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Background: Intradural spinal tumors are surgically challenging lesions, and intraoperative spinal navigation offers clear poten-
tial assistance. While intraoperative computed tomography (iCT) of bony anatomy is routinely performed, coregistration with
magnetic resonance imaging (MRI) and diffusion tensor imaging (DTI) to facilitate intradural spinal tumor resection is not widely
described.Wepresent 2 cases inwhich iCTwas coregisteredwithMRI andDTI for navigational guidance in the resection of intradu-
ral spinal tumors to assess technical feasibility and surgical efficacy.
Case Series: Navigation using coregistered iCT/MRI was used in the resection of one extramedullary and one intramedullary cer-
vicomedullary tumor. The iCT was obtained following open midline exposure of bony anatomy. The images were then coregis-
tered with preoperative MRI sequences to allow for optical tracking navigation via an optical tracking station (Brainlab). For the
intramedullary tumor, preoperative DTI sequences were also coregistered for enhanced identification of relevant anatomy. Nav-
igational accuracy for all cases was confirmed to be acceptable at the level of the posterior bony elements, the dura, and the
tumor-parenchyma interface.
Conclusion: The coregistration of preoperative MRI sequences and iCT images allowed for meaningfully enhanced navi-
gation during resection. In the case involving the intramedullary cervicomedullary tumor with marked distortion of lon-
gitudinal tracts, iCT/DTI navigation allowed for accurate visualization of critical structures and facilitated delineation of
tumor margins that otherwise would have been difficult. The use of combined iCT and preoperative MRI/DTI neuronav-
igational guidance is an effective approach in the resection of intradural extramedullary and intramedullary spinal cord
tumors.
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INTRODUCTION
Intradural spinal tumors (ISTs), both intradural extra-

medullary (IDEM) tumors and intramedullary spinal cord
tumors (IMSCTs), represent a rare but challenging disease
state secondary to local anatomy and proximity of critical
structures within a compact and often restricted operative
environment.1-8 Preservation of surgical corridors and iden-
tification of normal anatomy often necessitate a generous
exposure of intradural anatomy, and tumor localization can
be difficult—particularly with IMSCTs that are obscured by
a normal-appearing spinal cord.8 IMSCTs are further com-
plicated by little room for localization error that can lead to

profound spinal cord parenchyma damage and devastating
complications.1-10

The majority of ISTs are benign lesions for which surgi-
cal resection remains the frontline therapy.1 Spinal cord sur-
geons must therefore possess a thorough understanding of
local anatomy, but often that knowledge is not sufficient, so
intradural spinal neuronavigation has a clear potential role in
guiding intraoperative decision-making.
Advances in imaging since 2009 have been particu-

larly relevant to the intradural spine.11-19 Perhaps the most
important is the development of magnetic resonance imag-
ing (MRI) protocols that allow intraoperative coregistration
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of preoperative MRI with intraoperative reconstructed 3-
dimensional fluoroscopy (3D-fluoro) or intraoperative com-
puted tomography (iCT) on optical tracking navigation
systems.2,17,18 In the past, spinal navigation was iCT based,
and the imaging elucidated primarily bony anatomy only.
Coregistration of iCT images with preoperative MRI allows
the surgeon to navigate relevant neural anatomy such as
the spinal cord and nerve roots, as well as the pathologic
anatomy such as a tumor. The advantages of MRI naviga-
tion in neurosurgery are well established in cranial surgery.
In spine surgery, however, use of this technology is com-
plicated by the mobility of the spine.17 Correcting for the
differences in patient positioning during preoperative MRI
and intraoperative positioning at the time of iCT acquisi-
tion is not trivial. Postacquisition curve correction software,
whereby each vertebral segment is spatially aligned, is vital
for accuracy.17,18

The real potential of coregistering preoperative spinal dif-
fusion tensor imaging (DTI) with iCT to visualize tractogra-
phy during navigation has not been described elsewhere.
Although DTI is conceptually valuable in IST surgery,11-15

quality spinal DTI is limited by being based on echo-planar
imaging and by the spinal cord’s high variation in magnetic
field homogeneity that can degrade the imaging.17,20

We describe cases in which iCT was coregistered with
conventional MRI (for an IDEM spinal tumor) and with MRI
and DTI (for an IMSCT) to assess the feasibility and surgical
efficacy of this navigational technique for IST resection. To
our knowledge, this technique has rarely been used in IST
resection and never in the treatment of IMSCTs.

CASE SERIES
Two patients with primary ISTs were treated by a sin-

gle surgeon (J.K.) at our center in New Orleans, LA, in
January 2018. Preoperative MRI was obtained in the form
of standard spinal contrast and noncontrast T1- and T2-
weighted sequences for the first patient and noncontrast
T1 magnetization-prepared radiofrequency pulses and rapid
gradient-echo sampling (MP RAGE) and DTI sequences for
the second patient. MP RAGE sequences constitute the
standard stealth protocol used at our facility. Intraopera-
tively, bony exposures were accomplished via an open mid-
line posterior approach, allowing docking and acquisition
of iCT imaging using an Airo mobile iCT scanner (Brainlab).
Neuronavigation was then accomplished after coregistering
iCT andMRI sequences on an optical tracking station (Brain-
lab). Navigational accuracy for both cases was confirmed by
the surgeon to be acceptable at the level of the posterior
bony elements, the dura, and the tumor-parenchyma inter-
face. Final pathologies returned as World Health Organiza-
tion (WHO) grade 1 primary neuroectodermal tumors in both
cases.

Patient 1
A 28-year-old female with a history of neurofibromatosis

type 1 (NF1) and multiple ISTs of the lumbosacral spine pre-
sented with progressive low back pain and intermittent left
leg pain in an L4 dermatomal distribution. She was clinically
followed until an interval MRI showed significant enlarge-
ment of an IDEM spinal tumor behind the L3-L4 vertebral
bodies with severe canal stenosis (approximately 90% com-
promised) and cauda equina compression with intradural

Figure 1. Patient 1: Preoperative (A) axial and (B) sagit-
tal T2-weighted noncontrast fast relaxation fast spin echo
magnetic resonance imaging (MRI) of the lumbar spine
demonstrates a large intradural extramedullary lesion. Post-
operative standardT2-weighted (C) axial and (D) sagittalMRI
sequences demonstrate total gross resection.

extension into the left L4-L5 foramen (Figures 1A and 1B).
The patient opted for surgical management.

Following exposure of the bony elements from L3-L5, a
left L4-L5 medial facetectomy was performed, and the iCT
array was docked onto the L5 lamina for image acquisi-
tion. Images were coregistered with standard spinal T1- and
T2-weighted contrast and noncontrast sequences for navi-
gation and used for intraoperative planning of further bony
removal. Laminectomies were performed from L3-L5, along
with a left L4-L5 wide foraminotomy to visualize and ade-
quately decompress the exiting left L4 nerve root that was
found to be grossly enlarged.

Neuronavigation was again used for planned durotomy
and arachnoidotomy for mass exploration and resection. A
large IDEM spinal tumor (1.0 × 1.5 × 3.0 cm) was seen in
the region of L3-L4, extending out of the left L4 nerve root
sleeve with a gross appearance consistent with a periph-
eral nerve sheath tumor. The mass was removed under
gross total resection via subcapsular dissection (Figures 1C
and 1D). The involved L4 nerve root was found to have
increased stimulation thresholds dorsally. A few adherent
dorsal rootlets were divided to decompress the canal ade-
quately, but the ventral roots were preserved. Following
intradural resection and closure, the spinal column was sta-
bilized via posterior segmental instrumented fusion (PSIF)
and arthrodesis using bilateral freehand pedicle screws
and rods from L3-L5. The patient tolerated the procedure
well from a hemodynamic and neuromonitoring standpoint.
Transcranial motor evoked potentials (MEPs) were present
and stable throughout the procedure; left lower extrem-
ity somatosensory evoked potentials dropped permanently
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Figure 2. Patient 2: Preoperative T2-weighted noncontrast
volumetric3-dimensional (3-D)magnetic resonance imaging
(A) axial and (B) sagittal views of the cervical spine demon-
strate a giant intradural intramedullary expansile lesion.
Postoperative 3-D T2-weighted (C) axial and standard T2-
weighted (D) sagittal sequences demonstrate subtotal gross
resection of themass.

approximately 50% midway through the procedure, which
was thought to be secondary to a technical problem in
the neuromonitoring circuit rather than attributable to neu-
rophysiologic phenomena. The patient awoke in stable
condition with no motor deficits and subjective improve-
ment in radiculopathy, so she was discharged home.
Final pathology returned as a spinal neurofibroma, WHO
grade 1.

Patient 2
A 38-year-old male with a history of IMSCT was admitted

to our facility with 6 months of progressive spastic quadri-
paresis. Interval imaging revealed an enlarging expansile
mass of the cervicomedullary junction with caudal extension
(2.1 × 2.4 × 10.7 cm) across the majority of the cervical cord
(Figures 2A and 2B). The patient was status post subtotal
resection in 2012 with initial residual quadriplegia that slowly
resolved to the point of ambulatory status. He remained sta-
ble for several years prior to his decline that initially began
as profound weakness of the arms and legs, progressed to
respiratory dysfunction leading to pneumonias and hyper-
carbia, and by the time of consultation, his condition had
progressed to quadriparesis with global spasticity and con-
tracture of the left arm. Pathology records obtained from the
facility of his initial surgery reported findings consistent with
spinal subependymoma (WHO grade 1). After extensive dis-
cussion, the patient consented to surgical intervention for
resection as a life-sparing procedure. Additional preopera-
tive MRI was obtained in the form of noncontrast MP RAGE
and DTI sequences for enhanced parenchyma delineation
and tractography.

Figure 3. Patient 2: Preoperative (A) diffusion tensor imag-
ing through the brainstem in coronal (top left), axial (top
right), and sagittal (bottom) views shows orientation of cor-
ticospinal tracts alongwith (B) 3-dimensional reconstruction
showing the positioning of long tracts in relation to a large
intramedullary cervicomedullary junction tumor.

Standard open midline bony exposure was carried out
from the inion to C6, incorporating previous PSIF hardware
fromC2-C5 and laminectomy defects fromC1-C5with areas
of pseudarthrosis noted bilaterally. Suboccipital craniectomy
and C6 laminectomy were performed to allow adequate
decompression and exposure. Baseline MEPs showed sig-
nal in the right arm and left leg only.
The CT array was docked onto the Mayfield skull clamp

pins (Integra LifeSciences), and iCT imaging was merged
with preoperative noncontrast T1-weighted MP RAGE and
DTI sequences of the brain, brainstem, and upper cervical
spinal cord (Figure 3). Following durotomy at the level of C6,
a giant (2.1 × 2.4 × 10.7 cm) IMSCT was seen splaying
the cord ventrally and dorsally with exophytic components
on either side of the cord and a clear dystrophic appear-
ance of the cord itself. Neuronavigation was used to clar-
ify the tumor-parenchyma interface and localize long tracts.
Merged DTI sequences revealed one large tract running dor-
sally to the lesion with the remaining cord displaced ventro-
laterally to the left.
Under neuronavigational guidance, several regions of the

mass were entered at the surface bilaterally, and internal
debulking was carried out with ultrasonic aspiration. Periph-
eral dissection revealed good planes around the tumor inter-
face with a resultant subtotal resection of approximately
90% (Figure 4). During these maneuvers, the patient had an
episode of bradycardia and hypertension for several min-
utes that responded to medication, and MEPs were lost.
Dural and soft tissues were closed, and the patient was
transferred intubated to the neurocritical care unit in stable
condition (Figures 2C and 2D). Immediately postoperatively,
the patient remained quadriparetic, regaining only minimal
movement in the distal musculature of his left upper extrem-
ity. He became ventilator dependent, requiring tracheostomy
placement and eventual discharge to a long-term acute care
facility. At his 4-month postoperative follow-up, the patient
was residing in a skilled nursing facility with minimal but
continued interval improvement in neurologic function. Final
pathology returned as subependymoma, WHO grade 1.
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Figure 4. Patient 2: Intraoperative images of microsurgi-
cal resection of cervicomedullary subependymoma using
merged intraoperative computed tomography and stealth
protocol magnetic resonance imaging/diffusion tensor
imaging guidance. Following removal of bony elements, the
cervicomedullary junctionwas found to be grossly distorted
and dystopic, making identification of normal anatomy
difficult (A). Merged navigation was used to identify safe
zones for tumor entry (B) and establish dissection planes
in the tumor-parenchyma interface (C). The lesion was
entered, safely debulked (D), and resected piecemeal (E)
with preservation of critical tracts (F).

DISCUSSION
In this series of 2 cases of surgically managed ISTs, coreg-

istration of preoperative MRI and iCT images allowed for
enhanced navigation during resection. In both cases, the
surgeon felt that MRI navigation would increase the efficacy
of tumor removal while preserving functional outcome.
In the first case, a young patient with known NF1 and

multiple intradural lesions correlating with spinal neurofibro-
mas became symptomatic because of an expanding mass
at the level of the cauda equina with severe canal com-
promise and involvement of the L4 root and dorsal and
ventral rootlets. Spinal and plexiform neurofibromas com-
prise up to 40% of neoplasms of the NF1 spectrum21

and carry a 10%-15% risk of progression to malignant
peripheral nerve sheath tumors,22,23 particularly those with a
deep-seated origin.21 As such, rapidly expanding intraspinal
lesions with symptom progression become critical targets
for preserving quality of life and for delaying the onset of
potentially incurable disease. Large IDEM lesions of the
cauda equina region present challenges.24 Intraoperative
spinal navigation with MRI holds promise in aiding tumor
localization and thereby minimizing exposure and bony
removal, as well as potentially obviating the need for spinal
instrumentation.18,25,26

In this case, our first experience with the technology, the
aim was to establish technical feasibility, and in this regard,
the case was successful. We found adequate accuracy at
the level of the bone, dura, and the tumor-parenchyma inter-
face. Accuracy was determined by the surgeon based on a
comparison with direct visualization of anatomy. Quantify-
ing accuracy will be an important next step. Although curve
correction software was not necessary in this case because
only 2 spinal segments were involved, we were somewhat
limited by the acquisition of too few preoperative MRI slices
characteristic of standard spinal protocols. This limitation did
not adversely affect this case, but for more complex cases,
our recommendation is to acquire thinner preoperative MRI
slices to allow more robust coregistration with iCT.

The second case involved a giant expansile recurrent
cervicomedullary subependymoma in a young patient with
rapidly declining neurologic and functional status. Spinal
subependymomas are relatively rare lesions with an uncer-
tain histologic origin and clinical history and with varying
theories for treatment options.27-29 General recommenda-
tions advocate maximum possible excision of symptomatic
lesions that will permit preservation of functional status.30,31

For cervicomedullary subependymomas with clinical recur-
rence, the literature provides very little information regarding
management. The recommendation for surgery in this par-
ticularly challenging clinical scenario was made in the con-
text of a rapidly deteriorating condition in a young male with
new-onset compromised respiratory function. As the natural
history of his disease was likely fatality, our surgical recom-
mendation was based on the goal of life preservation.

In this case, the role for MRI- and DTI-based navigation
was important. The patient had marked distortion of normal
neuroanatomy from previous surgery and extensive tumor
involvement. Further, localization of longitudinal spinal tracts
was quite difficult without DTI. DTI revealed that the bulk
of the longitudinal tracts was displaced ventrolaterally to
the patient’s left side except for one large tract along the
dorsum of the tumor. Microscopic visualization and bipo-
lar neurostimulation alone, without navigation, would have
been inadequate for safe tumor resection. The addition of
merged DTI and stealth sequences with iCT provided a
great benefit in intraoperative navigation, allowed for accu-
rate visualization of critical structures, and facilitated delin-
eation of tumor margins. Approximately 90% of the tumor
was removed, an outcome that was not considered likely
without DTI navigation—if tumor resection were attempted
at all.

This case had some technology limitations. Our institu-
tion does not have adequate DTI rendering software for
the spinal cord, so brain software extending into the cervi-
comedullary region was used instead. Nevertheless, the lead
surgeon determined adequate accuracy at the parenchyma-
tumor interface compared to direct microscopic visualiza-
tion. Quantification of accuracy is needed in the future. Dis-
tinguishing ventral and dorsal spinal tracts would also be
helpful when significant anatomic distortion is present, but
to our knowledge, this technology is not yet available.

The use of merged volumetric preoperative MRI with
reconstructed 3D-fluoro imaging has been described in the
past for the resection of intramedullary spinal metastases.2

In addition to the use of merged iCT with traditional spinal
MRI for IDEM removal, we describe the use of DTI in
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conjunction with high-resolution gradient echo sequences in
the resection of a complicated and extensive IMSCT. To the
best of our knowledge, the latter is a novel technique that
we found to be a powerful intraoperative adjunct.

CONCLUSIONS
MRI-based neuronavigation is routinely used in the resec-

tion of cranial lesions but is more technically difficult to
use for spinal pathology and is therefore rarely used. In
this case series, we described the use of iCT merged with
both conventional MRI and with stealth protocol MRI and
DTI sequences for neuronavigational guidance in the resec-
tion of 2 ISTs, one IDEM tumor and one IMSCT. We found
this coregistration technique to be a technically feasible and
surgically effective approach in both cases, particularly for
the IMSCT at the cervicomedullary junction. DTI coregistra-
tion allowed for safe tumor resection that otherwise would
not have been possible. Significant tumor resections were
achieved in both patients, and both patients tolerated the
procedures well. We will seek to expand upon this technique
in future studies to aid ongoing evolution of IST resection.
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