6 patients after the optic radiation information was shown to the
surgeon groups, for the original approach would have inevitably
destructed the vital tract. The visual fields maintained well after
surgery in these 6 patients.

As has been reported, DTI-based fiber tracking can be im-
plemented as a neuronavigation system, making it possible to
visualize the course of the major white matter tracts intra-
operatively.”*>® However, there have been few small cohort
reports concerning optic radiation-guided surgery.”'"*® The
present study was implemented on the optic radiation using
a microscope-based neuronavigation. Sometimes, total removal of
the lesion may be in conflict with the preservation of the optic
radiation. However, at least preoperative DTT should be useful
in better estimating the risk of visual field defects, so that the
most appropriate surgical approach and surgical procedure can
be chosen to minimize neurological deficit. Additionally, pre-
operative DTT allows the risks to be discussed in greater detail
with the patients and relatives before surgery.

NEUROSURGERY

Intraoperative MRI combined with neuronavigation has
proved to be a safe technique that enables the neurosurgeon to
update data sets for neuronavigation, to evaluate the extent of
tumor resection, to correct for brain shift, to modify surgery if
necessary, to guide instruments to the site of the lesion, and to
evaluate the presence of intraoperative complications at the end of
surgery.”” Intraoperative high-field MRI with integrated micro-
scope-based neuronavigation is at present one of the most well-
developed technical methods, providing a reliable and immediate
intraoperative quality evaluation.’®® We investigated the con-
tribution of iMRI in reducing the final residual tumor volume
with further resection while protecting the optic radiation.
During the operation, intraoperative visualization of the optic
radiation adjacent to the tumor contour facilitated preservation
of this eloquent brain structure. The display of contours in the
microscopic surgical field gave a very intuitive 3D impression of
the actual course of the optic radiation, so that the surgeons were
able to maximize the resection while maintaining the integrity of
the optic radiation. When the preset tumor border was reached or
the dotted line turned into solid line in the microscope field, the
surgeon stopped manipulation and obtained an iMRI scan. The
intraoperative image data could be used for immediate visuali-
zation of the shifted optic radiation relative to the resection cavity
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FIGURE 3. From the microscope-based neuronavigation, we can accurately determine where to incise the cortex (A). To better protect the Meyer loop (white arrow), we
created a 5-mm hull for it (outer blue line in A and B, marked by a red arrow). During the operation, when the dotted line delineating the hull turned into a solid line, the
surgeon was reminded that the manipulation was close to the optic radiation and an intraoperative MRI was necessary (microscope video in B). The first intraoperative MRI
demonstrated that the partial lesion near the optic radiation remained (D-F). The neuronavigation was updated; microscopic-based navigation helped to locate the residual
lesion accurately; and further resection of the lesion continued (C). Final intraoperative scanning revealed that the tumor had been nearly totally removed (G-I).
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A and D).

FIGURE 4. The MRI performed 3 months after surgery demonstrated that the tumor was totally removed and the optic
radiation was well preserved (A, axial image; B, sagittal image; C, coronal image). The optic cortex can be activated well (red in

or residual tumor, and the surgeon could decide whether to
continue with the resection. The surgeons all agreed that without
this helpful information they would have been less confident and
aggressive in their resection.

There was a discrepancy between the surgeon’s estimation of
the extent of the resection and the findings of the first iMRI in
glioma patients. Of the total discrepant patients, gap = 10%
occurred in 9 of the 36 cases (25%). However, in the nonglioma
group, no discrepancy occurred. This reflected the fact that in-
filtrative growth of the glioma made it more difficult to resection.

To decrease the intendancy, the surgeon stopped the resection
prematurely, for the surgeon believed that there still was tumor,
and the iMRI would provide more updated and meaningful
information. So, our questionnaire was specifically designed to

NEUROSURGERY

ask the surgeon to indicate what percentage of the lesion had
been resected before the iMRI scan, hopefully minimizing this
potential bias. Our data demonstrated that the surgeons tended to
overestimate the extent of the resection in glioma patients.

A few published reports have concluded that iMRI-guided
sgrge?l_ér;creases th.e extent and rate of resection (_)f cerebr.al le-
sions. Our findings demonstrated that for the glioma patients,
with the help of iMRI and functional neuronavigation, the gross
total resection rate increased from 44.4% to 66.7% (P < .05) and
that the average extent of resection increased from 85.7% to 94.7
% (P < .01) with additional tumor removal. For the nonglioma
patients, the first IMRI demonstrated the total lesion removal. For
the 17 patients who underwent at least 2 iMRI scans, the repeat
iMRI scan enabled an increase in the average extent of resection
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(first and last iMRI scanning, 74.5% vs 93.3%; P < .01). In-
traoperative MRI and integrated neuronavigation contributed
to increasing the extent of the resection and to the achievement
of total removal of the tumor, especially in glioma patients. All
residual optic radiation-related tumors were in the lesion to optic
radiation < 5 mm group, except 2 that were in the > 5 mm group.
One patient (patient 19) did not achieve total removal because the
intraoperative reconstructed optic radiation shifted toward the
lesion, and total removal of the lesion may have led to visual field
deterioration; another patient (patient 40) did not have full
resection because the lesion was close to other eloquent areas, and
aggressive resection would have caused new neurological deficit.
Does further resection increase the possibility of visual field
defects? From our study, contrary to the group who did not
undergo further resection, the group who did undergo additional
resection did not show a greater tendency to develop visual field
defects (P > .05). That meant the iMRI and updated neuro-
navigation could improve the extent of resection while protecting
the visual fields. We found that the iMRI was most helpful in
low-grade glioma patients in whom the number of repeat iMRI
was higher than in the high-grade glioma group. Of the 17

patients who received at least 2 scans, 12 patients were diagnosed

with low-grade glioma, and 3 underwent intraoperative scanning
3 times. Low-grade gliomas may not have a well-defined edge or
margin. It is nearly impossible to distinguish the lesion from the
peripheral normal brain with the naked eye. Therefore, it is very
difficult for the surgeon to remove the lesion completely, espe-
cially when it is adjacent to the eloquent area. Moreover, brain
shift during an operation can make tumor resection more diffi-
cult. Thus, iMRI and neuronavigation make it easier and safer for
the surgeon to resect the lesion.

In patients with lesions involving the optic radiation, surgical
removal of the lesion without fiber tract damage and subsequent
visual filed deterioration remains a challenge. The optic radiation
is not visible on conventional MRIs, although some authors have
reported that it can sometimes be seen on T2-weighted imasges
owing to a low axonal density in the external sagittal stratum.®>°¢
Several authors have used DTI techniques based on the fractional
anisotrophy map to visualize the optic radiation.®”*® However,
during surgery, the neurosurgeon still has to rely on his or her
imaginative capability to locate the optic radiation. With the
guidance of functional neuronavigation, the lesion and optic
radiation can be seen vividly in 3D under the microscope, and the
surgeon can choose a suitable approach to the lesion. With

100.0% -

80.0% -

60.0% -
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0.0% -~
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Lesion to optic radiation distance(mm)

>=5mm

FIGURE 5. Bar graph demonstrating the postoperative change of the visual field related to the different lesion to optic radiation
distance groups. All of the deteriorated patients were in the < 5 mm group. Decreasing the lesion to optic radiation distance was
a negative factor for the visual field preservation (P < .05).
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intraoperative imaging, the neuronavigation can be updated
timely, and any shift in the location of the optic radiation re-
sulting from brain movement can be corrected. Thus, the op-
erator can visualize the real site that he or she is manipulating, as
well as the distance of the resection edge from the optic radiation.
In our study, the visual fields of 41 of the 44 patients (93.2%)
were unchanged or improved. In the 8 nonglioma patients,
even with the gross total removal of the lesion, no patient had
deteriorated visual field. The nonglioma (arteriovenous malfor-
mation, cavernous hemangioma, metastatic tumor) often has
a relatively clear margin, and the fiber tract adjacent to the lesion
can often be displaced instead of infiltrated or destructed. Thus,
for the nonglioma patients, it was easy to get high rates of gross
total tumor removal and optic radiation preservation. In the gli-
oma patients, the glioma tended to infiltrate the white matter
diffusely; there was no clear margin between the adjacent eloquent
white matter and the tumor, which made the peritumoral eloquent
white matter preservation more difficult. The 3 patients with
aggravated visual fields were glioma patients (2 with high-grade
gliomas and 1 with a low-grade glioma) in the group of < 5-mm
distance between the lesion and the optic radiation (Figure 5).

NEURONAVIGATED RESECTION OF LESIONS INVOLVING OPTIC RADIATION

We also found that when the preoperative reconstructed optic
radiation was noticeably stretched and located laterally adjacent to
the lesion, the visual field preservation was more difficult.

The patients were divided into an optic radiation stretched or
unstretched group. All patients who demonstrated deterioration of
visual fields were in the optic radiation stretched group (Figure 6).
What was the reason for the deterioration in the visual field when
the optic radiation was stretched? First, in our opinion, the optic
radiation was compressed by the lesion owing to stretching.
Compression of the optic radiation makes it more vulnerable to
damage, and there was repeated compression during the surgical
procedure. Second, stretching of the optic radiation will decrease
during the resection, so the optic radiation may shift in the
direction of the manipulation. These factors will decrease the
possibility of achieving optimal tract preservation. All patients
who had aggravated visual fields were in the lateral location group
(Figure 7). Why is lateral localization of a lesion also a negative
factor in protecting the optic radiation? As reported in the liter-
ature, the thickness of the optic radiation is < 5 mm and its width
is 15 to 30 mm.*>>7° It is a thin “sheet” extending along the
lateral wall of the lateral ventricle. Thus, when the lesion or the

Percent of patients

Change of visual field

M improvement
[ no change
] deterioration

non-stretched

Whether optic radiation was stretched or not

stretched

FIGURE 6. Bar graph demonstrating the postoperative change in the visual field related to whether the optic radiation was
stretched by the lesion. All deteriorated patients were in the stretched group. Visual field deterioration was significantly correlated
to stretched optic radiation (P < .01).
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FIGURE 7. Bar graph demonstrating the postoperative change of the visual field related to whether the lesion was located lateral
to the optic radiation. All the deteriorated patients were in the lateral location group. Visual field deterioration was significantly

manipulation occurs laterally in proximity to the optic radiation,
there is a high possibility of damaging this thin structure, and it is
easy to induce hemianopia. Our findings showed that, both
preoperatively and postoperatively, the majority of the hemi-
anopia occurred where the lesion was located laterally. A similar
observation has also been made in another recent study.”' When
the lesion or manipulation is close to the rostral or caudal part of
the optic radiation, it is easy to cause upper or lower quad-
rantanopia. As mentioned, the width of the optic radiation can
reach about 30 mm. Thus, a lesion or a manipulation above or
below the optic radiation tends to cause partial damage, and
quadrantanopia subsequently occurs. The causes of the visual field
defects seen in our study agree with the classic theory.

What measures could be taken to avoid optic radiation
destruction? First, we could create a 5-mm hull for the recon-
structed optic radiation. When the dotted line delineating the
hull in the microscope turns into a solid line, the surgeon is
reminded that the manipulation is close to the optic radiation and
that an iMRI scan is necessary to update the neuronavigation.
Second, it is necessary to update the neuronavigation in a timely
manner, especially in cases when the optic radiation is stretched,
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and to correct for a shift in the brain and optic radiation during
surgery. Finally, it is important to avoid compression of the
optic radiation by surgical manipulation during intratumoral
decompression, and dissecting the tumor boundaries from the
optic radiation can never be considered too careful. Sometimes, to
maintain the optic radiation, we had to leave some residual lesion
in the brain.

One limitation of our study is that the cohort investigated was
too small to definitively demonstrate the effects of iMRI and
functional neuronavigation in terms of improved clinical out-
come. A larger cohort in a randomized controlled trial is needed
to evaluate the real role of fiber navigation for the resection of
lesions involving optic radiation.

CONCLUSION

Preoperative surgical planning based on DTI findings facili-
tated optimization of the surgical approach. For improved pro-
tection of the optic radiation, an iMRI scan should be performed
and the neuronavigation updated in a timely manner. Addi-
tionally, the manipulation should be carried out lightly and softly.
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Intraoperative MRI combined with neuronavigation can help
improve tumor removal while preserving the integrity of the optic
radiation in most cases.
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impact of intraoperative magnetic resonance imaging with pre-
operative, intraoperative, and postoperative tractography of the optic
radiation on surgical radicality and clinical outcome of the patients. They
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radiation. Intraoperative visualization of white matter tracts led to
improvement of the gross total tumor resection rate in gliomas from 44.4%
to 66.7%. The average extent of resection was improved from 85.7% to
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